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PROJECT SUMMARY 

 
When the two sexes maximize their fitness in different ways (Parker 1979), this difference creates 

a sexual conflict, in which traits favored in one sex are not favored in the other (Arnqvist and Rowe 2005). 

Under interlocus sexual conflict, a type of sexual conflict involving alleles at separate loci (Rowe et al. 

2018), one sex evolves traits that improve its reproductive success at the expense of the other. In turn, 

this generates selection on the other sex to resist the effects of these traits. The outcome is thought to be 

an evolutionary arms race between the two sexes known as sexually antagonistic coevolution 

(SAC)(Parker 1979). Most studies on SAC rely on phenotypic data alone, thus compelling genomic 

evidence for how SAC evolves is lacking (Rowe et al. 2018). Moreover, there is a historical disparity in 

research focus: much more attention has been paid to the genetic mechanisms underlying male trait 

evolution than female trait evolution (Ah-King et al. 2014). To establish the importance of female evolution 

for driving SAC, I propose to focus on the genetic mechanisms behind female resistance to male-

induced harm using a model organism that exhibits extensive sexual conflict, Drosophila melanogaster. 

Male D. melanogaster have evolved proteins in the seminal fluid (SFPs) that increase their own fitness 

(Hollis et al. 2016; Ravi Ram and Wolfner 2007), but decrease the lifespan (Chapman et al. 1995) and 

fecundity (Wigby and Chapman 2005) of their female partners. 

My dissertation will implement a combination of phenotypic and genetic approaches to address 

the gap in our knowledge of female evolution within SAC. In Aim 1, I will quantify the variation in female 

resistance among different inbred lines and identify genomic regions associated with this variation. In Aim 

2, I will allow a population of females to evolve resistance while preventing males from coevolving greater 

harm, and compare the population’s starting and final allele frequencies; the results of this experiment will 

reveal if and how females evolve a higher level of resistance to respond to male harm. Finally, for Aim 3, I 

will analyze the effects of genes implicated in both Aim 1 and Aim 2 to determine if they are truly involved 

in female resistance, and if so, to what extent. 

Intellectual Merit 
Sexual conflict has the potential to play an important role in parental care, the 

maintenance of genetic variation (Patten and Haig 2009), genomic architecture (Connallon and Clark 2010; 

Wright et al. 2018), and population differentiation (Gavrilets 2000; Arnqvist et al. 2000). It is found in a 

variety of organisms, including mammals (Mokkonen et al. 2011; Regan et al. 2019), birds (Dutoit et al. 

2018; Tarka et al. 2014), and plants (Delph et al. 2011). Given the prevalence and importance of sexual 

conflict, further research in this area will illuminate numerous biological phenomena in a wide range of 

taxa. In addition, understanding which genes underlie female resistance to male harm and quantifying their 

effects can provide insight into global issues such as antibiotic and pesticide resistance (Chapman 2018; 

REX Consortium 2010), disease prevention (Chapman 2018; Lung et al. 2002), and reproductive health 

(Gallop et al. 2012; Silina et al. 2011). 

Broader Impacts 
One of my top priorities both within and outside of research are to support and amplify those who 

have historically been excluded, which is why my current careers goals are to work as a faculty member at 

a community college, women’s college, or minority-serving institution. By providing me with research and 

mentoring experience, I believe that my dissertation will help prepare me for such a career. I’ve already 

had the privilege of mentoring 15 different undergraduates in varying capacities, including 13 women (of 

which six are women of color). It is especially exciting to me because many of these undergrads are also 

interested in supporting overlooked and marginalized communities through their careers. It is my hope 

that my project will continue to provide research experience, information, and knowledge to 

undergraduates, which in turn will better prepare me for a career of teaching and mentoring. 
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PROJECT DESCRIPTION 

 
Overview, Goals, and Objectives 

Overview 

While it is in every individual’s best interests to pass on their genes, it is usually the case that the 

two sexes of anisogamous species maximize their fitness in different ways (Parker 1979). This difference 

creates a sexual conflict, in which traits that are favored in one sex are often not favored in the other. This 

results in sexually antagonistic selection on these traits and an exacerbation of the existing conflict 

(Arnqvist and Rowe 2005).  

Sexual conflict has the potential to play an important role in parental care (Patten and Haig 2009; 

Gosselin et al. 2017; Veiga 1990), the maintenance of genetic variation (Connallon and Clark 2010; Wright 

et al. 2018), and population differentiation (Gavrilets 2000; Rowe et al. 2018; Ward et al. 2018). Because 

of this, sexual conflict has been widely studied and detected across a variety of organisms, including 

humans (Cheng & Kirkpatrick 2016; Lucotte et al. 2016; Mulder and Rauch 2009), other mammals 

(Mokkonen et al. 2011; Regan et al. 2019), birds (Dutoit et al. 2018; Lee et al. 2019; Tarka et al. 2014), 

reptiles (Friesen et al. 2014; Svensson et al. 2019), fish (Barson et al. 2015; Roberts et al. 2009; Wright et 

al. 2018), insects (Berger et al. 2014; Eyer et al. 2019; Sayadi et al. 2019), and plants (Delph et al. 2011; 

Madjidian and Lankinen 2009). 

There are two types of sexual conflict: intralocus and interlocus. Intralocus sexual conflict occurs 

when selection favors different values of the same trait in each sex (Bonduriansky and Chenoweth 2009). 

For example, in the great reed warbler (Acrocephalus arundinaceus), there is intralocus sexual conflict 

over wing length, in which longer wings are favored in males but not females. This may be due to sex-

specific migration strategies and differences in parental investment (Tarka et al. 2014). Interlocus sexual 

conflict, however, occurs when conflict arises over separate traits (Chapman et al. 2003a). One of the 

most studied examples of interlocus sexual conflict is the water striders of the genus Gerris. Male Gerris 

have evolved “graspers” on the abdomen that serve to grasp females during mating and prevent them 

from escaping, and those with larger graspers are more successful. While this increases male fitness, the 

females subjected to this coercion can be injured or even killed (Arnqvist 1989). 

 There is both theoretical (Gavrilets et al. 2001; Parker 1979) and empirical (Friesen et al. 2014; 

Hosken et al. 2009; Khelifa 2017) evidence that interlocus conflict generates an arms race between the 

sexes (Dawkins and Krebs 1979). For example, if males evolve a trait that increases their own fitness at 

the expense of females, then females may evolve resistance to this trait. This cycle may repeat, with 

males evolving to persist in their harm in response. In the case of Gerris water striders, females have 

evolved “anti-grasper” spines that flank the genitalia to resist male grasping attempts. Arnqvist and Rowe 

(1995) found that G. incognitus females with longer spines were more effective at avoiding male coercion 

and could displace grasping males more quickly than females with shorter or removed spines. When 

looking across various Gerris species, Arnqvist et al. (2002) found that species with larger male graspers 

also had larger female spines and vice versa, indicating that these two opposing traits have evolved 

alongside one another. This supports theoretical models of a sexual arms race, otherwise known as 

sexually antagonistic coevolution (SAC) (Dawkins & Krebs 1979; Gavrilets et al. 2001; Parker 1979). 

 SAC is most often studied retrospectively at the phenotypic level. Studies at the phenotypic level 

can offer insight into patterns of sexually antagonistic coevolution, but are also limited in what they can 

reveal about the underlying processes. For example, phenotypic studies often do not reveal the precise 

costs and benefits for each sex (Chapman et al. 2003a), and do not reveal how the sexes evolved these 

traits (Arnqvist and Rowe 2005; Reznick et al. 2019). Comparative studies such as Arnqvist et al. (2002) 

and studies examining molecular evolutionary patterns (Lawniczak and Begun 2007; Rice 1992; Swanson 

and Vacquier 2002) can indicate the sexes are coevolving, but don’t necessarily reveal whether the 

coevolution is antagonistic or cooperative (Hollis et al. 2016).  
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Goals and Objectives 

To understand sexual conflict completely, it is necessary to examine the processes and genetics 

behind phenotypic observations. To determine if one sex can evolve resistance to harm imposed by the 

other sex, the variation and fitness consequences of such resistance must be identified and quantified. 

However, this cannot reveal how the resistance evolved, its potential for further evolution, or which genes 

control it. By actually watching evolution unfold, tracking the evolutionary trajectory of genomic changes 

that affect fitness becomes possible. 

In my dissertation, I aim to use a combination of phenotypic and genetic approaches in the fruit fly 

Drosophila melanogaster to quantify genetic variation for female resistance to male harm, identify genomic 

regions responsible for this resistance, and examine how this resistance evolves. To do so, I propose 

three specific Aims: 

1. Identify genomic regions associated with variation in female resistance – Although evidence 

supports the idea that females can vary in resistance ability (Friberg 2005; Lew et al. 2006; 

Linder and Rice 2005), information regarding which genes or genomic regions are 

responsible for this resistance is lacking. In order to address this deficiency, I will take three 

steps: 

a. Assay of Male Harm – I performed an assay of male harm using 70 different inbred 

lines of D. melanogaster to detect which line is most harmful and which is least 

harmful. This step is already complete. 

b. Assay of Female Resistance – Next, I performed an assay of female resistance using 

139 different inbred lines by comparing female’s fecundity when mated to the most 

harmful male line versus when mated to the least harmful male line. This step is also 

already complete. 

c. Genome-Wide Association Study – Once the female resistance assay is completed, I 

will perform a genome-wide association study to identify what regions of the genome 

are associated with variation seen in Aim 1B. This step is currently underway. 

2. Quantify genomic changes that occur as female resistance evolves – While identifying 

possible gene regions associated with variation in female resistance is useful, it is not as 

informative about how or why these genes evolved. By performing an Evolve and Resequence 

experiment, I can directly determine how the genome changes as female resistance evolves in 

a population. 

3. Confirmation of the genetic basis of female resistance – If I identify similarities between the 

results of Aim 1 and those of Aim 2, I plan to use transgenic flies and RNA interference to 

knockdown target genes and examine their effects on female resistance ability. This will 

provide a higher degree of confidence that these genes are truly involved. 

Background and Significance 

Background 

Evidence for sexual conflict among Drosophila melanogaster has been documented since the 

1980s when Fowler and Partridge (1989) demonstrated that higher mating rates reduce female lifespan 

without any increase in reproductive output. Since then, additional support has been found for harmful 

effects of male body size and courtship rates (Friberg and Arnqvist 2003), as well as for damage to the 

female’s vaginal walls from the male’s intromittent organ (Mattei et al. 2015). 

Some of the key components of sexual conflict in D. melanogaster are seminal fluid proteins 

(SFPs) which have a number of different properties that increase male reproductive success. For instance, 

some of these SFPs are associated with an increase in sperm competitive ability (Harshman and Prout 

1994; Ravi Ram and Wolfner 2007) and a decrease in their female partner’s receptivity to further mating 

(Ravi Ram and Wolfner 2007; Wolfner 1997). While some of these SFPs can be beneficial for the female 
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receiving them, such as by stimulating short-term egg production and facilitating efficient sperm storage 

(Ravi Ram and Wolfner 2007), previous research shows that many of mating’s negative effects on females 

are due, at least in part, to these proteins. In 1995, Chapman et al. found that not only does the presence 

of seminal fluid decrease female longevity, but that the effect is intensified with larger amounts. Since 

then, there have been numerous studies dedicated to this topic, linking SFPs to a reduction in important 

fitness metrics including female lifetime reproductive success and egg viability (Prout and Clark 2000; 

Wigby and Chapman 2005). 

Significance 

Much of this research is focused on the male side of the equation. In addition to the identification 

of SFPs and their effects (Mueller et al. 2005; Sepil et al. 2019), several studies have revealed that males 

can vary in their degree of harm (Civetta and Clark 2000; Filice and Long 2016; Friberg 2005; Lew and 

Rice 2005; Sawby and Hughes 2001), male harm is under directional selection (Lew and Rice 2005; 

Swanson and Vacquier 2002), and males can evolve to become more or less harmful (Holland and Rice 

1999; Hollis and Houle 2011; Hollis et al. 2019; Rice 1996). Furthermore, there is ample evidence that 

male harm can be modulated by a number of different factors, such as larval population density (Wigby et 

al. 2016), the intensity of competition (Hopkins et al. 2019; Wigby et al. 2009); and the relatedness and 

familiarity of male competitors (Le Page et al. 2017).  

The female side, however, has not been so thoroughly considered. A few studies exist that show 

females can likewise vary in their degree of resistance to male harm (Lew et al. 2006; Linder and Rice 

2005; Friberg 2005), and others show that females can evolve resistance to higher mating rates (Holland 

and Rice 1999; Rostant et al. 2020; Wigby and Chapman 2004). It is unclear whether female resistance 

evolves in response simply to harassment due to mating rate, a behavior, or physiologically based male 

harm. Molecular evolution studies show that genes in the female reproductive tract are under positive 

directional selection (Lawniczak and Begun 2007; Swanson et al. 2004). This is consistent with models of 

sexual conflict and the possible evolution of female resistance, but not definitive, as positive selection 

does not necessarily imply that these genes are responding to male harm itself. Furthermore, various 

candidate genes have been linked to female fecundity (Durham et al. 2014; Sirot et al. 2014), but did not 

test how fecundity is affected by male harm. 

Other studies have relied on sex-biased gene expression (Cheng and Kirkpatrick 2016; Hollis et al. 

2014; Veltsos et al. 2017) as a proxy for sexual antagonism, but it is often unclear if this is actually 

indicative of antagonism or how the identified genes are actually functioning. In addition, some of these 

studies show contradictory results. Hollis et al. (2014) evolved a population of D. melanogaster under a 

monogamous mating regime for over 100 generations, which resulted in a relative feminization of both 

whole-body and head transcriptomes. Veltsos et al. (2017), however, performed the same experiment in 

D. pseudoobscura and found an overall masculinization of the transcriptome. 

One of the most recent study concerning this issue is a genome-wide association study of sexual 

antagonism using sex-specific fitness data (Ruzicka et al. 2019). This study’s measures of male and 

female fitness were competitive fertilization success and competitive fecundity, respectively. These values 

were synthesized in an “antagonism index,” which placed the hemiclonal lines on an axis ranging from 

very male-beneficial, female-detrimental effects to very female-beneficial, male-detrimental effects. This 

index was used as an overall measure of antagonism for each line in the association study. Therefore, 

Ruzicka et al. (2019) examined intralocus rather than interlocus sexual conflict and did not specifically 

measure female resistance. In addition, many of their findings conflict with those of previous, such as no 

overrepresentation of antagonistic loci on the X chromosome (Innocenti and Morrow 2010; Lucotte et al. 

2016; Rice 1984). 

Population 

 The population of D. melanogaster that I am using is the Drosophila Genetics Reference Panel 

(DGRP), which is a population of over 200 fully sequenced, inbred lines originating from an out-crossed 
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population in Raleigh, North Carolina. The genetic data for each of these lines, along with a wide array of 

phenotypic data, is openly available online (Mackay et al. 2012).  

 Although the genetic variation within each inbred line is negligible, there is variation among lines. 

Lines can therefore be pooled together to create a new, genetically variable population. In my dissertation, 

I will be using both 139 different inbred lines as well as a “pooled population” containing 100 of these 

lines that has been maintained for over 60 generations. All inbred lines were obtained from D. Houle or 

ordered from the Bloomington Drosophila Stock Center (NIH P400D018537) at Indiana University in 

Bloomington, Indiana. The pooled population was obtained from D. Houle at Florida State University in 

Tallahassee, Florida. 

Research Plan 

Aim 1: Identify genomic regions associated with variation in female resistance 

A. Assay of Male Harm: Before I could determine which genes are potentially associated with 

variation in female resistance, I needed to quantify the resistance itself. To successfully do so, I also 

needed to ensure that I would be accurately measuring the harm that the females are resisting. The first 

step of my dissertation was therefore to assay different DGRP lines for levels of male harm, so that I could 

proceed with assaying for female resistance. 

I assayed 70 different inbred DGRP lines. Males from each of these lines were crossed to 

randomly selected females from the pooled population, which allowed for a measure of how harmful 

males from each line are against the average female. Both males and females were collected as virgins. 

Male D. melanogaster can produce different kinds and quantities of SFPs (Wigby et al. 2009), as well as 

alter sperm production (Moatt et al. 2014) and mating duration (Bretman et al. 2009), based on exposure 

to rival males both before and during mating. Because of this, virgin males were stored in groups of seven 

with other males from the same inbred line to keep exposure to rivals consistent. Females were stored in 

groups of ten with other randomly selected “pooled” females.  

When these virgin pooled females were two days old, they were crossed with males from the 

inbred lines, with two males and two females in a vial. Two males were chosen to keep the presence of a 

rival male (Wigby et al. 2009) while simultaneously limiting any damage to the females due to male 

harassment. However, it is important to note that shortly after completion of Aim 1A, conflicting evidence 

was published that indicates that the presence of only one competitor during mating may not lead to an 

alteration in SFP distribution (Hopkins et al. 2019). Two females were chosen to keep the sex ratio even. 

All males were between three to seven days old. For each inbred line, five vials were used, thus using a 

total of ten males. Males and females were allowed to mate for one day, after which point the males were 

discarded and each female was put into her own individual vial.  

Four days after females were placed in their own vials, they were transferred into new vials. The 

old vials were retained and frozen for later counting of all offspring. The offspring counts for each female 

were used as a measure of her fecundity because this four-day fecundity is correlated with lifetime 

reproductive success (Edward et al. 2011). From this point on, each female was checked daily and her 

lifespan was recorded. Combined, these measures of fecundity and lifespan were used as a measure of 

male harm. With increased male harm, decreased fecundity and lifespan were expected. 

This process was repeated in a second replicate, for a total of 20 male for each inbred line. After 

completion of the second replicate, fecundity and lifespan counts of the females mated to males from 

each of the 70 different inbred lines were compared to determine which of the lines had the highest level 

of male harm and which had the lowest. Lifespan was modeled using a generalized linear model with a 

Weibull distribution, while fecundity was modeled using a generalized linear model with a normal 

distribution. The overall correlation between the two variables was calculated using Pearson’s correlation. 

Analyses of these data showed (i) there was significant variation in male harm among lines; (ii) males 

harmed females through both lifespan and fecundity; and (iii) harm through fecundity was only weakly 

positively correlated [r(1190) = 0.21, p < 0.001] with lifespan. I focused hereafter on harm through 
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fecundity because fitness is ultimately determined by reproductive success. I ultimately selected line 

356 as my high-harm line (M = 36.05, SD = 13.79) and 843 as my low-harm line (M = 88.05, SD = 13.31), as 

these lines (i) showed no significant difference in fecundity between the two replicate blocks [356: t(17) = -

0.05, p = 0.96); 843: t(12) = 0.54, p = 0.60], (ii) were significantly different from one another in terms of 

fecundity [t(38) = -12.13, p < 0.001], and (iii) are easy to maintain in the laboratory. 

B. Assay of Female Resistance: Once the high- and low-harm lines were identified, the next 

step was to perform an assay for female resistance. I assayed 139 different DGRP lines. Females from 

these lines were crossed to males from both the most harmful (356) and least harmful male line (843) 

identified in Aim 1A. Crosses were performed similar to Aim 1A, with two virgin males from the same line 

and two virgin females from the same line in a vial for one day. This was performed across six replicates 

for a total of 20 females from each line being crossed to the most harmful males, and another 20 being 

crossed to the least harmful males. After the one-day period, males were discarded and females were 

housed individually. Fecundity for each female was recorded as in Aim 1A.  

After completion, I analyzed the data using a factorial ANOVA which modeled the effects of female 

line, male line, the interaction between female and male line, and replicate on fecundity. Fecundity was 

modeled using a square root + 1 transformation. The results of the ANOVA showed significant effects all 

four variables on fecundity: female line [F(138, 5534) = 11.27, p < 0.001], male line [F(1, 5534) = 6.04, p < 

0.001], the interaction between female and male line [F(138, 5534) = 3.57, p < 0.001], and replicate block 

[F(5, 5534) = 140.09, p < 0.001]. Using the least squares means from the model, I then subtracted the 

average fecundity for each female line when mated to the most harmful male line from the fecundity when 

mated to the least harmful male line. This difference was used as a measure of resistance, as it shows 

how much the females from a given line had their fecundity and lifespan reduced due to a high level of 

male harm. If this difference is small, then the females from that line were minimally affected by the most 

harmful males and therefore would be considered to have a high level of resistance (Lew et al. 2006). This 

measure of resistance also accounts for any differences among lines in overall fecundity. As expected, 

females from the majority of lines had, on average, higher fecundity when mated to the low-harm line 

(843) than when mated to the high-harm line (356). 

C. Genome-Wide Association Study: The final goal of Aim 1 will be to perform a genome-wide 

association study (GWAS) for fecundity to determine which genes are potentially contributing to female 

resistance. A GWAS is designed to identify associations between regions of the genome and traits of 

interest by comparing single nucleotide polymorphisms (SNPs) across different individuals or populations. 

This method has been successfully used in numerous scientific disciplines, such as evolutionary biology, 

medicine, and neuroscience (Visscher et al. 2012; Wangler et al. 2017), and in a variety of different 

organisms, including mice (Nicod et al. 2016), catfish (Li et al. 2017), and humans (Visscher et al. 2012; 

Wangler et al. 2017). GWAS are also frequently performed in D. melanogaster, including in the DGRP 

(Durham et al. 2014; Highfill et al. 2019; Ivanov et al. 2015; Mackay et al. 2012; Pitchers et al. 2019). 

Ruzicka et al.’s (2019) GWAS of sexual antagonism did not identify individual SNPs, but they were 

able to identify over 200 chromosomal clusters associated with antagonism. Furthermore, while their 

GWAS was not performed in the DGRP, they did compare levels of polymorphism at identified antagonistic 

sites in their population to levels within the DGRP, as well as within D. melanogaster populations in South 

Africa and Zambia, and within related species D. simulans and D. yakuba. Within the DGRP, they found 

evidence of elevated levels of polymorphism at antagonistic loci, which reflects the findings of their 

GWAS. 

Of the GWAS performed on the DGRP itself, only one has studied fecundity (Durham et al. 2014). 

The study not only found significant genetic variation for fecundity, but also identified over 1000 candidate 

SNPs associated with it. However, this study did not examine the effects of male harm on fecundity 

(Durham et al. 2014). 
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Because all DGRP lines are already fully sequenced, no additional sequencing will need to be 

performed for this GWAS. In addition, the DGRP has an analysis pipeline webtool 

(http://dgrp.gnets.ncsu.edu) that allows users to perform GWAS by submitting phenotypic data (Mackay et 

al. 2012). 

 Predictions: Given the breadth of studies demonstrating that there is genetic variation for male 

harm (Civetta and Clark 2000; Filice and Long 2016; Friberg 2005; Lew and Rice 2005), I predicted that I 

would see significant differences in male harm across the 70 different DGRP lines assayed in Aim 1A. This 

prediction was upheld. 

 While fewer studies have been performed on female resistance, there is some evidence that it is 

genetically variable (Friberg 2005; Lew et al. 2006; Linder and Rice 2005), so I likewise predicted that I 

would find significant differences in female resistance across the 139 DGRP lines assayed in Aim 1B. I 

also predicted that, for the majority of lines, these differences would work in the direction expected – 

lower fecundity when mated to the most harmful line (356) compared to when mated to the least harmful 

line (843). These two predictions were also upheld, which supports both prior findings from the literature, 

as well as the results from Aim 1A. 

 Finally, I predict that I will find SNPs or chromosomal regions associated with female resistance 

when I perform the fecundity GWAS in Aim 1C. Durham et al. (2014) were able to associate over 1000 

SNPs with fecundity, but this study examined fecundity in general, not in terms of how it was affected by 

male harm. Furthermore, while Ruzicka et al. (2019) examined intra- rather than interlocus sexual conflict, 

and were only able to associate chromosomal clusters and not individual SNPs, they found evidence of 

antagonistic variation within not just their own population, but within the DGRP, two natural D. 

melanogaster populations, and D. simulans. 

Theoretical Predictions: Several theoretical (Rice 1984) and empirical (Dean et al. 2012; Innocenti 

& Morrow 2010; Lucotte et al. 2016) studies assert that the X chromosome should harbor a 

disproportionate amount of antagonistic variation. However, this is predicted to depend on the dominance 

of the sexually antagonistic allele and which sex it benefits (Rice 1984). Furthermore, Ruzicka et al.’s 

(2019) findings do not support this assertion, and recent theory shows that there are a variety of 

conditions under which autosomes are expected to contain just as much or more antagonistic variation 

than the X (Fry 2010; Ruzicka and Connallon 2020). In addition, most of this work has centered around 

intralocus sexual conflict. Therefore, it is unclear as to where SNPs or chromosomal clusters identified in 

Aim 1C would be distributed. 

 Serine Proteases: The molecular studies performed on this topic provide a few predictions as to 

what kind of genes may be involved in female resistance. Multiple serine proteases expressed in the 

female reproductive appear to be under selection and evolving rapidly (Lawniczak and Begun 2007; 

Swanson et al. 2004). These proteases are involved in proteolytic cleavage of SFPs (Lawniczak and Begun 

2007). Considering that some of the SFPs that enter female sperm storage organs are serine protease 

inhibitors and are rapidly evolving (Mueller et al. 2005), it is possible that these inhibitors are evolving to 

avoid proteolysis by the female serine proteases. If this is true, it follows that the proteases and protease 

inhibitors have an antagonistic relationship, and genes encoding these proteases may be involved in 

female resistance. 

 These serine proteases are also involved in triggering immune signaling that leads to antimicrobial 

expression (Ross et al. 2003), which could protect against sexually transmitted infections or parasites 

(Abbot and Dill 2001; Zhong et al. 2013). While various SFPs have protective effects on the female’s 

reproductive tract (Lung et al. 2002; Mueller et al. 2007; Peng et al. 2005), some can be toxic if they enter 

the hemolymph (Lung and Wolfner 1999; Lung et al. 2002; Mueller et al. 2007). This can happen if the tip 

of the male’s intromittent organ pierces the female’s vaginal wall, which occurs in D. melanogaster (Mattei 

et al. 2015), D. eugracilis (Kamimura 2010), and relatives within the D. bipectinata species complex 

(Kamimura 2007). SFPs may also lead to a reduction in the female’s systemic immunity (Short et al. 

http://dgrp.gnets.ncsu.edu/
http://dgrp.gnets.ncsu.edu/
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2012). This indicates that SFPs may protect the female’s reproductive tract at the expense of her systemic 

immunity. Combined with the fact that under- or overexpression of immunity can lead to reduced future 

reproductive capability (Sirot et al. 2015; Buchanan et al. 2018), these serine proteases or genes involved 

in the regulation of immune responses may help female resist harm inflicted by SFPs. 

 Insulin-Signaling Pathway: There is also evidence that the insulin/insulin-like growth factor 

signaling (IIS) pathway, which is responsive to the nutritional environment (Ikeya et al. 2002), is involved 

in female resistance to male harm. Nutrition is known to affect remating (Chapman and Partridge 1996) in 

D. melanogaster, with increased nutrition resulting in higher remating rates. This increase in receptivity 

may be due to increased egg-laying and sperm usage (Stewart et al. 2007), which may, in turn, be caused 

by post-mating increases in feeding (Carvalho et al. 2006). However, there is evidence that nutrition itself 

can directly affect remating rates (Harshman et al. 1988), and therefore female resistance, as increased 

mating rates result in higher degrees of harm to females (Fowler and Partridge 1989; Friberg and Arnqvist 

2003). This direct effect may occur through the IIS pathway. Alternatively, there is evidence that the IIS 

pathway is involved in courtship, as female flies with reduced insulin signaling are less attractive to males, 

resulting in reduced courtship rates (Kuo et al. 2012). Additionally, several mutations in the IIS pathway 

are associated with increased lifespan, which could be a result of decreased remating rates and/or 

decreased courtship rates (Grönke et al. 2010; Shen et al. 2009). To determine the relationship between 

the IIS pathway and female resistance to male harm, Wigby et al. (2011) genetically modified the pathway 

in female D. melanogaster, focusing on alternations that result in extended lifespan (Broughton et al. 

2005; Grönke et al. 2010; Ikeya et al. 2009; Shen et al. 2009; Slack et al. 2010). All of these modifications, 

with the exception of the overexpression of the fat body dFOXO, resulted in reduced remating rates 

independent of virgin receptivity, body size, the receipt of receptivity-inhibiting SFPs, and developmental 

defects (Wigby et al. 2011). 

To follow up this experiment, Sepil et al. (2016) ablated Drosophila insulin-like peptide (DILP)-

producing median neurosecretory cells in female D. melanogaster, then exposed them to males at 

different time points in one of four exposure treatments. They then measured male courtship rates, as 

well as female lifespan, remating rates, egg production (fecundity), offspring production (reproductive 

success), and egg-to-offspring viability (fertility). They found that female lifespan decreased with 

increased exposure to males, but ablated females had longer lifespans than control females. Both results 

are consistent with previous studies (Chapman et al. 1995; Edward et al. 2010; Broughton et al. 2005). 

Ablated females also remated less frequently in the one-day and continuous treatments, and had 

significantly lower lifetime fecundity, lower lifetime reproductive success in the one-day and continuous 

treatments, and higher lifetime fertility. Male courtship rates did not differ between ablated versus control 

females, however, males were not given a choice between the two female types and may have invested 

maximum effort to any available females (Sepil et al. 2016). Both this study and the previous (Wigby et al. 

2011) indicate that the IIS pathway is indeed involved in female resistance to male harm. This is 

particularly true in high-density environments with continuous male exposure (Sepil et al. 2016), which are 

likely to be more reflective of the flies’ natural environment. 

Sex Peptide & Sex Peptide Receptor: A final possibility is that sex peptide (SP) and the sex 

peptide receptor (SPR) could play a role in female resistance to male harm. SP is one of the primary SFPs 

involved in male harm (Wigby and Chapman 2005; Wolfner 1997), and there is evidence to suggest that 

SPR mediates post-mating responses in females (Yapici et al. 2008). SP is responsible for an increase in 

female remating time and short-term egg production (Chapman et al. 2003b; Ravi Ram and Wolfner 2007; 

Wigby and Chapman 2005), and females that lack SPR lay fewer eggs after mating and remate much 

quicker (Perry et al. 2016; Yapici et al. 2008). Additionally, the behavioral effects of SPR map to neurons 

that also express the gene fruitless (fru), which is well documented to affect sex-specific reproductive 

behavior (Billeter et al. 2006; Ryner et al. 1996). Transgenic females that only express SPR in fru neurons 

exhibit the same remating behavior as those with SPR and display significantly levels of short-term egg 
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production than those that lack SPR completely (Yapici et al. 2008). This indicates that SP triggers post-

mating responses by modulating fru neurons. Given SP’s interactions with SPR and fru, it is possible that 

these genes could affect female resistance to male harm. 

There is also evidence that the interactions between SP and SPR can work in tandem to affect a 

variety of fitness-related traits. Chow et al. (2010) created 20 different co-isogenic lines of D. 

melanogaster, such that ten lines contained genetic variation only on the X chromosome, and ten lines 

contained variation only on the third chromosome. These two chromosomes happen to encode SPR and 

SP, respectively (Thurmond et al. 2019). After performing a series of mating crosses with these co-

isogenic lines and assessing different fitness-related traits, they found a large effect of the X and third 

chromosome on fertility, sperm competitive ability, and female remating rates. They also identified one 

third chromosome genotype that demonstrated a male-only effect on remating rate regardless of the 

female’s genotype, and one X chromosome genotype that demonstrated a female-only effect on remating 

rate. But even more interestingly, while they did not find an interaction effect between SP and SPR 

polymorphisms on fertility or remating rate, they did find two significant interactions for the first male’s 

competitive ability. The first interaction showed a large difference in wild-type first male’s success 

depending on the female’s SPR allele, and the second showed a rank-order change between two SP 

alleles depending on the female’s SPR allele (Chow et al. 2010). These results suggest that SP and SPR 

are potentially under negative frequency-dependent selection due to sexual conflict (Smith et al. 2017).  

Finally, there is evidence that sexual conflict in the presence of two male competitors is reduced 

when females lack SPR. Smith et al. (2017) crossed wild-type females (SPR+) or SPR null (SPR0) females 

with two types of males sequentially at four different post-mating time intervals to assess their proclivity 

to remate. They then assayed the proportion of offspring sired by each type of male as a measure of 

competitive ability, as well as the total reproductive success of first males, second males, and females. In 

terms of reproductive success, SPR0 females had lower fitness than SPR+ at two of the remating time 

intervals, and both first and second males’ fitness was lower when mated to SPR0 females than SPR+ 

females in at least one time interval. However, while the fitnesses of SPR+ females and both male 

competitors never converged, they did converge at five hours post-remating when the females were SPR0, 

which indicates that sexual conflict among all parties was reduced (Smith et al. 2017).  

Aim 2: Quantify genomic changes that occur as female resistance evolves 

 Rationale: While GWAS are widely used and can lead to extremely important biological and 

medical discoveries (Visscher et al. 2012; Wangler et al. 2017), there are downsides to relying solely on 

GWAS in determining the genetic architecture of a phenotype. Some of the main critiques of GWAS are 

that it has low power to detect variants that are rare and/or of small effect size (Korte and Farlow 2013; 

Schlötterer et al. 2015; Turner and Miller 2012; Visscher et al. 2012; Vlachos and Kofler 2019), as well as 

the possibility that linkage disequilibrium or population structure can confound its results (Korte and 

Farlow 2013; Schlötterer et al. 2015). In addition, while a GWAS can assist in identifying causal genes, it 

cannot reveal the source of selection, how the genes evolved, or the potential for further evolution. 

Therefore, for the second Aim of my dissertation, I will perform an Evolve and Resequence (E&R) 

experiment to determine how the genome changes in a population as female resistance evolves, as well 

as to validate the GWAS results from Aim 1C. 

 Evolve and Resequence: An E&R experiment involves exposing an evolving population to a 

selective pressure and comparing the population’s starting and final allele frequencies to examine how the 

genome changed in response to selection (Schlötterer et al. 2015). E&R studies have been performed in 

several model organisms including yeast (Kosheleva and Desai 2017), D. melanogaster (Turner and Miller 

2012; Tobler et al. 2014) and its close relative D. simulans (Kelly and Hughes 2019; Mallard et al. 2018), 

and even mice (Kneightley and Bulfield 1993), but very few have been performed using the DGRP (Turner 

and Miller 2012) and none have been performed on the evolution of female resistance to male harm.  
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 E&R experiments have some advantages over GWAS. Identifying associations between regions of 

the genome and a trait is informative, but it still does not explain why or how the trait evolved. Because of 

this, SNPs identified in my GWAS may not have originally evolved for the purpose of resistance against 

male harm. E&R studies carry the benefit of identifying variants that respond to the specific selection 

pressure being exerted and thus provide more information on the architecture of the genomic changes 

that occur during the population’s evolution (Kelly and Hughes 2019; Schlötterer et al. 2015). E&R studies 

also have higher power to detect rare alleles or alleles of small effect (Turner and Miller 2012; Schlötterer 

et al. 2015; Vlachos and Kofler 2019) and use both historical recombination events in the starting 

population and recombination events that occur during the experiment (Vlachos and Kofler 2019). 

Because of this, performing an E&R on female resistance can not only provide validation for the GWAS 

results, but also potentially detect variants that the GWAS did not. In addition, an E&R would provide 

further support for the evolvability of female resistance in general (Holland and Rice 1999; Rostant et al. 

2020; Wigby and Chapman 2004). 

 Experimental Design: To perform an E&R on female resistance, I must remove counterselection 

by preventing males from coevolving. This will be achieved by using balancer chromosomes, which use 

chromosomal inversions and dominant, visible mutations to prevent recombination and maintain 

heterozygous mutations within a population (Griffiths et al. 2000).  

 I will have two experimental treatments and one control treatment, with two replicates each. The 

two experimental treatments will contain either a second or third chromosome balancer. As previously 

mentioned, sex peptide (SP) has been repeatedly associated with male harm (Ravi Ram and Wolfner 2007; 

Wigby and Chapman 2005) and is located on the third chromosome (Thurmond et al. 2019). Another SFP, 

Acp62F, is toxic upon ectopic expression (Mueller et al. 2007) and is also located on the third 

chromosome (Thurmond et al. 2019). A third chromosome balancer will keep SP, Acp62F, and other third 

chromosome SFPs stagnant while allowing the other portions of the genome to evolve. Two other SFPs, 

CG10433 and Serpin 28F, are encoded by genes on the second chromosome (Thurmond et al. 2019) and 

are also associated with toxicity (Mueller et al. 2007), hence a second chromosome treatment.  

Methods: Prior to the E&R, I will perform a phenotypic assay of resistance to use as a “baseline” 

level of female resistance. This assay will proceed similarly to Aim 1, with two random virgin females from 

the pooled population (see Aim 1A) crossed to two males from either the most harmful DGRP line or the 

least harmful line (see Aim 1B) for one day. Females will then be housed individually, and her total 

offspring produced will be counted four days later as a measure of fecundity. This will be performed for a 

total of 30 females crossed to the most harmful line, and 30 crossed to the least harmful line. 

To create my populations, I will collect virgin flies from the pooled population and divide them 

equally into three subpopulations: Pool1, Pool2, and Pool3. I will collect virgin offspring from Pool1 to set 

up the two replicates of the control treatment. 300 of the unused offspring will be retained and frozen for 

later DNA sequencing. This sequence will be used as the starting sequence for both replicates of the 

control treatment.  

To set up the two experimental treatments, I will use two balancer stocks that have balanced 

second and third chromosomes. All balanced chromosomes will be marked with a dominant, visible 

mutation and will be homozygous lethal. I will mate females from the harmful DGRP line from Aim 1A 

(356) to males from one of the balancer stocks, and through a series of backcrosses to the harmful DGRP 

line, I can create one stock with the genetic background of the harmful line aside from a second 

chromosome balancer (H2) (Figure 1; Supplementary Material A), and another stock with the genetic 

background of the harmful line aside from a third chromosome balancer (H3) (Figure 2; Supplementary 

Material B). I will also mate females from both Pool2 and Pool3 to males from the other balancer stock. 

Through another series of backcrosses, I can create one stock with the genetic background of Pool2 aside 

from a second chromosome balancer (P2) (Figure 3; Supplementary Material C), and one stock with the 
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genetic background of Pool3 aside from a third chromosome balancer (P3) (Figure 4; Supplementary Material 

D). 

Finally, to create my second chromosome treatment, I will mate 100 males from the H2 stock to 

100 females from the P2 stock. From their offspring, 300 flies will be stored for future DNA sequencing, 

200 flies will be used to create one replicate, and 200 flies will be used to create the second replicate. 

Each generation, only flies that exhibit the balancer markers will be retained to ensure that the harmful 

genotype is maintained in the population over time. By implementing the crossing scheme in Figure 5 

(Supplementary Material E), I can also ensure that females are always mated to males with the harmful 

genotype. I will use these same procedures using the H3 and P3 stocks to create the two replicates of my 

third chromosome treatment as well. 

After 20 generations of evolution, flies from each population will be collected for DNA sequencing. 

The balanced chromosomes (as well as their unbalanced homologues) will be not be sequenced. Because 

all DGRP lines are already fully sequenced (Mackay et al. 2012), the haplotypes of the harmful line and of 

lines used to create the pooled population are known. This will make it easier to estimate final haplotype 

frequencies which will allow for more accurate identification of selected regions (Kessner et al. 2013). Of 

the flies not retained for DNA sequencing, 60 virgin females from each replicate will be used for more 

resistance assays to compare to the assays performed at the beginning of the experiment. 

Sequencing and Analyses: All samples will be extracted and sequenced simultaneously. The 

analysis pipeline I intend to follow will be modeled after Kelly and Hughes (2019) and Gilks et al. (2016). 

First, I will use FastQC (Andrews 2010) to assess the quality of the raw sequence data. Read pair editing 

will be performed using Scythe (Buffalo 2011) and Sickle (Joshi and Fass 2011). Scythe will be used to 

remove adapter contamination from the 3’ end of reads by incorporating base quality scores when making 

inferences about contamination (Buffalo 2011). Sickle will remove low quality sequences of the 5’ and 3’ 

ends of reads (Joshi and Fass 2011). 

Next, the Burrows-Wheeler Aligner Maximal Exact Matches function (Li 2013) will be used to map 

read pairs to the D. melanogaster reference genome obtained from FlyBase (Thurmond et al. 2019). The 

resulting sam files will then be converted to bam format using the samtools (Li 2011) “merge” function. 

Headers of these merged files will be sorted using samtools (Li 2011) “sort,” resulting in one sorted bam 

file per sample.  

Duplicate read removal and indexing will be performed using Picard-Tools (Broad Institute 2019). 

Remapping of reads around indels will be performed using ABRA2 (Mose et al. 2019). The forward-in-time 

simulation of recombination, quantitative traits and selection (forqs) (Kessner and Novembre 2013) will be 

used to simulate neutral evolution by genetic drift. forqs will take the founding haplotypes, simulate neutral 

evolution for a specified number of generations, then output a file with simulated chromosomes for each 

individual in the population made up of haplotype chunks. These output files will then be converted to 

simulated sequences based off the DGRP sequence files (Mackay et al. 2012). Then, using the “simReads” 

function within Heterozygous Ambiguity Resolving Primers (HARP) (Perng et al. 2012), I will introduce 

simulated sequencing error into the file, and convert the individual sequences into simulated population 

haplotype frequencies. Next, I will use HARP to perform variant calling with my real data (Perng et al. 

2012). For final quality control, annotation, and formatting, I will use GATK (DePristo et al. 2011) and 

VCFtools (Danecek et al. 2011).  

The final samples will then be compared using Cochran-Mantel-Haenszel tests to determine if 

replicates of each treatment responded similarly, and to examine what changed within the experimental 

treatment that could be due to selection rather than genetic drift. Combined with the phenotypic assays 

that will be conducted before and after the experiment, this will provide insight into whether experimental 

females evolved a higher level of resistance to male harm. If so, identified polymorphisms will be 

compared to the results of the GWAS from Aim 1C. 



Research Proposal  Kettelkamp 

17 
 

Predictions: The few studies on the evolution of female resistance in D. melanogaster have been 

encouraging (Holland and Rice 1999; Rostant et al. 2020; Wigby and Chapman 2004). Therefore, I predict 

that the experimental females will evolve to become more resistant to male harm. I also predict that this 

effect should be stronger in the third chromosome treatment, as SP, which is located on the right arm of 

the third chromosome (Thurmond et al. 2019), has more frequently been linked to male harm (Wigby and 

Chapman 2005; Chapman et al. 2003b; Ravi Ram and Wolfner 2007). Finally, I hope to find some overlap 

between SNPs or regions identified in my GWAS and those implicated in my E&R experiment. 

Aim 3: Confirmation of the genetic basis of female resistance 

 Rationale: While E&R experiments can dissolve some amount of linkage disequilibrium, there is 

still the possibility that genes which appear to be involved in female resistance may just be in linkage with 

a gene that is responsible. Therefore, for my third and final Aim, I plan to use transgenics to confirm 

which of the genes implicated in both Aim 1C and Aim 2 are actually involved in female resistance, as well 

as gauge to what degree these genes affect resistance ability. This is a key step in understanding how 

female resistance functions, as identification of these genes will allow for further research into the specific 

proteins involved in resistance how they affect the health of not only the reproductive system, but possibly 

the immune and nervous systems as well. 

 RNAi: To execute my final Aim, I will use RNA interference (RNAi) and the GAL4-upstream 

activating sequence (UAS) system to knockdown genes of interest. RNAi was first described by Rocheleau 

et al. (1997) to describe the unknown mechanism by which both sense and antisense RNA could cause 

gene silencing. In Fire et al.’s (1998) Nobel Prize-winning study, they found that neither sense nor 

antisense RNA alone could interfere with the functionality of their target gene, and that only double-

stranded RNA (dsRNA) could cause efficient loss of the targeted mRNA. Since then, work with RNAi has 

been done in several different organisms including plants, fish, and fruit flies (Hood 2004). Some of this 

work has even been done on the topic of sexual conflict in D. melanogaster, with knockdowns of several 

different SFPs providing some of the more compelling evidence of SFP-induced male harm (Ravi Ram and 

Wolfner 2007).  

 One method for altering gene expression in D. melanogaster is the GAL4-UAS system. GAL4 is a 

yeast transcription factor whose expression is controlled by a tissue-specific promoter, while the UAS is a 

cis-acting regulatory sequence that promotes the expression of neighboring genes. When the two interact, 

GAL4 proteins bind to the UAS, which leads to increased transcription of the neighboring gene (Webster 

et al. 1988). 

 To use GAL4-UAS and RNAi to induce gene silencing, a fly containing a GAL4 transgene can be 

mated to a fly with a transgene containing an inverted repeat (IR) of the targeted gene ligated to the UAS. 

In the resulting offspring, the dsRNA of the target gene will be expressed in a tissue-specific manner, 

resulting in a significant reduction in the expression of the target gene itself (Ashburner et al. 2005). 

 Experimental Design: A wide variety of GAL4, UAS, and RNAi flies can be purchased from the 

Bloomington Drosophila Stock Center (NIH P400D018537). The specific stock of RNAi and GAL4 flies I use 

in my experiment will depend on the genes identified in Aim 1C and Aim 2. For each gene I assay, I plan to 

use flies with a tissue-specific promotor as well as flies with a ubiquitous promotor such as actin that will 

knockdown the gene throughout the whole body. Knocking-down the gene in the whole body is of interest 

because it will allow me to see if there are deleterious effects of the knockdown beyond lowering 

resistance to male harm. However, it is possible this will be completely lethal. This makes knocking-down 

the gene in only the tissue of interest, such as within the reproductive tract, informative about resistance 

without introducing other potential negative effects. Therefore, I would like to use both strategies to get a 

fuller understanding of how the gene affects female fitness. 

 Once the transgenic flies are obtained, I will need a baseline reference level of resistance to 

compare to knockdown flies. To obtain this, I will cross GAL4 flies to flies containing a UAS-driven 

fluorescent protein. In the progeny of this cross, GAL4 will bind to the UAS and increase the fluorescent 
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protein’s expression. Female progeny will then be crossed to males of the most and least harmful lines 

from Aim 1A and assayed for fecundity in a manner similar to Aim 1B. These fluorescent females will be 

used as controls, and their level of resistance will be used as the baseline reference. The GAL4 flies used 

here will be of the same stock as those used in the knockdowns, and the UAS-fluorescent protein flies will 

be of the same genetic background as the UAS-IR flies. The use of the fluorescent protein will control for 

the presence of GAL4-driven transcription but will not affect fitness. 

 Once a reference has been established, I will proceed with the knockdowns. The exact number of 

genes I will knockdown will depend on the number of genes identified in Aim 1C and Aim 2. For each 

target gene I investigate, I will cross GAL4 flies with a tissue-specific promoter and GAL4 flies with a 

ubiquitous promoter to flies containing the UAS-IR flies to produce offspring with reduced gene 

expression. Female offspring will be assayed like the control females. Upon completion, I will see if 

knockdown females are overall less resistant than control females. 

 Predictions: If a gene is truly involved in female resistance, I predict that the knockdown females 

for this gene will show a reduction in fitness compared to the controls. If, however, the knockdown 

females do not perform differently than the controls, it is possible that the targeted gene is only in linkage 

with a gene that is actually involved. Overall, I predict that at least some of the genes identified in both Aim 

1C and Aim 2 will be shown to affect resistance ability. 

Broader Impacts 
 This project has allowed me to include numerous undergraduates in research and will continue to 

do so in the future. Thus far, I have been able to mentor 15 different undergraduates in multiple different 

capacities. Four of these students have been members of the Undergraduate Research Opportunity 

Program (UROP), which allows freshman and sophomores to participate in research for class credit. They 

are also able to present their results at Florida State University’s (FSU) annual Undergraduate Research 

Symposium. The UROP student I mentored from Fall 2018 through Spring 2019 (M. Flowers) assisted 

with Aim 1A and presented a proposal presentation on Aim 1 at the 2019 Undergraduate Research 

Symposium. She went on to work as an undergraduate tutor and teaching assistant for my department. 

The two UROP students I mentored from Fall 2019 through Spring 2020 assisted with Aim 1B. At the 2020 

Undergraduate Research Symposium, one of these students (M. Ruiz) presented a proposal of Aim 1B, 

while the other (A. Abarca) presented the results of Aim 1A. 

These two students plan to continue researching with me as Directed Independent Study (DIS) 

students in Spring (and possibly Summer) 2021. DIS allows undergraduates to engage in research and 

study relevant literature for course credit. Another of my previous undergraduate researchers (L. Stuckey) 

also did so for DIS credit one semester. After graduation, she was hired by The Ohio State University as a 

clinical research assistant, and, as a passionate advocate for improving reproductive health outcomes in 

Black women, she plans to pursue a career in gynecology and obstetrics.  

Two of my other undergraduate researchers have successfully advanced to the next stage of their 

scientific or medical careers post-graduation. One of my previous assistants (S. Laitsch) recently started 

working as an environmental specialist, and another (D. Trozzo-Stamper), is currently a paid research 

assistant in D. Houle’s lab. Of those who have yet to graduate, several aspire to continue in science or 

medicine, such as D. Heers who is passionate about improving the conditions of rural medicine. 

Furthermore, in addition to A. Abarca, M. Ruiz, and L. Stuckey, three of my other undergraduate 

researchers have been women of color (M. Cediel, D. Leath, and A. Vasquez), and another (L. Foltz) is an 

open member of the LGBTQ+ community. As I am very passionate about creating a more inclusive and 

equitable environment in teaching and research, I hope that this project will continue to allow me to 

mentor a diverse group of undergraduates. And in turn, I hope that the experiences my undergraduate 

assistants receive will allow them to help others in their future careers. 
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Intellectual Merit 
 Most studies of SAC rely on phenotypic data alone. This means that compelling genomic evidence 

for how SAC evolves is lacking (Rowe et al. 2018). In addition, the theoretical (Fry 2010; Rice 1984; 

Ruzicka and Connallon 2020) and empirical (Dean et al. 2012; Innocenti and Morrow 2010; Lucotte et al. 

2016; Ruzicka et al. 2019) evidence accrued thus far on the chromosomal distribution of sexually 

antagonistic variation are conflicting, thus further empirical tests on this topic are needed. My dissertation 

work aims to close some of these knowledge gaps by identifying genes and/or genomic regions 

associated with sexual conflict in D. melanogaster.  

 There is also a historical disparity in research focus: much more attention has been paid to the 

genetic mechanisms underlying male trait evolution than female trait evolution (Rowe et al. 2018). This is 

another example of the well-known disparity between studies of males and females in biology and 

medicine (Caro 2012; Gorelick 2012; Lee 2020; Shansky 2019), including in terms of reproductive tract 

and genital evolution (Ah-King et al. 2014; Orr et al. 2020). My projects aim to narrow this knowledge gap, 

as well, as understanding the female perspective is incredibly important for disease (Dusenbery 2018; 

Miller et al. 2017; Ngo et al. 2014), fertility (McGraw et al. 2015; Robertson and Sharkey 2016), and sexual 

selection (Birkhead and Pizarri 2002; Crean et al. 2016) research. 

Furthermore, understanding which genes underlie resistance and quantifying their specific effects 

can add to a deeper understanding of how resistance functions and provide insight into global issues such 

as antibiotic and pesticide resistance (Chapman 2018; REX Consortium 2010), disease prevention 

(Hopkins et al. 2017; Lung et al. 2002; Read et al. 2009), and reproductive health (Gallop et al. 2012; Peng 

et al. 2005; Robertson and Sharkey 2016; Silina et al. 2011).  
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BIOGRAPHICAL SKETCH 
 

Professional Preparation 
Undergraduate 

Institution 

Florida State 

University 

Location 

Tallahassee, Florida, 

United States 

Major 

Biological Science 

Minor 

Interdisciplinary 

Science 

Degree and 

Year 

Bachelor of 

Science - 2016 

Graduate Institution 

Florida State 

University 

Location 

Tallahassee, Florida, 

United States 

Major 

Biological Science 

Specialization 

Ecology and 

Evolution 

Degree and 

Year 

Doctor of 

Philosophy – 

2023 (Expected) 

Appointments 
PhD Candidate  

Department of Biological Science 

Florida State University 

Tallahassee, FL 32306 

Dates 

August 2017 - Present 

Intern 

Gopher Tortoise Program 

Florida Fish and Wildlife Conservation Commission 

Tallahassee, FL 32304 

Dates 

August 2016 – December 2016 

Research Assistant 

Department of Biological Science 

Florida State University 

Tallahassee, FL 32306 

Dates 

September 2014 – February 2017  

Undergraduate 

Department of Biological Science 

Florida State University 

Tallahassee, FL 32306 

Dates 

June 2014 – December 2016 

Synergistic Activities 

Graduate Student Involvement 

Member of the Ecology and Evolution Research Discussion Group (EERDG) / August 2017 – Present 

 Social Chair / August 2018 – July 2020 

Teaching Involvement 

Nominated for Outstanding Teaching Assistant Award / Spring 2019 

Program for Instructional Excellence (PIE) Workshops / Nine Workshops / Spring 2018 – Fall 2020 

Member of the Department of Biological Science’s Teaching Discussion Group (TDG) / Fall 2017 – Fall 

2019 

Diversity and Inclusion Work 

PIE Workshops (See Above) / Nine Workshops / Spring 2018 – Fall 2020 

Diversity and Inclusion in Research and Teaching Organization (DIRECTO) Workshops / Three Workshops / 

Spring 2019 – Spring 2020 

Center for Leadership and Social Change Workshop / Summer 2020 

Trainings 

Hazardous Waste Management / Florida State University / 2020 

Mental Health First Aid / Florida State University / 2020 
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Sexual Harassment Awareness and Prevention / Florida State University / 2019 

Anti-Hazing / Florida State University / 2018 

Teaching Orientation / Florida State University / 2017 

Americans with Disabilities Act / Florida Fish and Wildlife Conservation Commission / 2016 

Working with Florida’s Legislature / Florida Fish and Wildlife Conservation Commission / 2016 
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BUDGET AND BUDGET JUSTIFICATION 
 

Completed Budget (January 2018 – October 2020) 
Values in red indicate rough estimations  

Organization 

Florida State University 

Principal Investigator 

Sarah Kettelkamp 

Item Funds 

A. Personnel 

 $0.00 

B. Equipment 

(1) Flypad $136.05 

(2) T-Fitting for tubing $3.65 x 2 = $7.30 

(2) Green Tubing $0.70 x 2 = $1.40 

(2) Barbed Tubing Adapter $4.24 x 2 = $8.50 

(1) Case of 500 Weigh Boats  $34.81 

(1) CO2 for 2018-2020 $86.94 

(1) Graduated Cylinder (50 mL) $8.44 

C. Participant Support 

 $0.00 

D. Materials and Supplies 

(81) Case of 500 Vials $26.89 x 81 = $2,178.09 

(3) Case of 500 bottles $90.69 x 3 = $272.07 

(2) Case of 100 Foam Plugs $49.24 x 2 = $98.48 

(1) Fly Stocks for 2018-2020 $1,358.95 

(3) Case of 100 Nitrile Gloves $23.99 x 3 = $71.97 

(3) Case of 280 Wipers $2.93 x 3 = $8.79 

(1) Bottle of Laboratory Cleaner $7.38 

(1) Bottle of General Cleaner $3.99 

(2) Bottle of Dish Soap $3.74 x 2 = $7.48 

(57) Roll of Recycled Paper Towels $3.15 x 57 = $179.55 

(7) Bottle of 500 g Agar $120.39 x 7 = $842.73 

(18) Case of 2000 Large Cotton Balls $59.00 x 18 = $1,062.00 

(108) Bottle of 355 mL Molasses $3.97 x 108 = $482.82 

(2) Bottle of 1 gal Molasses $27.03 x 2 = $54.06 

(1) Bottle of 25 GM Streptomycin Sulfate $26.99 

(3) Bottle of 500 g Methylparaben $164.86 x 3 = $494.58 

(3) Bottle of 1 L 99% Propionic Acid $46.12 x 3 = $138.36 

(2) Bottle of 25 MU Penicillin $59.57 x 2 = $119.14 

(2) Bottle of 25 g Tetracycline $43.59 x 2 = $87.18 

(1) Roll of Pipe Thread Tape $1.20 

(1) Case of Four Bottles (1 gal) of 190 Proof Ethanol  $48.07 

(2) Case of 5 lb Brewer’s Yeast $51.68 x 2 = $103.36 

(1) Bag of 50 lb Brewer’s Yeast  $165.00 
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(38) Bag of 624 g Corn Flour  $3.45 x 38 = $131.10 

E. Publication Costs 

 $0.00 

F. Services 

 $0.00 

G. Other 

 $0.00 

H. Total Costs 

 $26,095.68 

Estimated Proposed Budget 
Organization 

Florida State University 

Principal Investigator 

Sarah Kettelkamp 

Item Funds Needed 

A. Personnel 

(1) Undergraduate Assistant $1,800.00 

B. Equipment 

(1) Total CO2 $95.81 

C. Participant Support 

 $0.00 

D. Materials and Supplies 

(1) Nextera DNA Flex Library Prep Kit $1,008.00 

(1) IDT for Illumina Nextera DNA Unique Dual Indexes 

Set 

$672.00 

(1) Illumina Free Adapter Blocking Reagent $125.00 

(1) Bag of 50 lb Brewer’s Yeast $165.00 

(1) Case of Four Bottles (1 gal) 190 Proof Ethanol $48.07 

(60) Roll of Recycled Paper Towels $3.15 x 60 = $189.00 

(10) Case of 500 Bottles $90.69 x 10 = $9,069.00 

(1) Bottle of 25 GM Streptomycin Sulfate $26.99 

(1) Bag of 50 lb Brewer’s Yeast $165.00 

(2) Bottle of 500 g Methylparaben $164.86 x 2 = $329.72 

(1) Fly Stocks 2021 - 2023 $203.70 

(3) Bottle of 1 L 99% Propionic Acid $46.12 x 3 = $138.36 

(2) Bottle of 1 gal Molasses $27.03 x 2 = $54.06 

(7) Bottle of 500 g Agar $86.94 x 7 = $608.58 

(1) Roll of Pipe Thread Tape $1.20 

(2) Case of 100 Nitrile Gloves $23.99 x 2 = $71.97 

(1) Case of 280 Wipers $2.93 

(1) Bottle of General Cleaner $3.99 

(2) Case of 500 Vials $26.89 x 2 = $53.78 

(38) Bag of 624 g Corn Flour $3.45 x 38 = $131.10 

E. Publication Costs 

 $1,200.00 

F. Services 
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(1) Sequencing Run using NovaSeq 6000 with SP Flow 

Cell and 300 Cycles on Two Lanes 

$5,515.00 

G. Other 

 $0.00 

H. Total Direct Costs 

 $21,705.26 

Proposed Budget Justification 
Personnel 

Undergraduate assistant ($1,800.00) – If I receive funding, I would like to hire one undergraduate assistant 

for 12 hours of work a week at $10.00 per hour. This would start during the summer and continue for 

approximately 15 weeks. They would assist with maintaining fly stocks, setting up each generation of flies 

during Aim 2, cooking fly food, and general lab organization.  

Equipment 

CO2 ($95.81) – I need CO2 for use as an anesthetic during collection of virgin flies and sorting flies. 

Materials and Supplies 

Nextera DNA Flex Library Prep Kit ($1,008.00) – This kit includes the necessary reagents and solid phase 

reversible immobilization (SPRI) beads needed to prepare 24 libraries for DNA sequencing. This kit is 

recommended by the manufacturer for whole-genome sequencing, is compatible with the NovaSeq 6000 

system, and is suitable for use with Drosophila species. 

 

IDT for Illumina Nextera DNA Unique Dual Indexes Set ($672.00) – This index set offers 24 unique Index 1 

(i7) sequences and 16 unique Index 2 (i5) sequences that will allow to me to generate uniquely tagged 

libraries during library preparation. This will improve the accuracy of read assignment during sequencing. 

This kit is recommended by the manufacturer for use with whole-genome sequencing and the Nextera 

DNA Flex library prep kit and is compatible with the NovaSeq 6000 system. 

 

Illumina free adapter blocking reagent ($125.00) - This reagent will be used during library preparation to 

further reduce the risk of index hopping during sequencing and contains enough reagent for 12 reactions. 

This will increase the accuracy of read assignment. 

 

Bag of 50 lb Brewer’s Yeast ($165.00); Case of Four Bottles (1 gal) 190 Proof Ethanol ($48.07); Bottle of 

25 GM Streptomycin Sulfate ($26.99); (2) Bottle of 500 g Methylparaben ($329.72); (3) Bottle of 99% 

Propionic Acid ($138.36); (2) Bottle of 1 gal Molasses ($54.06); (7) Bottle of 500 g Agar ($608.58); and 

(38) Bag of 624 g Corn Flour ($131.10) – These supplies will be used for cooking fly food. The yeast, corn 

flour, and molasses give the food form, nutrition, and flavor, while the agar assists with binding the food 

into a gel-like material. The methylparaben and propionic acid act as anti-fungal agents, while the 

streptomycin sulfate acts as an anti-biotic. The ethanol is used to dissolve the methylparaben. 

 

(60) Roll of Recycled Papers Towels ($189.00); (2) Case of 100 Nitrile Gloves ($71.97), Case of 280 

Wipers ($2.93); and Bottle of General Cleaner ($3.99) – These supplies will be used for cleaning laboratory 

and kitchen spaces. 

 

(10) Case of 500 Bottles ($9,069) and (2) Case of 500 Vials ($53.78) – These supplies will be used for 

storing flies. 

 

Fly Stocks ($203.70) – I will need balancer flies for Aim 2 and transgenic flies for Aim 3 from the 

Bloomington Drosophila Stock Center (NIH P400D018537). 
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Publication Costs 

Publication ($1,200.00) – This money will be used to assist with any publication fees. 

Services 

Sequencing Run ($5,515.00) - Whole-genome sequencing will be performed on a NovaSeq 6000 at the 

Translational Science Laboratory at Florida State University’s College of Medicine. I will be using an SP 

flow cell, which contains up to 800 million clusters per flow cell. I will run 300 cycles, which results in 

paired-end read lengths of 150 bp (2 x 150 bp = 300). 2 x 150 bp read lengths are recommended by the 

sequencer manufacturer for whole-genome sequencing on the NovaSeq 6000 for Drosophila. I will also 

use two different lanes of the flow cell during sequencing so that I can replicate each sample. 
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FACILITIES, EQUIPMENT, AND OTHER RESOURCES 

 
Facilities 

Laboratory 

 I will be conducting all research in the King Life Science Building at Florida State University (FSU), 

319 Stadium Dr, Tallahassee, 32306. Experimentation will be conducted in laboratory room 4086, which 

belongs to K. Hughes. Fly food will be made in room 4032, which is a kitchen for general research use. 

Flies will be stored in incubators outside 4086, as well as in a walk-in incubator, room 4021. 

Office 

 My office is in King Life Science Building at FSU, 319 Stadium Dr, Tallahassee, FL 32306. The 

room is 4079 and is shared with seven other graduate students in the Department of Biological Science. 

Major Equipment 
 I will not personally be using any major equipment other than CO2 tanks provided by Airgas, and 

microscopes provided by K. Hughes. Whole-genome sequencing will be conducted at the Translational 

Science Laboratory at FSU’s College of Medicine, 1115 West Call St, Tallahassee, FL 32306 on an Illumina 

NovaSeq 6000. 

Other Resources 

Support Services 

 Card access to the King Life Science Building is provided by FSU’s Card Center and Key Shop. Key 

access to King 4021, 4032, 4079, and 4086 is provided by FSU’s Key Shop. Purchasing is performed 

either by me directly or by Procurement Associate L. Min. Facility maintenance is performed by Scientific 

Research Specialist M. Luchini and the Maintenance Service Center. Instrument design and maintenance 

is conducted by J. Faragasso and R. Anderson.  
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DATA MANAGEMENT PLAN 

 
Dissemination of Results and Materials 

 In general, data analyses will be disseminated through departmental seminars, scholarly 

conferences, and research journals.   

Database Management Plan 
 Data will be collected and recorded on paper by all research assistants and me, then transcribed 

by me in pen into a hardcover laboratory notebook. Data will then be input into a CSV file using Microsoft 

Excel, and saved onto 1) a Dropbox repository owned by L. Jones, 2) the storage system on my personal 

laptop, 3) on one of my personal USB flash drives, and 4) an external hard drive owned by L. Jones.  
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SUPPLEMENTARY MATERIAL 

 
Supplementary Material A 

 
Figure 1: Crossing scheme used to create the H2 stock, which contains a second chromosome 

balancer amidst a genetic background of the high-harm Drosophila Genetic Reference Panel (DGRP) 

inbred line identified in Aim 1A, line 356.  The three columns represent the three major chromosomes in 

Drosophila melanogaster: the sex chromosome (X/Y), chromosome 2, and chromosome 3. X/X individuals 

are female, and X/Y individuals are male. The red text, along with the “H” superscript, indicate these 

chromosomes are from the high-harm line 356. The gold text indicates these chromosomes are from a 

balancer stock obtained from the Bloomington Drosophila Stock Center (BDSC). The superscript “B” 

means that the chromosome is from the balancer stock but is not, itself, one of the balanced 

chromosomes. The superscript “BAL” indicates that the chromosome is from the balancer stock and is, 

itself, balanced. 

I will begin my crossing females from line 356 to males from a balancer stock that has a 

balanced second and third chromosome. In the next generation, male offspring that exhibit mutations 

from both balancer chromosomes will be retained and crossed to females from line 356. In the next 

generation, male offspring that exhibit only the second chromosome balancer will be retained. They will 

then be crossed to females from line 356. In the next generation, female offspring that exhibit the second 

chromosome balancer will be retained and crossed to males from line 356. Finally, in the next generation, 

I can obtain both male and female offspring with a genetic background of line 356 aside from a second 

chromosome balancer. 
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Supplementary Material B 

 
Figure 2: Crossing scheme used to create the P2 stock, which contains a second chromosome 

balancer amidst a genetic background of the pooled population composed of 100 inbred DGRP lines.  The 

three columns represent the three major chromosomes in Drosophila melanogaster. X/X individuals are 

female, and X/Y individuals are male.  The dark blue text, along with the “P” superscript, indicate these 

chromosomes are from the pooled population. The light blue text indicates these chromosomes are from 

a balancer stock obtained from the BDSC. The superscript “B” means that the chromosome is from the 

balancer stock but is not, itself, one of the balanced chromosomes. The superscript “BAL” indicates that 

the chromosome is from the balancer stock and is, itself, balanced. 

I will begin my crossing females from the pooled population to males from a balancer stock that 

has a balanced second and third chromosome. This balancer stock will be visibly distinguishable from the 

one used to create the H2 stock. In the next generation, male offspring that exhibit mutations from both 

balancer chromosomes will be retained and crossed to females from the pooled population. In the next 

generation, male offspring that exhibit only the second chromosome balancer will be retained. They will 

then be crossed to females from the pooled population. In the next generation, female offspring that 

exhibit the second chromosome balancer will be retained and crossed to males from the pooled 

population. Finally, in the next generation, I can obtain both male and female offspring with a genetic 

background of the pooled population aside from a second chromosome balancer. 
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Supplementary Material C 

 
Figure 3: Crossing scheme used to create the H3 stock, which contains a third chromosome balancer 

amidst a genetic background of the high-harm DGRP line.  The three columns represent the three major 

chromosomes in Drosophila melanogaster. X/X individuals are female, and X/Y individuals are male.  The 

red text, along with the “H” superscript, indicate these chromosomes are from the high-harm DGRP line. 

The gold text indicates these chromosomes are from a balancer stock obtained from the BDSC. The 

superscript “B” means that the chromosome is from the balancer stock but is not, itself, one of the 

balanced chromosomes. The superscript “BAL” indicates that the chromosome is from the balancer stock 

and is, itself, balanced. 

I will begin my crossing females from line 356 to males from a balancer stock that has a 

balanced second and third chromosome. In the next generation, male offspring that exhibit mutations 

from both balancer chromosomes will be retained and crossed to females from line 356. In the next 

generation, male offspring that exhibit only the third chromosome balancer will be retained. They will then 

be crossed to females from line 356. In the next generation, female offspring that exhibit the third 

chromosome balancer will be retained and crossed to males from line 356. Finally, in the next generation, 

I can obtain both male and female offspring with a genetic background of line 356 aside from a third 

chromosome balancer. 
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Figure 4: Crossing scheme used to create the P3 stock, which contains a second chromosome 

balancer amidst a genetic background of the pooled population composed of 100 inbred DGRP lines.  The 

three columns represent the three major chromosomes in Drosophila melanogaster. X/X individuals are 

female, and X/Y individuals are male.  The dark blue text, along with the “P” superscript, indicate these 

chromosomes are from the pooled population. The light blue text indicates these chromosomes are from 

a balancer stock obtained from the BDSC. The superscript “B” means that the chromosome is from the 

balancer stock but is not, itself, one of the balanced chromosomes. The superscript “BAL” indicates that 

the chromosome is from the balancer stock and is, itself, balanced. 

I will begin my crossing females from the pooled population to males from a balancer stock that 

has a balanced second and third chromosome. In the next generation, male offspring that exhibit 

mutations from both balancer chromosomes will be retained and crossed to females from the pooled 

population. In the next generation, male offspring that exhibit only the third chromosome balancer will be 

retained. They will then be crossed to females from the pooled population. In the next generation, female 

offspring that exhibit the third chromosome balancer will be retained and crossed to males from the 

pooled population. Finally, in the next generation, I can obtain both male and female offspring with a 

genetic background of the pooled population aside from a third chromosome balancer. 
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Figure 5: The final crossing scheme for experimental treatments. As an example, the second 

chromosome treatment is shown here. The red text and the “H” superscript indicate these chromosomes 

are from the high-harm DGRP line. The dark blue text and the “P” superscript indicate that these 

chromosomes are originally from the pooled population composed of 100 DGRP lines. The gold text and 

light blue text indicate that these chromosomes are balanced, and the color differences indicate that these 

balancers are visibly distinguishable from one another due to the presence of different visible mutations. 

The superscript “B” means that the chromosome is from a balancer stock from the BDSC but is not, 

itself, one of the balanced chromosomes. The superscript “BAL” indicates that the chromosome is from 

the balancer stock and is, itself, balanced. The black text and “M” superscript indicate that these 

chromosomes, having undergone recombination throughout these crosses, are now a mixture of harm 

and pooled DNA. Aside from the Y chromosome and the balanced chromosome (chromosome 2, here), 

the rest of the chromosomes should recombine over time. 

Each generation, males (left side) exhibiting one balancer will be crossed to females (right side) 

exhibiting the alternate balancer. By repeating this over the generations while only crossing flies that 

exhibit one of the balancer markers, I can ensure that 1) one of the “harm” chromosomes is always 

maintained and 2) females are always crossed to males with one of these harm chromosomes. 

 

 

 


