
ABSTRACT 

SHORTER, JOHN ROBERT. Genetic Architecture of Aggression in Drosophila 
melanogaster. (Under the direction of Dr. Trudy F. C. Mackay.) 
 

Aggression is an evolutionarily conserved complex behavior that can be essential for 

an organism’s survival. Properly balanced levels of aggression will often ensure that an 

organism can defend itself, defend territory or resources, and help secure mating partners. 

Much of the previous research on the genetic basis of aggression have focused on genetic 

variants associated with bioamine signaling, which have been associated with aggressive 

behaviors in many distinct taxa. There are several other unaddressed areas of research, 

including factors under selection in differing environments, how factors other than bioamines 

influence aggression, and how these factors interact. Drosophila melanogaster is an ideal 

model system for exploring the genetic basis of natural variation in aggression. Here, we 

performed genome wide association analyses using the Drosophila melanogaster Genetic 

Reference Panel (DGRP) and two replicate advanced intercross populations derived from 

the three most and least aggressive DGRP lines. We used Minos mutations and RNAi-knock 

down alleles to functionally validate 79% of the candidate genes and 75% of the candidate 

epistatic interactions tested. Epistasis for aggressive behavior causes cryptic genetic 

variation in the DGRP that is revealed by changing allele frequencies in the outbred 

populations derived from extreme DGRP lines. Next, we investigate the effects of odorant 

binding proteins (Obps) on aggression and other behaviors. We knocked down 14 Obps 

using Drosophila melanogaster RNAi lines and observed that Obp56h dramatically reduced, 

aggression. Our further analyses revealed that knocking down expression of Obp56h also 

reduces copulation latency in males, results in changed cuticular hydrocarbon (CHC) 

profiles (including the male inhibitory sex pheromone, 5-Tricosene), and causes changes in 

expression of many differentially expressed genes, including Lush, Or19b, and several 

genes associated with lipase activity. These results suggest that Obp56h mediates social 



recognition. We then used experimental evolution in the laboratory to investigate the effects 

of increased larval and adult density in the outbred population derived from extremely 

aggressive and non-aggressive DGRP lines. Over the course of 30 generations, we tracked 

allele frequency changes and observed several loci that appear to influence fitness under 

different density conditions. We also observed that genes previously associated with 

aggressive behavior are among those responding to natural selection in these populations. 

Finally, we use Drosophila homologs of human genes associated with brain disorders to 

study assess their effects on behaviors and genome wide co-regulation of gene expression. 

We found that 12 of 13 genes tested affected aggression and locomotor behavior; and that 

co-regulated transcripts were enriched for common gene ontology categories. These results 

illustrate the potential for investigating the biological basis of human brain disorders using 

Drosophila. In summary, we identified many novel loci associated with aggressive behavior 

and placed them in the larger context of evolution, genetic networks, and human disease 

modeling. 
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CHAPTER 1 

Introduction to Genetic Architecture of Aggression in Drosophila melanogaster 
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Introduction 

Aggression is an important fitness-related trait in animals. Nearly every animal possesses 

some aggressive behavior that can enable it to increase fitness amongst conspecifics or 

defend itself against a predator. The study of aggression is complicated by many factors. 

Environmental conditions affect many important occurrences of aggression. Situational 

circumstances, presence of conspecific rivals or potential mates, and previous experiences 

are just a few examples of environmental factors that can regulate an aggressive encounter 

(Fernandez & Kravitz, 2013, Fone & Porkess, 2008, Lim et al., 2014, Ramin et al., 2014, 

Wang et al., 2011, Yuan et al., 2014). Genetic factors have also been widely studied, 

revealing that the genetic basis of variation in aggression is polygenic (Zwarts et al., 2012). 

Due to the conservation of biological pathways, many genes and neural networks that are 

involved in aggression are shared across diverse taxa. This allows for discoveries made in 

one species to be applied to other species. Drosophila has emerged as an excellent model 

system for the study of aggression (Baier et al., 2002). With the ability to minimize 

environmental variation and manipulate genetic background, Drosophila provides a study 

system that can navigate the intricacy of most complex traits.  

 Here, I will outline the known discoveries in Drosophila aggression. Recent findings 

suggest that gene-by-gene and gene-by-environment interactions play an important role in 

shaping an organism’s level of aggression. I will also identify gaps in scientific knowledge of 

aggression and other complex traits and discuss future avenues of research.  
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1.1 Aggressive behavior 

 

1.1.1 Why is aggression important? 

Aggressive behavior is essential for animals in competitive situations with limited availability 

of resources. When performing an appropriately timed aggressive behavior, an individual 

may gain increased fitness, and/or better access or defense of territory or food. In social 

settings, this behavior may thrust an individual to the top of a hierarchy, giving it a much 

better position to produce offspring. However, too much aggression at inappropriate times 

could reduce fitness and lead to injury or death. Evidence from aggression in water striders 

(Eldakar & Gallup, 2011) suggests that aggression is under stabilizing selection, as 

individuals in a population that display too much or too little aggression suffer reduced 

fitness. Aggression is a force that also acts both through natural selection and sexual 

selection (Lindenfors & Tullberg, 2011), allowing for the evolution of some complex 

morphological characteristics.  

Morphological characteristics and behaviors have evolved in part with competition to 

make aggression less costly. Traits ranging from body size to antlers to vocalizations can 

signal quality in intrasexual interactions, reducing the likelihood of injury from being 

overmatched if individuals can process a cost-benefit analysis from an encounter 

(Cluttonbrock & Albon, 1979, Lindenfors & Tullberg, 2011). Dominance hierarchies can also 

serve to reduce unnecessary aggression. Individuals in social groups that remember their 

previous encounters with other group members form dominate-subordinate ranks, which 

reduces the need for continual aggressive behaviors (Drews, 1993). The evolution of these 

characteristics and behaviors demonstrate how essential aggression is for many different 

animals.     



 

 

 

4 

Sex differences for aggressive behavior are widely observed across different 

species. Primates that have polygynous mating systems tend to have sexual dimorphism for 

a number of traits, including aggression, brain structure, and body size. Polygynous taxa 

have larger males than less polygynous taxa, and this is due to a causal link between sexual 

selection and size dimorphisms, with changes in the mating system often occurring before 

changes in the degree of sexual selection (Lindenfors & Tullberg, 1998). Brain regions 

which govern aggressive behaviors also show sexual dimorphism. The sizes of the 

mesencephalon, diencephalon and amygdala are all positively correlated with the degree of 

sexual selection, and the septum, which facilitates aggression control, is negatively 

correlated with the degree of sexual selection. Additionally, the number of males in a group 

is also positively correlated with the volume of the diencephalon and negatively correlated 

with the relative septum size, showing that aggression is an evolutionally important factor for 

intra-male interactions (Lindenfors et al., 2007). Due to the importance of securing mates, 

polygynous sexual systems with high intra-male competition display sexual dimorphism for 

traits involved in aggression. 

 

1.1.2 How similar is aggression across taxa? 

Aggressive behaviors are thought to be properties of a social behavior network mediated by 

a number of different brain regions (Newman, 1999). The neuroanatomical pathways for 

these behaviors are conserved when comparing rodent brains to primate brains. The orbital 

frontal cortex is important for the interpretation of cues, and acts in an inhibitory manner to 

reduce responsiveness in the amygdala. In both rodents and primates, the amygdala acts to 

integrate and process stimuli, along with other regions including the hypothalamus. Lesions 

of these areas have been known to both increase and decrease intra-male aggression in 
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primates, and were thought to decrease aggression in humans. However, these 

observations were controversial and recent observations suggest that damage to these 

regions rarely causes selective damage (Nelson & Trainor, 2007).  

 Biological signaling molecules are also conserved across distant taxa. Serotonin (5-

HT) has been shown to influence aggression in a number of different studies. Generally, low 

levels of 5-HT and manipulations that lower 5-HT signaling increase aggression and 

impulsivity in mammals while the opposite patterns appears for invertebrates (Huber et al., 

1997) . However, distinct specificity of 5-HT receptors (5-HT1A, 5-HT1B, 5-HT2) occurs and 

increasing 5-HT activity with 5-HT precursors and receptor agonists can also reduce 

aggressive behavior in mammals. Activation of 5-HT1A receptors reduces aggressive 

behavior in mice that exhibit already high levels of aggression (Korte et al., 1996). In studies 

using humans treated with an antagonist for 5-HT1A, it was also observed that 5-HT1A had 

an inhibitory influence on aggression, consistent with studies of rodents (Parsey et al., 

2002). Mice that lack expression of another serotonin receptor, 5-HT1B, are more 

aggressive than wild-type mice (Saudou et al., 1994). This illustrates that a neurochemical 

can have inhibitory or excitatory functions depending on the receptor. The same 

phenomenon has been observed in 5-HT effects on Drosophila aggression (Johnson et al., 

2009). A general increase in 5-HT did not appear to affect aggression in flies; however, 

administration of specific receptor antagonists and agonists to 5-HT1A and 5-HT2 caused 

changes to specific types of aggressive behavior (Baier et al., 2002, Johnson et al., 2009). 

While the specific brain regions and receptor functions are not entirely identical, the 

similarities across the various behavioral mechanisms for aggression are remarkably similar 

and allow for discoveries in one species to be applied across a variety of taxa.  
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1.1.3 What is Drosophila aggression and how do we measure it in a lab setting? 

Aggression in Drosophila melanogaster is based primarily on dominance and territoriality, 

and is strongly sexually dimorphic with males challenging other males over access to 

resources (Dow & Schilcher, 1975). Females are observed to fight, but at a lower intensity 

than males (Nilsen et al., 2004). Dominance, which is believed to be a male specific 

behavior in D. melanogaster (Vrontou et al., 2006, Yurkovic et al., 2006), can be defined as 

having a higher social status than other conspecifics due to past or present aggressive 

behavior. Memory is an important aspect of dominance. In assays using pairs of males that 

were grouped together and fought for an extended time, separated for 30 minutes and 

reintroduced, there were fewer encounters during the first 10 minutes for familiar pairings 

than compared to unfamiliar pairings of males (Yurkovic et al., 2006). This demonstrates 

that learning and memory may play a role in levels of dominance aggression. 

 Another aspect of aggression is territoriality, which can be defined as the occupancy 

or priority of access to an area that is used by the defending individual over others 

(Kaufmann, 1983). In many Drosophila species, territoriality in a natural habitat has been 

shown to be linked with mating behavior. Males that display territoriality will attempt to 

control limited resources for increased fitness (Hoffmann & Cacoyianni, 1990). While 

Drosophila melanogaster are much less territorial than other species such as the Hawaiian 

Drosophila cnecopleura, which exhibit male-lekking behavior on leaves in their natural 

environment (Shelly, 1988), D. melanogaster can be encouraged to exhibit territoriality in the 

lab by placing attractive food or a female in an area with multiple males (Hoffmann & 

Cacoyianni, 1990). These lab assays, while excellent at reducing environmental variation, 

may not entirely reflect territoriality and mating success in the natural environment (Boake, 

1989). Factors such as arena size or limiting the ability of a male to flee may limit the overall 
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relevance to the situation in nature. However, if the goal is to identify factors affecting 

general aggression and not necessarily implying a role in fitness, then lab assays are 

sufficient for measuring this type of behavior. 

 There are currently three popular assays that measure aggression in a lab setting 

(Fig. 1.1) (Zwarts et al., 2012). One of the first assays, used to measure aggression in 

fruitless mutants, relies on a standard food vial with a droplet of food (Fig. 1.1A) (Lee & Hall, 

2000). During a two minute period aggressive encounters are recorded by an instant scoring 

from an observer. This setup can record between 4-8 flies reliably, and can even be 

modified to focus on a specific individual by placing with it flies with a different eye color 

(Edwards et al., 2009a, Edwards & Mackay, 2009, Edwards et al., 2006, Zwarts et al., 

2011). Another assay, which was developed to be devoid of food territory or a female, tested 

pairs of males placed together in a Plexiglas arena with 35 evenly placed circular cells (Fig. 

1.1B) (Dierick, 2007). In this setup, an observer or a video camera, records over 15 minutes 

and quantifies the frequency, index, latency and intensity of offensive fighting behaviors. A 

third setup, and probably one of the most widely used assays for aggression, is arranged 

with a cage spacer (commonly a Petri dish) and a food patch placed in the middle and flies 

introduced by a mouth aspirator (Fig. 1.1C) (Baier et al., 2002, Johnson et al., 2009, Nilsen 

et al., 2004). This assay is usually the longest, lasting 20-30 minutes, and can be recorded 

by an observer or videotaped and analyzed using tracking software. Each different assay 

has tradeoffs between depth of information from a single measure versus breadth of 

repeated measures, as well as designs that compact flies into an unrealistically dense area 

or give flies too much space and discourage interactions. The first developed assay (Fig. 

1.1A) using the standard food vial could be considered a happy medium, where its short 

recording time can allow for a high throughput measurement with many samples as well as 
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setup that balances density compared to the other two designs. While the other two assays 

may excel at teasing apart differences in aggression in a single or relatively few lines, their 

long recording length makes them difficult to use for experiments that require thousands of 

measurements. Additionally, the close confines in the Plexiglas arena may exaggerate 

aggression based on unconditioned reflex reactions and increased arousal (Kamyshev et 

al., 2002).  

 

1.1.4 Environmental factors affecting Drosophila aggression 

While arena size and fly density are important factors affecting aggression, there are many 

other environmental factors to also consider. The focal individual can experience many 

different environmental factors that will alter behavior, including social isolation and age. 

Cues from conspecifics, such as pheromones, can also influence how an individual will 

approach an encounter with others. 

 A nearly universal environmental factor that affects levels of aggression is social 

isolation. Isolation increases aggression and other anti-social behaviors across sex and 

across species ranging from flies to rodents to primates (Fone & Porkess, 2008, Harlow & 

Harlow, 1962, Hoffmann, 1990, Ueda & Kidokoro, 2002, Ueda & Wu, 2009, Wang et al., 

2008). One explanation for this is that normal socialization with conspecifics is necessary for 

synaptic connections related to social behavior to form during brain development. In 

rodents, isolation causes reductions in prefrontal cortex volume and hippocampal synaptic 

plasticity as well as hyper functioning of dopaminergic systems (Fone & Porkess, 2008). 

However, it is possible to reverse aggression caused by isolation through drug treatments or 

by a return to normal social conditions (Fone & Porkess, 2008, Wang et al., 2008).  
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 Age is another factor in Drosophila aggression. Males aged three days or more were 

more successful at holding territories than males that were one day old (Hoffmann, 1990). 

These older males escalated conflicts more often than one day old males. Courtship and 

mating behavior happen very fast, usually within the first 24 hours post-eclosion. 

Interestingly, young males do not start to display aggressive behavior directly after they 

matured sexually. Initial aggressive behaviors tend to be insufficient to displace opponents 

from a food source. Another interesting phenomenon is that resident males were more likely 

to court young intruder males, treating them like females. It is likely that young males have 

not developed social skills, and lack the cues (pheromonal or others) that signal to other 

males their status. As a result, assays that focus on male aggression need to take this into 

account and use appropriately aged males. 

 Pheromonal cues from conspecifics are another important environmental factor that 

can alter levels of aggression. Both male and female flies produce a variety of pheromones 

that advertise their presence. In females, the cuticular hydrocarbon 7,11-heptacosadiene 

(7,11-HD), is a major inducer of male specific courtship and mating behaviors (Toda et al., 

2012). Males that sense this pheromone, either naturally produced by female or artificially 

perfumed on other males, will cease aggressive behaviors and begin courtship. Males 

produce a sex-specific pheromone, 11-cis vaccenyl acetate (cVA), which has some specific 

effects on males that come into contact with it (Ejima et al., 2007, Ha & Smith, 2006). This 

pheromone inhibits mating behavior in males, but increases male aggressiveness. Much is 

known about the activation pathway for cVA. It is believed to bind to an odorant binding 

protein named Lush and activate the odorant receptor Or67d, stimulating T1 neurons 

(Laughlin et al., 2008, Ronderos & Smith, 2010), but other studies suggests this may not be 

so straightforward (Gomez-Diaz et al., 2013).  
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 Other environmental factors were once believed to play a role in Drosophila 

aggression; however recent experiments have questioned their effect on aggression. One 

example of this is the assumption that reduced vision would reduce aggression levels. 

Previous work shows white eyed flies, which have impaired vision, also have lower 

aggression (Hoyer et al., 2008). Mutations in the white (w) gene, which regulates 

pigmentation, reduces aggressive behavior of single housed males, suggesting that vision is 

necessary for normal levels of aggression. However, others have questioned this conclusion 

(Ramin et al., 2014). Chronic visual loss by mutating the ninaB gene, which encodes a β,β-

carotene-15,15′-dioxygenase that is important for the development of visual chromophores, 

does not affect social suppression of fly aggression in single housed males. While there 

once was concern about including males with the w mutation in aggression assays due to 

visual impairment (Hoyer et al., 2008), this no longer seems to be the case, and it is 

possible that the w gene alters aggression due to its expression patterns in the brain (Ramin 

et al., 2014). This observation, along with many others, points to several genetic factors that 

impact levels of aggression. 

 

1.1.5 Genetic factors affecting aggression 

The study of aggression in Drosophila has also focused on the specific effects of genes and 

gene regions (see Table 1.1 for genes previously associated with aggression). Some 

studies have approached this through single gene studies using mutant screens or 

candidate genes and others have used quantitative genetic studies using QTL mapping or 

genome wide association. Gene expression studies on aggressive behavior have also 

identified several genetic effects and systems approaches have been used to integrate 
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these determinants together. These factors create a complex web of interactions, and a new 

approach is needed to integrate them together. 

 The candidate gene approach has effectively identified genes associated with 

aggression by seeking out pathways essential for behavior and testing well known homologs 

or previously identified candidate genes. One example of this is the identification of genes 

involved in sex-determination on male aggression (Alekseyenko et al., 2014, Lee & Hall, 

2000, Vrontou et al., 2006). The fruitless (fru) gene was previously identified through its role 

in courtship behavior and is a key regulator in the sex determination pathway. Mutations in 

fru resulted in behavioral anomalies with increased aggression-like interactions (Lee & Hall, 

2000). This illustrates that factors important to sex determination are also associated with 

aggressive behaviors, which is understandable considering the sexual dimorphism for 

Drosophila aggression.   

 The identification of neurobiological factors affecting Drosophila aggression was 

done by testing conserved biological amine candidates that displayed appealing brain 

expression patterns (Baier et al., 2002). Using both a transgenic approach to induce 

mutagenesis (P-element) and a pharmacological approach to alter neurotransmitter receptor 

activity, it was discovered that many genes involved in amine production and reception, 

including octopamine, dopamine, and beta-alanine, had significant effects on aggression. 

Tachykinin/Substance P  has also been implicated in aggression of several mammalian 

species (Katsouni et al., 2009). Researchers tested the Drosophila homolog of this gene 

and observed that it played a role in high levels of aggressiveness in males (Asahina et al., 

2014). A similar approach was used to identify serotonin and neuropeptide Y as having 

effects on aggression through gene silencing and pharmacological drug targeting (Dierick & 

Greenspan, 2007). A candidate gene approach worked for this experiment based on 
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conservation of these systems between mice and flies as well as a deep molecular root for 

aggressive behavior. 

 While the candidate gene approach is excellent at identifying the “low hanging fruit” 

underpinning the genetic basis of variation in aggression, other complementary approaches 

can detect associations by genome wide approaches. A quantitative trait loci (QTL) mapping 

study using a population of introgression lines generated from two laboratory lines not 

selected for aggression identified five QTL regions affecting aggressive behavior (Edwards 

& Mackay, 2009). Quantitative complementation tests were performed to narrow down the 

QTL interval, and four genes were identified as having an effect on aggression following 

mutant testing. These four genes, CG11006, CG10754, mutagen-sensitive 312, and Ral 

guanine nucleotide exchange factor 2, were not previously associated with aggression but 

had a significant effect on behavior.  

 Whole genome expression analysis is another approach that identified several genes 

associated with aggressive behavior. A selection experiment using two neutral lines and two 

lines selected for aggression created nearly a 30 fold increase in levels of aggression 

(Dierick & Greenspan, 2006). In this experiment, 80 genes were differentially expressed, 

and after 5 were selected for mutant conformation, only one gene, Cyp6a20, was shown to 

modify aggression. Another selection experiment using genetically divergent replicate lines 

for aggressive behavior and whole genome expression profiling identified a large number of 

transcripts, 1,539, that were differentially expressed between the selection lines (Edwards et 

al., 2006). Functional tests of candidate genes using P-element insertion lines identified 15 

of the 19 tested genes as having significant effects on aggression, none of which had been 

previously implicated in aggressive behavior. A follow up study using a larger number of P-

element mutant lines identified 59 mutations in 57 genes which affected aggressive behavior 
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(Edwards et al., 2009b). Most of these mutations had effects on other complex traits, and all 

had pleiotropic effects on brain morphology. In a separate experiment measuring 40 wild 

derived inbred lines of D. melanogaster and performing a genome wide scan for quantitative 

trait transcripts and single feature polymorphisms, 266 novel candidate genes were 

associated with aggressive behavior (Edwards et al., 2009a). Of these 266, 26 overlapped 

with the previous selection study for divergent levels of aggression (Edwards et al., 2006). 

By using genetic correlations of the transcripts to derive a transcriptional genetic network, a 

nine module network of correlated transcripts was identified. Expression was very high in 

the brain and head tissue. Behavioral tests on mutant lines found 9 of 12 P-element 

insertional mutations to have a significant effect on aggression. Overall, these approaches 

are able to identify several genes associated with aggressive behavior.  

  In order to fully understand the genetic networks affecting variation in aggressive 

behavior, or any other complex trait, an approach that measures interactions between loci 

should be taken into consideration. Epistatic interactions are believed to be an important 

feature of the genetic architecture of complex quantitative traits, including aggression 

(Mackay, 2014, Mackay et al., 2009). A QTL mapping study identified several genetic 

regions associated with aggression that appeared to have strong epistatic interactions 

(Edwards and Mackay 2009). A separate study was conducted to investigate the effects of 

gene-gene interactions for candidate genes associated with aggression (Zwarts  et al., 

2011). After identification of the 59 P-element mutations that were previously associated 

with aggression (Edwards et al., 2006, Edwards et al., 2009b), 10 lines were selected and 

tested for epistatic interaction effects by creating double heterozygous F1 crosses using a 

diallel scheme (Zwarts et al., 2011). This analysis revealed that four of the mutations were 

partially dominant, three mutations were recessive, and six mutations interacted 
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epistatically. This approach allowed for the detection of suppressing epistasis, where two 

loci exhibit opposing phenotypic effects, essentially masking any additive effect of either 

locus. This phenomena may explain why is can often be difficult to identify the same 

variants in different populations. If allele frequencies of epistatically interacting loci vary 

across populations, the effect size for those loci will also be different, making it difficult to 

detect the same allelic effect across different experiments and populations. If this is true for 

complex traits like aggression, then an approach that integrates additive and epistatic 

effects across multiple populations would enable a better understanding of the genetic 

architecture of aggression. 

 

1.2 Approaches to address outstanding questions on the genetics of aggression 

 

1.2.1 How can we identify epistatic interactions and networks in Drosophila 

aggression? 

Epistatic QTL mapping methods pose more technical challenges than individual QTL 

mapping, and as a result epistatic testing is not yet a standard tool in complex trait studies 

(Carlborg & Haley, 2004). Even with these challenges, there is strong evidence for epistatic 

interactions for quantitative trait loci in Drosophila, mice, chickens, Arabidopsis, and yeast 

(Carlborg & Haley, 2004, Huang et al., 2012b, Mackay, 2014). A study using a population of 

sequenced inbred lines of the Drosophila Genetic Reference Panel (DGRP) and an outbred 

intercross population using 40 of these lines compared QTL mapping results for three 

different traits (Huang et al., 2012b). While none of the markers associated with each trait 

replicated between the two populations, a majority of the markers participated in at least one 
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epistatic interaction in the DGRP. These results indicate that the genetic architecture of 

complex traits can be background specific, due to distinct QTLs in different populations.  

 To better understand the genetic architecture of aggression, an approach should 

consider allele frequency differences between populations while leveraging the mapping 

power of inbred lines. In addition to identifying the main genetic effects, genome wide 

interaction effects must be measured as well due to the previous observations of epistasis in 

Drosophila aggression (Edwards & Mackay, 2009, Zwarts et al., 2011). Epistatic interactions 

are best identified using a diallel cross design, which creates all possible double 

heterozygous genotypes, or through a cross generating all nine possible two locus 

genotypes (Flint & Mackay, 2009).  

 

1.2.2 Do the factors that affect aggression also have pleiotropic effects? 

There is strong evidence that genes associated with aggression also have pleiotropic effects 

on other traits (Edwards et al., 2009a, Jordan et al., 2007, Rohrscheib et al., 2015, Zwarts et 

al., 2011). A study on locomotive behavior in Drosophila melanogaster showed highly 

overlapping transcriptional responses between locomotor activity, aggressive, and mating 

behaviors (Jordan et al., 2007). In another gene expression study, transcripts associated 

with aggressive behaviors were also found to form modules of correlated transcripts 

enriched in gene ontology categories ranging from cell communication to nervous system 

functions (Edwards et al., 2009a). Candidate genes identified from this study also shared 

associations with starvation resistance, sleep, and muscle development. A separate study 

on aggressive behavior in Drosophila revealed that many morphological changes occurred 

in different regions on the brain in single and double heterozgote P-element mutations 

(Zwarts et al., 2011). Variation in alpha-lobe length and width, beta-lobe width and ellipsoid 
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body area in a region of the brain called the mushroom body was identified in 6 homozygous 

and 15 double heterozygous P-element mutation lines. Wolbachia, a bacterial endosymbiont 

that infects nearly half of all insect species, has been shown to alter a number of Drosophila 

behaviors and transcript expression (Koukou et al., 2006, Rohrscheib et al., 2015) as well as 

locomotion (Peng et al., 2008). It is likely that the mechanism for behavioral changes is due 

to changes in the neurotransmitter octopamine (Rohrscheib et al., 2015), which is well 

known to influence many traits. 

 Olfaction is an interesting system that is likely impacted by pleiotropic effects. 

Previous work has identified associations between mating behavior and aggression, 

particularly the male-produced volatile pheromone cVA (Ejima et al., 2007, Kurtovic et al., 

2007, Laughlin et al., 2008).  There also is a link between pheromone perception and 

production, likely mediated through the Delta 9-desaturase enzyme (Bousquet & Ferveur, 

2012). It is possible that genes affecting olfactory response could have pleiotropic effects on 

pheromone perception and production as well as on behaviors. One aspect of olfaction that 

is not well understood is the role of odorant binding proteins (Obps), which are believed to 

help transport ligands through the organism’s sensory organ to interact with the appropriate 

receptor (Vosshall & Stocker, 2007, Zhou, 2010). There are 51 Obp genes in D. 

melanogaster; many are divergent and few have been functionally annotated (Zhou, 2010). 

There is also evidence that some could have roles in addition to or unrelated to pheromone 

transport (Campanacci et al., 2001, Pelosi & Maida, 1990), making Obps excellent 

candidates to examine for pleiotropic behavioral effects.  
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1.2.3 Can we identify the factors that affect aggression through laboratory evolution? 

Experimental evolution can allow analysis of the genomic changes underpinning adaptation. 

Different selective environments can drastically alter population allele frequencies as 

individuals with more fit genotypes will outcompete conspecifics. Laboratory evolution 

studies allow for controlled experimental evolution that puts specific selective pressure on 

certain conditions while reducing the influence other potentially varying factors. This enables 

for the identification for patterns of selection in populations of interest.  

 We can create populations that are enriched for particular alleles that have been 

previously associated with aggression and identify patterns of genetic change following 

laboratory evolution. Rather than artificially select individuals from the population, we can 

instead create conditions that induce selective pressure without the need to continually 

measure and select for individuals in a population. Density dependent natural selection has 

been previously used to study rates of population growth (Guo et al., 1991), however other 

factors including aggression may play a role in shaping the fitness of individuals in the 

population.  

Two aspects of Drosophila density, adult crowding and larval crowding, may have 

different fitness effects on alleles associated with aggression. These aspects of density 

should be studied individually as they may impact other aspects of fitness, such as 

development time or mating behavior, differently. Additionally, there may be strong 

stabilizing selection for aggression in these laboratory populations as has been previously 

identified in other species (Eldakar & Gallup, 2011, Packer et al., 1995). This means that 

individuals with extreme levels of aggressive behavior will have reduced fitness, and could 

potentially mean that alleles associated with aggression would be less likely to be fixed in an 

outbred population. 



 

 

 

18 

1.2.4 Can Drosophila aggression be used to inform human behavioral studies? 

Drosophila has emerged as a well-established and highly tractable model organism for 

understanding the mechanisms of human disease. This is largely due to the conservation of 

biological, physiological and neurological properties across taxa (Pandey & Nichols, 2011, 

Reiter et al., 2001). Nearly 75% of human disease causing genes have a likely functional 

homolog in Drosophila melanogaster (Pandey & Nichols, 2011). For example, genes 

affecting liability to develop Alzheimer’s disease have Drosophila homologs. One such 

human gene, APP, is known as APPL (APP-like) in Drosophila, and flies deficient with APPL 

have behavioral deficits that can be restored by expressing the human version of APP. This 

indicates that there is functional conservation between the human APP and the Drosophila 

APPL genes (Luo et al., 1992). Many other genes in Drosophila may have similar functional 

conservation with humans.  

Complex human disorders like schizophrenia and depression can be more 

problematic to model in Drosophila. While it is not possible to identify and classify a fly as 

schizophrenic or depressed, it is possible to model certain behavioral symptoms into 

identifiable phenotypes (Nestler & Hyman, 2010). Mouse models for depression measure 

immobility in the forced swim test and tail suspension tests as indicators for depression-like 

behavior (Lucki, 1997). These measures in mice focus on how quickly the animal stops 

resisting, and its immobility is interpreted as a passive stress coping strategy. Similarly, 

Drosophila models for complex disorders could measure specific traits that are components 

of a disease. Deficits in locomotion, extreme levels of aggression, sleep disorders, learning 

and memory deficits, and startle response are all overlapping phenotypes of several brain 

disorders that can be measured in fruit flies. We can then begin testing these different traits 

across a series of lines with disrupted gene expression for genes associated with human 
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brain disorders. If this functional conservation is true, then we would see patterns of trait 

deficits across specific disrupted gene expression lines that may imitate human disorders.  

 

1.3 Relevance of the research project 

The subsequent chapters address the previously identified outstanding questions on the 

genetics of aggression. In chapter two, our approach to identify the genetic architecture of 

aggression revealed several novel genes associated with aggression in two populations of 

Drosophila. We were also able to identify several genes involved in epistatic interactions, 

and through the use of mutant line we were able to confirm both additive and epistatic 

effects on aggressive behavior. The third chapter takes a reverse genetics approach where 

we disrupt gene expression across a panel of odorant binding proteins. We observe that 

Obp56h has significant pleiotropic effects on several traits, including aggression, mating 

behavior, and cuticular hydrocarbon formation. In chapter four we investigate alleles 

associated with aggression under laboratory evolution. We observe that there are several 

loci genome wide that are associated with density dependent selection, and several genes 

previously associated with aggression. Finally, in chapter five we identify several genes 

associated with several mental health disorders and identify gene homologs in Drosophila. 

We use RNAi to knockdown expression of several of these genes and observe that they 

also play a role in Drosophila behavior. This experiment further supports the role of 

Drosophila as a model system for understanding aggressive behavior due to phenotypic 

similarities of genetic homologs with humans. The appendix contains an additional 

publication on work that has no direct connection to the dissertation, but has significant 

scientific merit. It explores the role of a substance called royal jelly, which is believed to be 

the factor used to activate reproductive potential in female honey bees. We test royal jelly on 
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fitness effects including lifespan, productivity, development time, and body size in 

Drosophila. We show that royal jelly has significant effects on development and body size, 

but in a different pattern from previous work. Results from a microarray experiment show 

that genes involved in protein metabolism are highly differentially expressed in flies fed high 

amounts of royal jelly. Ultimately, we conclude that royal jelly does have significant effects 

on development, likely due to enrichment in protein, but it is not a supplement that will 

dramatically improve fitness in Drosophila.  
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Figure 1.1: Traditional assays to measure aggression in Drosophila: (A) The earliest way of 
measuring aggression using a droplet of food in a standard fly vial. (B) The Plexiglas arena 
designed to measure pairs of flies. (C) The Petridis and spacer approach with a video 
placed either above or from the side to record activity. (Figure adapted from Zwarts et al., 
2012). 
 
  
Table 1.1 List of genes previously associated with aggression identified from Flybase (Dos 
Santos et al., 2015) 
 
 

Symbol Name Annotation ID Citation 

4EHP  eIF4E-Homologous 
Protein 

CG33100 (Edwards et al., 2009b) 

5-HT1A  5-hydroxytryptamine 
(serotonin) receptor 1A 

CG16720 (Williams et al., 2014a) 

Act5C  Actin 5C CG4027 (Edwards et al., 2009b) 

ade5  ade5 CG3989 (Edwards et al., 2009b) 

aret  Arrest CG31762 (Edwards et al., 2009b) 

Bacc  Bacchus CG9894 (Edwards et al., 2009b) 

BG00372 BG00372 - (Edwards et al., 2009b) 

BG00386 - - (Edwards et al., 2009b) 

BG01046 BG01046 - (Edwards et al., 2009b) 

BG01130 BG01130 - (Edwards et al., 2009b) 

BG01354 - - (Edwards et al., 2009b) 

BG01402 - - (Edwards et al., 2009b) 

BG01693 - - (Edwards et al., 2009b) 

BG01909 - - (Edwards et al., 2009b) 

BG02022 - - (Edwards et al., 2009b) 

Bsg Basigin CG31605 (Edwards et al., 2009b) 

Bx  Beadex CG44425 (Edwards et al., 2009b) 
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Table 1 Continued.  
 

CG3638 - CG3638 (Edwards et al., 2009b) 

CG5946  - CG5946 (Edwards et al., 2009b) 

CG6175  - CG6175 (Edwards et al., 2009b) 

CG8963  - CG8963 (Edwards et al., 2009b) 

CG9171  - CG9171 (Edwards et al., 2009b) 

CG13377 - CG13377 (Edwards et al., 2009b) 

CG14478  - CG14478 (Edwards et al., 2009b) 

CG17323  - CG17323 (Edwards et al., 2009b) 

CG32572  - CG32572 (Edwards et al., 2009b) 

CG42684  - CG42684 (Edwards et al., 2009b) 

CG43759  - CG43759 (Edwards et al., 2009b) 

CkIα  Casein kinase Iα CG2028 (Edwards et al., 2009b) 

Cyp6a20  Cyp6a20 CG10245 (Wang et al., 2008) 

eca éclair CG33104 (Edwards et al., 2009b) 

ed  Echinoid CG12676 (Edwards et al., 2009b) 

emc  extra macrochaetae CG1007 (Edwards et al., 2009b) 

Fkbp14  FK506-binding protein 14 
ortholog 

CG9847 (Edwards et al., 2009b) 

fru  Fruitless CG14307 (Chan & Kravitz, 2007) 

Gp150  Gp150 CG5820 (Edwards et al., 2009b) 

Gug  Grunge CG6964 (Davis et al., 2014) 

Ktl  Kctd12-like CG10830 (Williams et al., 2014a) 

l(1)G0007  lethal (1) G0007 CG32604 (Edwards et al., 2009b) 

l(3)L1231 lethal (3) L1231 CG7832 (Edwards et al., 2009b) 

lama  lamina ancestor CG10645 (Edwards et al., 2009b) 

LanA  Laminin A CG10236 (Edwards et al., 2009b) 

lola  longitudinals lacking CG12052 (Edwards et al., 2009b) 

mir-317  mir-317 stem loop CR42900 (Edwards et al., 2009b) 

ND-20L NADH dehydrogenase 
(ubiquinone) 20 kDa 
subunit-like 

CG2014 (Li-Byarlay et al., 2014) 

neur  neuralized CG11988 (Edwards et al., 2009b) 

Nlg2  Neuroligin 2 CG13772 (Hahn et al., 2013) 

noc  no ocelli CG4491 (Edwards et al., 2009b) 

Obp99d  Odorant-binding protein 
99d 

CG15505 (Edwards et al., 2009b) 

ppk23  pickpocket 23 CG8527 (Edwards et al., 2009b) 
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Table 1 Continued.  
 

ppk29  pickpocket 29 CG13568 (Yuan et al., 2014) 

px  Plexus CG4444 (Edwards et al., 2009b) 

pxb  Pxb CG33207 (Edwards et al., 2009b) 

Rac2  Rac2 CG8556 (Goergen et al., 2014) 

RapGAP1  Rap GTPase activating 
protein 1 

CG44086 (Edwards et al., 2009b) 

Rdl  Resistant to dieldrin CG10537 (Yuan et al., 2014) 

RhoGEF64C  Rho guanine nucleotide 
exchange factor at 64C 

CG32239 (Edwards et al., 2009b) 

Rtnl1  Reticulon-like1 CG33113 (Edwards et al., 2009b) 

Sesn  Sestrin CG11299 (Edwards et al., 2009b) 

SF1  Splicing factor 1 CG5836 (Edwards et al., 2009b) 

sgl  Sugarless CG10072 (Edwards et al., 2009b) 

siz  Schizo CG32434 (Edwards et al., 2009b) 

Spn  Spinophilin CG16757 (Edwards et al., 2009b) 

Syx4  Syntaxin 4 CG2715 (Edwards et al., 2009b) 

Tbh  Tyramine β hydroxylase CG1543 (Zhou et al., 2008) 

Tehao Tehao CG7121 (Edwards et al., 2009b) 

TfAP-2  Transcription factor AP-2 CG7807 (Williams et al., 2014b) 

Tk  Tachykinin CG14734 (Asahina et al., 2014) 

TkR86C  Tachykinin-like receptor at 
86C 

CG6515 (Asahina et al., 2014) 

tll  Tailless CG1378 (Davis et al., 2014) 

ttk  Tramtrack CG1856 (Edwards et al., 2009b) 

twz  Tiwaz CG10440 (Williams et al., 2014b) 
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Abstract 

Social interactions in insects are strongly driven by conspecific chemical signals that are 

detected via chemoreceptors of olfactory and gustatory neurons. Odorant binding proteins 

(Obps) transport volatile odorants to chemosensory receptors, but their pleiotropic effects on 

behaviors and other traits are not well characterized. Here, we knocked down expression of 

14 Drosophila melanogaster Obp genes using RNAi and found that seven had reduced male 

aggressive behavior, particularly Obp56h. RNAi knockdown of Obp56h gene expression 

also reduced courtship latency; significantly impacted cuticular hydrocarbon production, with 

a major reduction in 5-Tricosene (5-T); and affected expression of many other genes, 

including Or19b, Gr97a and several genes associated with lipase activity. We propose that 

Obp56h plays a dual role in pheromone production and perception and that 5-T, an 

inhibitory sex pheromone produced by males that increases latency for early stages of 

courtship, is implicated as a possible ligand for Obp56h.  
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Introduction 

Chemical signals are the triggers that guide social interactions in many species (Stowers et 

al., 2013, Liberles, 2014). Insects, especially, depend on chemical cues for survival and 

reproduction. Chemosensation is important for the maintenance of colony structure in social 

insects (Le Conte & Hefetz, 2008; Kocher & Grozinger, 2011; Matsuura, 2012), but for many 

insect species is also indispensable for the identification of conspecific mating partners 

(Ziegler et al., 2013; Zhang et al., 2015).  

Drosophila melanogaster provides an excellent model system to investigate the 

relationship between chemosensation and social behaviors, including aggression and 

mating. Males produce 7-tricosene and 7-pentacosene as primary sex pheromones, while 

females produce 7,11-heptacosadiene and 7,11-nonacosadiene (Antony and Jallon, 1982; 

Cobb and Jallon, 1990; Arienti et al., 2010). These cuticular hydrocarbons (CHCs) have 

been identified as the major contact pheromones in flies essential for mating behavior 

(Ferveur, 2005). In addition, the volatile pheromone, 11-cis-vaccenyl acetate has been 

implicated in both mating behavior (Kurtovic et al., 2007; Ronderos & Smith, 2010), and 

aggression (Wang & Anderson, 2010).  

Chemosensation in Drosophila is mediated via several multigene families of 

chemoreceptors, including gustatory (Gr) receptors (Scott et al., 2001), which evaluate food 

intake (Scott et al., 2001; Marella et al., 2006; Weiss et al., 2011; Harris et al., 2015; 

Freeman & Dahanukar, 2015) and sense carbon dioxide (Kwon et al., 2007; Jones et al., 

2007); classical odorant (Or) receptors, expressed in basiconic and trichoid sensilla 

(Vosshall et al., 1999; Clyne et al., 1999), which recognize volatile airborne odorants 

(Hallem & Carlson, 2006); ionotropic receptors (Irs), expressed in coeloconic sensilla, which 

detect a diverse array of chemicals, including water soluble compounds (Benton et al., 
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2009); and odorant binding proteins (Obps). Odorant binding proteins are soluble proteins 

secreted into the perilymph that surrounds the dendrites of olfactory sensory neurons. They 

are the first components of the chemosensory system to interact with airborne chemicals 

and facilitate the transport of hydrophobic odorants to their membrane-bound receptors 

(Wojtasek & Leal, 1999; Xu et al., 2005). In contrast to extensive information about the 

molecular response profiles of membrane-bound gustatory and olfactory receptors, relatively 

little functional information remains known about Obps. 

Obps were first identified as pheromone binding proteins in the antennae of the male silk 

moth, Bombyx mori (Vogt & Riddiford, 1981), where pH-induced conformational changes 

mediate binding and release of the pheromone (Wojtasek & Leal, 1999). In the silk moth 

group Antheraea, two pheromone binding proteins showed preferential binding to specific 

components of an acetate pheromone blend (Maida et al., 2003). In Drosophila sechellia, 

Obp57d and Obp57e have been implicated in host plant preference in Drosophila by 

affecting the perception of octanoic and hexanoic acids ( Matsuo et al., 2007, Matsuo, 

2012). 

 The D. melanogaster genome encodes a family of 51 Obp genes (Hekmat-Scafe et al., 

2002), which has evolved through gene duplication and subsequent subfunctionalization 

(Vieira et al., 2007). Overall, Obp genes are structurally diverse, with an average amino acid 

identity of 10–15%, but can range from 4% to 60% (Zhou, 2010). Several Obp family 

members show distinct expression patterns in the antenna (Mckenna et al., 1994; Shanbhag 

et al., 2001), including OS-E (Obp83b), OS-F (Obp83a), lush (Obp76a), PBPRP-2 

(Obp19d), PBPRP-5 (Obp28a); and eight have been identified in antennal extracts by high 

performance liquid chromatography and mass spectrometric analyses (Anholt & Williams, 
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2010). Despite the genetic divergence of Obp genes, they are often highly correlated at the 

level of gene expression (Zhou et al., 2009).  

Several studies have documented the role of D. melanogaster Obps in olfactory 

behavior. Natural variation in Obp genes is associated with variation in olfactory responses 

to benzaldehyde and acetophenone (Wang et al., 2007; Wang et al., 2010; Arya et al., 

2010). Obp-dependent odorant recognition appears to be combinatorial. Behavioral 

responses to 16 ecologically relevant odorants tested across 17 knockdown Obp RNAi lines 

revealed that some Obp genes had altered behavioral responses to multiple odorants, and 

some odorants had altered behavioral responses in several Obp knockdown lines (Swarup 

et al., 2011). This suggests that individual odorants may interact with multiple Obps, and 

individual Obps may interact with multiple odorants.  

There is increasing evidence that Obps have diverse pleiotropic functions in D. 

melanogaster not limited to olfaction. First, expression of Obp genes is not restricted to 

olfactory tissues; for example, Obp8a is expressed in the male accessory gland (Arya et al., 

2010; St. Pierre et al., 2014). Second, expression of Obp genes is genetically correlated 

with expression of other genes that are enriched for diverse gene ontology categories 

including synaptic transmission, detection of signals regulating tissue development and 

apoptosis, postmating behavior and oviposition, and nutrient sensing (Arya et al., 2010). 

Third, different physiological and social conditions  modulate expression of Obp genes 

(Zhou et al., 2009). Fourth, there is direct evidence that Obp genes are associated with 

other traits, including gustatory responses to tastants (Swarup et al., 2014) and lifespan 

(Arya et al., 2010).   

Here, we show that RNAi-mediated suppression of the expression of Obp56h nearly 

abolishes male aggressive behavior and reduces copulation latency, and these behavioral 
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effects are correlated with an alteration in composition of CHCs, notably a reduction in the 

male sex pheromone 5-tricosene. Using RNAseq analysis, we observe a number of 

differentially expressed genes, including Or19b, and several genes associated with lipase 

activity. Our results suggest that Obp56h may be associated with pheromone production 

and affect social recognition via pheromone perception.  

 

Methods 

Drosophila stocks and culture 

We obtained UAS-RNAi knockdown alleles of 14 Obp genes (Obp22aKK112165, 

Obp28aKK112672, Obp56aKK103735, Obp56cKK109952, Obp56fKK110265, Obp56hKK111996, 

Obp57bKK112526, Obp58cKK112536, Obp59aKK110722, Obp83aKK112302, Obp83cdKK110200, 

Obp93aKK112927, Obp99bKK110375, a5KK106233) from the Vienna Drosophila Stock Center 

(http://stockcenter.vdrc.at). All UAS-Obp RNAi constructs were inserted in the same phiC31 

integration site VIE-260B on Chromosome 2L (position 2L: 22019296, cytological band 

40D3). We also obtained the co-isogenic control for these lines with an empty integration 

site (y,w1118; P{attP,y+,w3’}) from the Vienna Drosophila Stock Center. We obtained two 

GAL4 driver strains from the Bloomington Drosophila Stock Center 

(http://flystocks.bio.indiana.edu/): an ubiquitous tubulin-GAL4 driver line (y1 w∗; P{tubP-

GAL4} LL7/TM3, Sb1) and a Dll-GAL4 driver which has more restricted expression, including 

antennae, labium, legs and wings (P{w[+mW.hs]=GawB}Dllmd23/CyO). We used the isogenic 

strain w1118 Canton S B (CSB) (Norga et al., 2003) in some behavioral assays (see below).  

All stocks were reared on cornmeal/molasses/agar medium and maintained under 

standard culture conditions (25°C, 12:12 h light:dark cycle) in an environmentally controlled 

walk-in incubator.  

http://stockcenter.vdrc.at/
http://flystocks.bio.indiana.edu/
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Behavioral assays 

All behavioral assays were performed on F1 individuals from crosses of UAS-RNAi Obp lines 

to Tub-GAL4 and/or Dll-GAL4 lines. F1 individuals with CyO or TM3 balancer genotypes 

were discarded and not assessed. CO2 was used as an anesthetic; however, anesthesia 

exposure was withheld 24 hours prior to behavioral assays. All behavioral assays were 

conducted in a behavioral chamber (25°C) between 8:00 a.m. and 11:00 a.m. We assessed 

aggressive behavior, phototaxis and geotaxis behavior and copulation latency. Unless 

otherwise specified, we used one way fixed effect ANOVA models of form Y = μ + G + ε 

where Y is the phenotype, μ is the overall mean, G is genotype, and ε is the within-genotype 

residual variance; and/or t-tests to evaluate significant differences in behavior among 

genotypes. All statistical analyses were conducted using SAS (SAS Institute Inc., 2011) 

software. 

Aggression: We measured male aggressive behavior using a previously described assay 

(Edwards et al., 2006; Edwards & Mackay, 2009; Edwards et al., 2009). All males were 3-7 

days old and normally socialized with a mixed sex group of 20-30 conspecifics. One day 

before the assay, males were collected and placed in a group with eight other males. These 

groups were either composed of eight males of the same genotype, or there were seven 

males of one genotype and one focal male of a different genotype with a different eye color. 

Each group of eight males comprises one replicate measurement. Each group was food 

deprived for 90 minutes, and then given a droplet of food two minutes prior to behavioral 

observations. We counted all aggressive interactions (kicks, wing threats, chases, head 

butts) over a 2 minute interval and summed them to give an aggression score. 

Phototaxis: We assessed phototaxis behavior using a ‘countercurrent apparatus’ 

(Benzer, 1967). Each replicate per genotype consisted of approximately 50 3-7 day old flies 
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of the same sex; we performed three replicates per sex and genotype across three days. 

Flies were dark-adapted for 30 minutes prior to performing the assay in a dark room. To 

assess phototaxis, we tapped flies to the bottom of the first start tube and placed the 

apparatus horizontally with the distal tubes 5 cm away from a 15 W fluorescent light. The 

flies were given 15 seconds to reach the distal tube. We repeated this procedure seven 

more times, so that flies could choose to go toward the light a maximum of eight times. At 

the end of each trial, we collected all flies into the start tubes, removed the start tubes from 

the apparatus and froze them at -80oC for approximately 30 minutes before counting the 

number of flies in each tube. The phototaxis score was analyzed by ANOVA according to 

the factorial mixed model Y = µ + G + S + G×S + R(G×S) + ε, where Y is the observed 

value, µ is the overall mean, and G, S and R denote genotype, sex and replicate, 

respectively, and ε is the residual experimental error. Genotype and sex are fixed effects 

and replicate is random. 

Geotaxis: We assessed geotaxis behavior on individual flies by measuring distance 

traveled upwards following a sudden disturbance. Flies were placed in 25mm x 150mm 

glass vials (Pyrex-Corning flat bottom) with a ruler marking 5mm increments from 0, 

indicating the lowest position, to 24, indicating the highest position. Each fly was tapped to 

the bottom of the vial, and the distance traveled upwards was scored based on the highest 

point reached in 5 seconds. Twenty individual flies were assayed each day for three days, 

creating a total sample size of 60 per sex per genotype. 

Copulation latency: To assess mating behavior, we paired five normally socialized males 

and five virgin females aged 3-7 days together in a vial and recorded copulation latency for 

thirty minutes. Once a pair engaged in copulation, they were removed from the vial with a 
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mouth aspirator and the remaining flies were observed for the remaining time. We 

performed at least 40 replicates per genotype.  

 

Cuticular hydrocarbon analysis  

We performed two separate experiments, one with Dll-GAL4 x UAS-Obp56h and Dll-GAL4 x 

control F1 virgin males, and one with Tub-GAL4 x UAS-Obp56h and Tub-GAL4 x control F1 

virgin males. All males were collected at eclosion and placed in mixed sex groups with five 

males and five females of the same genotype for three days prior to collection for CHC 

analysis. The flies were separated into three replicate samples per line, with five flies per 

replicate. To ensure cuticular lipid contamination did not occur, a fresh paper tissue was 

placed on the carbon dioxide pad and the flies were handled with acetone-washed titanium 

forceps at each round of sorting. All samples were stored in 2 mL glass auto-injection vials 

with a Teflon cap and were flash frozen and stored at -30° C until cuticular hydrocarbon 

extraction.  

Cuticular lipids were extracted from each sample using 200 µl of hexane containing an 

internal standard (IS, 1 µg n-C32) with gentle swirling for five minutes. The flies were briefly 

extracted a second time with 100 µl of hexane (free of internal standard). After each wash 

the extract was transferred to a 300 µl conical glass insert. The extract was dried using a 

gentle stream of high-purity N2 and re-suspended in 50 µl of hexane. The samples were 

immediately processed using gas chromatography or stored at 4°C (no longer than one day) 

until processing. 

The cuticular lipid extracts were analyzed using an Agilent 7890A gas chromatograph 

with a DB-5 Agilent capillary column (20 m x 0.18 mm x 180 µm) and a flame ionization 

detector (FID) for quantification. We introduced 1 µl of sample using an Agilent 7683B auto 
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injector into a 290°C inlet operated in splitless mode. The split valve was turned on after 1 

min. The oven temperature program was as follows: 50°C for one min, increased at 

20°C/min to 150°C, and increased at 5°C/min to 300°C followed by a 10 min hold. Hydrogen 

was used as the carrier gas at constant flow (average linear velocity = 35 cm/sec) and the 

FID was set at 300°C.All chromatograms were analyzed using Agilent ChemStation 

software. The data were represented as proportions by dividing each peak area by the total 

sum of all integrated peaks. We analyzed differences in CHCs between Obp56h-RNAi 

knockdown flies and controls using t-tests (SAS 9.3). Principal component analysis was 

conducted on the correlation matrix of the proportions of CHCs quantified in each sample in 

JMP v.10.  

 

Gene expression 

We used RNAseq to quantify differences in gene expression in heads and bodies of males 

and females of Dll-GAL4 x UAS-Obp56h and Dll-GAL4 x control F1 individuals. F1 individuals 

with CyO or TM3 balancer genotypes were discarded. Flies were aged for 5-6 days in a 

mixed sex environment at a density of approximately 20 in a vial. Flies were flash frozen 

over dry ice between 8:00 a.m. and 11:00 a.m. and 30 heads and bodies per sex and 

genotype were manually dissected and collected over three days in a randomized design, 

with four biological replicates per sex, genotype and tissue.  

We extracted total RNA with Trizol with the RNAeasy Mini Kit (Qiagen Inc.). rRNA was 

depleted using the Ribo-Zero™ Gold Kit (Epicentre Inc.) with 5ug total RNA input. Depleted 

mRNA was fragmented and converted to first strand cDNA. During the synthesis of second 

strand cDNA, dUTP instead of dTTP was incorporated to label the second strand cDNA. 

cDNA from each RNA sample was used to produce barcoded cDNA libraries using 
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NEXTflex™ DNA Barcodes (Bioo Scientific Inc.) with an Illumina TrueSeq compatible 

protocol. Library size was selected using Agencourt Ampure XP Beads (Beckman Coulter 

Inc.) and centered on 250bp with average insert size around 130bp. Second strand DNA 

was digested with Uracil-DNA glycosylase before amplification to produce directional cDNA 

libraries. Libraries were quantified using Qubit dsDNA HS Kits (Life Technologies Inc.) and 

Bioanalyzer (Agilent Technologies Inc.) to calculate molarity. They were then diluted to 

equal molarity and re-quantified, and 32 libraries were pooled. Pooled library samples were 

quantified to calculate final molarity and finally denatured and diluted to 14pM. Pooled library 

samples were clustered on an Illumina cBot and sequenced on an Illumina Hiseq2500 using 

125bp single-read v4 chemistry on each of two lanes.  

The quality of the RNA-seq data was assessed using FASTQC (Andrews, 2010). 

Following quality assessment, adapter sequences were trimmed using Cutadapt (Martin, 

2011). Ribosomal reads were filtered against a database of the most common ribosomal 

sequences using fast BWA alignment BWA-0.7.10 (Li & Durbin, 2009). The remaining reads 

were aligned to the Dmel_r5.57_FB2014_03 genome and transcriptome using STAR_2.4.1d 

(Dobin et al., 2013). Read count was performed using HTSeq-count HTSeq-0.6.1p1 (Anders 

et al., 2015). R software was used for further quality assessment and statistical analysis (R-

Core-Team, 2012). The EDASeq package was used to plot principal components, and one 

replicate sample (HRNAiF1) was identified as a technical outlier, removed, and the 

remaining 31 samples were used for analysis. The edgeR package was used to calculate 

differential expression analysis for pairwise comparisons between the control and RNAi 

sample for sex and tissue as well as the interaction between genotype and tissue for each 

sex (Robinson et al., 2010). Biological pathway and gene ontology enrichment analyses 

were performed using DAVID (Huang et al., 2009). 
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Results 

RNAi knockdown of Obp56h reduces aggression  

To assess the effects of odorant binding proteins on aggressive behavior, we knocked down 

expression of 14 Obp genes using the ubiquitously expressed Tubulin-GAL4 driver. A 

previous analysis showed that all of these Obp-RNAi genotypes had reduced expression 

levels relative to their control as assessed by quantitative RT-PCR and proteomics analysis 

on two abundant antennal Obps demonstrated target specificity of RNAi knockdown 

(Swarup et al., 2011). We measured aggressive behavior for the 14 knockdown Obp genes 

(N = 21-25 per strain) and their respective controls (N = 35). We used the isogenic CSB 

strain (N = 33) as a control for day-to-day environmental variation and expressed the 

aggression score of each replicate of the RNAi knockdown and control lines as a deviation 

from the contemporaneous CSB score. We found significant variation in aggressive 

behavior among these genotypes (ANOVA F14, 318 = 6.54, P < 0.0001). We performed post 

hoc t-tests to identify which Obp genotypes are significantly different from the control using 

the conservative Tukey-Kramer correction for multiple tests (Sokal & Rohlf, 1995), and found 

that seven of the Obp knockdown genotypes had reduced aggressive behavior (Fig. 1a).   

RNAi knockdown of Obp56h nearly abolished aggressive behavior; therefore, we 

concentrated the rest of our analyses on this gene. First, we replicated the original results 

showing reduced aggression between the Tubulin-GAL4/Obp56h-RNAi (N = 19) and 

Tubulin-GAL4/Control (N = 30) genotypes (Fig 1b, t48 = 38.78, P < 0.0001). We also showed 

that this difference persists when knockdown of Obp56h expression is accomplished with a 

Dll-GAL4 driver (Dll-GAL4/Obp56h-RNAi, N = 15) compared to the control (Dll-

GAL4/Control, N = 19) (Fig 1c, t33 = 9.74, P = 0.0038).  
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We next asked whether the reduction in aggression in Obp56h-RNAi knockdown males 

was due to increased latency to initiate aggressive behaviors, or if these males were less 

likely to be the recipient of aggression from other flies, or both. To test this, we performed 

aggression assays with seven Dll-GAL4/Control males (with red eyes) and a single CSB 

male (with white eyes) (N = 25), and with seven Dll-GAL4/Obp56h-RNAi males and a single 

CSB male (N = 28). We recorded the numbers of aggressive encounters directed towards 

the CSB male, and the numbers of aggressive encounters initiated by the CSB male. We 

found that the Dll-GAL4/Obp56h-RNAi males are significantly less aggressive towards the 

CSB males than Dll-GAL4/Control males (Fig. 1d, t52 = 10.25, P = 0.0024). However, the 

difference in CSB aggressive behavior directed towards these two genotypes is not 

significant (Fig. 1d, t52 = 2.82, P = 0.10). Therefore, reduced expression of Obp56h in males 

is associated with increased latency to initiate aggressive behaviors.  

 

RNAi knockdown of Obp56h does not affect locomotion but reduces copulation 

latency 

Locomotion is one component of aggressive behavior (e.g., chasing); therefore, we tested 

whether the reduced aggression of Obp56h-RNAi knockdown flies was attributable to a 

general effect on locomotion. We tested the performance of Dll-GAL4/Control and Dll-

GAL4/Obp56h-RNAi males and females in two behavioral assays that also have a 

locomotion component, phototaxis (N = 56-67 per sex) and geotaxis (N = 129-149 per sex). 

We found significant sex differences but no significant differences between the two 

genotypes for phototaxis (Fig. 2a, ANOVA F1, 574 = 19.49, P < 0.0001, Genotype P = 0.17, 

Sex P < 0.0001, Genotype × Sex P = 0.32) or geotaxis (Fig. 2b, ANOVA F1, 205 = 7.97, P < 

0.0001, Genotype P = 0.24, Sex P < 0.0001, Genotype × Sex P = 0.09). Therefore, the 
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reduced aggression of Obp56h-RNAi knockdown males is not due to a general effect on 

locomotion. 

Previous studies have shown correlations between aggression and mating behavior in 

D. melanogaster (Dow & Schilcher, 1975; Fernandez & Kravitz, 2013; Yuan et al., 2014). 

We assessed copulation latency for groups of Dll-GAL4/Control males and females (N = 42), 

and for groups of Dll-GAL4/Obp56h-RNAi males and females (N = 57). We found a 

significant reduction in copulation latency for the Obp56h-RNAi knockdown flies (Fig. 2c, t98 

= 5.46, P = 0.0216). This could be due to Obp56h-RNAi knockdown males, females, or both 

sexes. Therefore, we assessed copulation latency for groups of Dll-GAL4/Obp56h-RNAi 

males and Dll-GAL4/Control females (N = 48) and for groups of Dll-GAL4/Control males and 

Dll-GAL4/Obp56h-RNAi females (N = 59). We found a significant reduction in copulation 

latency relative to the Dll-GAL4/Control male and female groups for the Dll-GAL4/Obp56h-

RNAi males and control females (Fig. 2c, t89 = 5.08, P = 0.03), but not the control males and 

Dll-GAL4/Obp56h-RNAi females (Fig. 2c, t100 = 0.460, P = 0.50), indicating that the Obp56h-

RNAi male genotype is responsible for the reduced copulation latency. This could be due to 

reduced inter-male aggressive behavior in the mating assays and/or increased 

attractiveness of Obp56h males to females.  

 

RNAi knockdown of Obp56h alters cuticular hydrocarbon profiles 

Insects communicate social information via long chain hydrocarbons deposited on their 

cuticle (Howard & Blomquist, 2005; Svetec & Ferveur, 2005; Everaerts et al., 2010; Ferveur 

& Cobb, 2010). To assess whether or not decreased aggression and reduced copulation 

latency from RNAi knockdown of Obp56h could be in part due to differences in chemical 

communication, we quantified CHC profiles of Dll-GAL4/Obp56h-RNAi knockdown and Dll-
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GAL4/Control males. We detected 42 CHCs (Fig. 3). The two major male CHC sex 

pheromones, (Z)-7-Tricosene (7-T) and 7-pentacosene (7-P), were not different between the 

two genotypes. However, 10 (23.8%) CHCs were significantly altered between the RNAi 

knockdown and the control (Fig. 3). Eight of the ten significantly different CHCs increased 

relative to the control and are all n-alkanes (n-C21 – n-C29, except n-C27). Of the two that 

decreased, one was a minor, unidentified compound, the other was 5-tricosene (5-C23:1, 5-

T). 5-T is an inhibitory pheromone produced primarily in males and only in small quantities in 

females that is thought to delay the initiation of courtship in D. melanogaster and may serve 

to decrease the probability of male-male courtship in nature  (Ferveur & Sureau, 1996; 

Ferveur, 1997; Waterbury et al., 1999). 5-T is one of the most volatile D. melanogaster 

CHCs and may not be detected by contact (Ferveur & Sureau, 1996; Ferveur, 1997; 

Waterbury et al., 1999). The Dll-GAL4/Obp56h-RNAi knockdown males have about 19% 

less 5-T than the control males. We also determined CHC profiles of Tub-GAL4/Obp56h-

RNAi knockdown and Tub-GAL4/Control males (Supplementary Fig. 1). 5-T is also reduced 

in Tub-GAL4/Obp56h-RNAi knockdown males, this time by 32%. The alterations in CHC 

profiles are similar between the two drivers: nine of the ten significantly changed CHCs 

using the Dll-GAL4 driver also changed when reduction in Obp56h expression is driven by 

Tub-GAL4  

 

Genome-wide changes in gene expression caused by RNAi knockdown of Obp56h 

Understanding what genes are co-regulated when Obp56h expression is reduced by RNAi 

knockdown can give insights into the biological processes through which Obp56h affects 

aggression and mating behavior. Therefore, we performed RNAseq analysis for Dll-

GAL4/Control and for Dll-GAL4/Obp56h-RNAi males and females, separately for heads and 
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bodies. As expected, Obp56h expression was significantly reduced in Dll-GAL4/Obp56h-

RNAi heads but not bodies in both sexes, with a log fold change of -3.43 in females and -

4.57 in males. In addition to Obp56h, Obp83ef was up-regulated in Dll-GAL4/Obp56h-RNAi 

female heads and Obp19b was down-regulated in Dll-GAL4/Obp56h-RNAi male heads. 

Or19b was strongly down-regulated in Dll-GAL4/Obp56h-RNAi male heads. Interestingly, 

lush expression was up-regulated in male and female Dll-GAL4/Obp56h-RNAi heads. Gr97a 

was strongly significant in the male genotype by tissue term with a large increase in bodies. 

In total, we found 50 (95) differentially expressed transcripts in male (female) heads, 158 

(133) differentially expressed transcripts in male (female) bodies and 54 (170) transcripts 

with significant genotype x tissue interactions in males (females) at an FDR < 0.05.   

We performed Gene Ontology (GO) enrichment analyses (Huang et al., 2009) for genes 

with differential expression between the Obp56h-RNAi and control genotypes in heads and 

bodies (Supplementary Table 1). The most enriched categories in heads and female bodies 

were genes associated with immune/defense responses to bacteria and fungi. In addition, 

and consistent with changes in CHCs, genes associated with the GO terms of lipase, 

triglyceride lipase activity and phospholipase activity were also enriched in the bodies of 

both males and females. Four genes with decreased triglyceride lipase activity and 

phospholipase activity in male bodies (CG11598, CG6271, CG6277, CG6283) are 

interesting since lipases are known to modify lipids and fatty acids, which are precursors of 

insect CHCs (Canavoso et al., 2001, Howard & Blomquist, 2005).  

 

Discussion 

We have demonstrated that reducing expression of Obp56h reduces both inter-male 

aggressive behavior and copulation latency, but does not affect other measures of 
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locomotion. The reduction in agonistic behavior appears to be attributable to lack of initiation 

of aggression by Obp56h-RNAi males, and not to lack of aggression directed towards these 

males. This suggests that the Obp56h-RNAi knockdown males do not perceive the chemical 

cues that stimulate aggressive behavior in wild type males. In the mating assays, the 

Opb56h-RNAi males copulate more rapidly than the controls, regardless of female 

genotype. Possibly these males are more attractive to females; they may court more 

frequently in mixed sex groups because they are not engaged in agonistic encounters with 

other males, and/or they may produce one or more pheromones that stimulate mating. This 

suggests a dual role for Obp56h in both perception and production of chemical signals, 

perhaps pheromones. Anti-aphrodisiac effects are a common feature of several male 

produced pheromones including 5-Tricosene, 7-Tricosene, CH503, and cis-vaccenyl acetate 

(Ferveur, 1997; Ng et al., 2014; Scott, 1986; van der Goes van Naters & Carlson, 2007).  

To test this hypothesis, we assessed CHC profiles and genome wide expression profiles 

of Obp56h-RNAi flies and controls. Indeed, we found increased levels of the male sex 

pheromone, 5-T, an inhibitory pheromone, which inhibits male-male courtship and delays 

male courtship initiation (Ferveur & Sureau, 1996; Ferveur, 1997; Waterbury et al., 1999). 

RNAi knockdown of Obp56h also caused pervasive changes in other CHCs, which could 

affect female receptivity. In addition, the gene expression analysis revealed an increase in 

lush expression which could also be associated with increased female receptivity, and 

decreases in genes inferred to have lipase activity, which could provide a mechanistic basis 

for the altered hydrocarbon profiles. With respect to perception, we note that expression of 

Or19b and Gr97a are down-regulated in Obp56h-RNAi male heads. Since 5-T is one of the 

most volatile CHCs (Ferveur & Sureau, 1996; Ferveur, 1997), it may be detected by 

olfaction, gustation, or both. Or19b and Gr97a are thus both plausible candidate receptors 
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for 5-T or another unknown Obp56h ligand. It is of interest that Or19b is expressed in 

trichoid sensilla (Couto et al., 2005), which appear specialized for the detection of 

pheromones (van der Goes van Naters & Carlson, 2007). Co-regulated expression of Gr97a 

is intriguing as previous studies have shown that this gustatory receptor is expressed in the 

larval distal terminal organ (Kwon et al., 2011), where it mediates bitter taste sensation to 

quinine (Apostolopoulou et al., 2014), but its function in adult flies remains unknown. 

Our results lead to the hypothesis that Obp56h plays a dual role in the production and 

perception of 5-T, which modulates social behaviors. Reduced Obp56h gene expression 

decreases the amount of the inhibitory male sex pheromone, 5-T. We hypothesize that one 

role of wild type Obp56h is to transport 5-T from the oenocytes, where CHCs are produced 

(Billeter et al., 2009), to the cuticle. Since 5-T normally inhibits the initiation of courtship, 

partially removing this brake causes the reduced courtship latency we observe for Obp56h-

RNAi males. We further hypothesize that Obp56h transports 5-T to chemosensory sensilla, 

where it plays a role in male-male recognition. Reduced expression of Obp56h negatively 

affects the ability of these males to recognize other males, resulting in reduced aggressive 

behavior. Since the primary male sex pheromones are not affected by Obp56h knockdown, 

the behavior of other males towards them is not impacted.  
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Figure Legends 

 

Figure 1. Effects of Obp-RNAi knockdown on aggressive behavior. (a) Mean 
aggression scores for 14 Tub-GAL4/Obp-RNAi (red bars) and the Tub-GAL4/Control (blue 
bar) F1 males. (b) Replicate experiment showing mean aggression scores for Tub-
GAL4/Obp56h-RNAi (red bar) and Tub-GAL4/Control (blue bar) F1 males. (c) Mean 
aggression scores of Dll-GAL4/Obp56h-RNAi (red bars) and Dll-GAL4/Control F1 males. (d) 
Mean aggression scores of Dll-GAL4/Obp56h-RNAi (red bars) and Dll-GAL4/Control F1 

males in assays with CSB males.  ***: P < 0.0001; **: P < 0.01; * P < 0.05.  
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Figure 2. Effects of Obp-RNAi knockdown on other behaviors. Red bars denote Dll-
GAL4/Obp56h-RNAi and blue bars denote Dll-GAL4/Control F1 genotypes. (a) Phototaxis. 
(b) Geotaxis. (c) Copulation latency. ***: P < 0.0001; *: P < 0.05; ns: P > 0.05. 
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Figure 3. Effects of Obp-RNAi knockdown on CHC profiles. (a) Proportion of 42 CHCs in 
Dll-GAL4/Obp56h-RNAi (red bars) and Dll-GAL4/Control (blue bars) F1 males. ***: P < 
0.001; **: P < 0.01; * P < 0.05. (b) Principal component biplots for PC1 and PC2 for Dll-
GAL4/Obp56h-RNAi (red circles) and Dll-GAL4/Control (blue circles) F1 males. (c) PC1 and 
PC2 eigenvectors. The percent of variance explained by each PC is indicated on the x- and 
y-axes of panels (b) and (c).  
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Abstract 

Recent advances and falling costs of DNA sequencing facilitate understanding genome wide 

evolutionary genetic responses to natural selection, both in the wild and laboratory 

populations. In laboratory populations, experimental evolution under different selection 

regimes combined with analysis of genome wide changes in allele frequencies over time 

can give insights about the underlying genetic basis of adaptive evolution. Here, we 

constructed an outbred population from six inbred, sequenced lines from the Drosophila 

Genetic Reference Panel (DGRP) that are enriched for alleles associated with aggressive 

behavior. We hypothesized that aggression is one of the fitness-related traits selected under 

high density conditions, and that a population enriched for alleles associated with variation 

in aggression may provide additional power to detect those associations. For this study, we 

maintained two replicates of the outbred population for 30 generations under each of three 

different conditions: normal larval and adult density, high larval density, and high adult 

density. We sequenced pools of individuals from all six populations at generations 10, 20 

and 30. To identify loci that were adaptive, we used variants from the control population to 

estimate the effective population size and restricted our focus to alleles with low initial 

frequencies that increase monotonically over the course of the experiment, which give the 

greatest power to detect variants that are potentially adaptive in this experimental design. 

We find several loci that exhibit strong signatures of selection, including a region on the 3L 

chromosome associated with adaptation under high adult density. We also identify a subset 

of genes previously associated with aggressive behavior that display strong signatures of 

selection.   
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Introduction 

Adaptation to changing environments is key to evolution. However, the genetic basis for 

many of these changes is not well understood. From population genetic theory, we know 

that response to natural selection can be measured by systematic changes in allele 

frequency in response to a selective agent (Clark 2007). In the past, such studies have only 

been conducted using Mendelian polymorphisms at single genes (Brown et al. 1975; Cook 

2003; Cook and Saccheri 2013), chromosomal polymorphisms (Dacunha and Dobzhansky 

1954; Dobzhansky 1962), or quantitative trait phenotypes with unknown genetic basis 

(Losos et al. 1998; Grant and Grant 2002). In natural populations, it is not possible to control 

the selection pressure over time; this can be done more readily in the laboratory using 

organisms that can be maintained in large numbers and that have a short generation 

interval, such as bacteria (Blount et al. 2008), yeast (Ronald et al. 2006; Wang and Zhang 

2009) and Drosophila species. Many of the early studies using laboratory evolution in 

Drosophila focused on speciation and reproductive isolation using strategies such a hybrid 

lethal system, direct observations of mating, and visible marker phenotypes (Fry 2009). 

These experiments helped identify some of the factors that lead to mating and reproductive 

success (Koopman 1950; Knight et al. 1956), or recognize that some factors, such as 

abdominal bristles, may not affect reproductive isolation (Santibanez and Waddington 

1958). Recently, there has been a renewed interest in laboratory evolution studies fueled in 

part by advances and falling costs of whole genome sequencing technologies, which allow 

for the possibility to watch evolution happen in real time on a genome wide scale (Illingworth 

et al. 2012).  

Drosophila melanogaster has emerged as the leading higher eukaryotic system for 

studying laboratory evolution, given its short generation interval and abundance of genetic 
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resources. Experimental laboratory evolution studies in Drosophila use populations that 

have undergone many generations of artificial selection for specific traits or have been 

reared under conditions where natural selection for traits related to fitness occurs. Examples 

of the former design include studies that identified genetic polymorphisms associated with 

development (Burke et al. 2010), body size (Turner et al. 2011) and hypoxia (Zhou et al. 

2011). Other designs have used recently collected individuals from a natural population to 

track changes in response to a novel laboratory environment (Orozco-TerWengel et al. 

2012). These studies have suggested that standing genetic variation, which can lead to 

rapid adaptation (Hermisson and Pennings 2005), and not new mutations, is responsible for 

these adaptive responses (Teotonio et al. 2009; Turner et al. 2011; Long et al. 2015). 

However, identifying loci associated with adaptive evolution can be particularly challenging 

in the absence of estimates of the allele frequencies in the base population and the difficulty 

in determining whether changes in allele frequency are due to genetic drift or selection 

(Olson-Manning et al. 2012). Density-dependent experimental evolution imposes strong 

selection, with phenotypic divergence for population growth rate, pupation and feeding 

behavior within 25 generations (Guo et al. 1991). Because crowded conditions increase 

competition among individuals, alleles that affect aggressive behavior may also affect 

individual fitness under conditions of increased density. Tracking changes in frequencies of 

alleles associated with aggression may provide some insight into how they contribute to 

density-dependent adaptation. 

 Here, we created an outbred population from six inbred, sequenced lines from the 

Drosophila Genetic Reference Panel (DGRP) with divergent aggressive behavior (Shorter et 

al. 2015) and assessed replicated genome wide changes in allele frequencies in response 

to standard and high larval and adult density conditions after 10, 20, and 30 generations. 
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Taking a conservative approach, we limited our focus to alleles with low starting minor allele 

frequencies that have the potential to experience the largest adaptive changes. We observe 

several loci that dramatically increase in frequency over a short period demonstrating their 

large effect on fitness. Although none of the variants associated with selection were among 

the alleles previously associated with aggression in the control population, we observed 

overlap between the genes associated with both aggression and fitness.  

  

Methods 

Drosophila culture and experimental design 

We created two replicate advanced intercross populations (AIPs) from three DGRP lines 

with extremely high (DGRP_57, DGRP_324, DGRP_852) and three with extremely low 

(DGRP_45, DGRP_228, DGRP_235) aggression scores by crossing them in a full diallel 

cross design, excluding homozygous parental genotypes, to create starting populations of 

30 reciprocal F1 genotypes (Shorter et al. 2015). In the F2 (G1) generation, we seeded each 

of five bottles per replicate population with one male and one virgin female from each of the 

30 genotypes, for a census population size of N = 300 per replicate population. Adults were 

allowed 48 hours to mate randomly and lay eggs in the bottles, and were subsequently 

removed. In the following generations, six males and six females from each of the five 

bottles of each replicate were placed into five new bottles (Shorter et al. 2015). Offspring 

from the G1 generation were collected and placed under three different conditions, each 

with two corresponding replicates. The first population was a density control, kept in the 

same manner as described above with 30 pairs of males and females in each of five bottles. 

The population exposed to larval crowding was maintained in the same way with two 

differences: the amount of food in the bottles was halved and the adults were kept in the 
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bottles for 72 hours. This condition was designed to increase the number of developing 

larvae and create competitive conditions for food access relative to the control. The adult 

crowding condition was also maintained in the same way as the control except that 100 

pairs of males and females were allowed to mate randomly and lay eggs for 48 hours, 

followed by a 24 hour period in which 30 males and 30 females were allowed to reproduce 

in fresh bottles. The three conditions, each with two replicate populations, were raised 

contemporaneously but independently for 30 generations. All flies were reared under 

standard culture conditions (cornmeal-molasses-agar-medium, 25°C, 60–75% relative 

humidity, 12-hr light:dark cycle). 

 

Genomic DNA isolation and pooling  

Genomic DNA was extracted from 100 pooled male flies per replicate collected at 

generations 10, 20, and 30 using the DNeasy blood and tissue kit 96 well protocol (Qiagen) 

according to the manufacturer’s instructions. The flies were ground using sterile 1.44 mm 

beads and a shaker with a digestion buffer (20 μL Proteinase K,180 μL Buffer ATL; Qiagen), 

followed by 55°C incubation for 1-3 hours and removal of lysate. Protein precipitation 

solution (30 μL; Qiagen) was added and the samples were placed on ice for 30 minutes. 

Supernatant without precipitated protein was transferred to new plates. For DNA 

precipitation, 3 μL of glycogen was added to each sample, followed by 100 μL of 100% 

Isopropanol precipitation at -20oC and centrifuged at 10,000 rpm for 30 minutes in an 

Eppendorf microcentrifuge. The supernatant was removed and the DNA pellet was washed 

with 80% ethanol. DNA was rehydrated using 12 μL 1x TE buffer and quantitated using 

PicoGreen. All DNA samples were diluted to a common concentration, and a 10 ng/ μL 

aliquot was taken from each individual. The DNA pools were sequenced using the Illumina 
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HiSeq2000 platform. Eight-teen libraries (three generations x three treatments x two 

replicate populations) were barcoded, multiplexed across two lanes, and sequenced using 

100 bp paired end reads. Sequence reads were aligned to the D. melanogaster reference 

genome (FB5.49) with the Burrows-Wheeler Aligner. 

 

Data analysis 

We mapped sequence reads to the D. melanogaster reference genome using BWA-MEM (Li 

2013). Subsequently, alignments were processed using GATK (DePristo et al. 2011), 

including local realignment around indels, PCR duplicate removal, and base quality 

recalibration. Sequence reads were then piled up at SNP locations where the six parental 

lines segregate to obtain counts of the segregating alleles and estimate allele frequencies. 

To infer effective population size (Ne) in the control populations, we simulated populations 

with varying effective population sizes and obtained the expected distribution of allele 

frequencies (based on 1,000,000 simulations) at generation 30 given the initial frequencies 

(1/6, 2/6, or 3/6). We then calculated the likelihood of the observed allele frequency at 

10,000 randomly sampled presumably neutral (intergenic or intronic) sites and found the Ne 

where the maximum likelihood was achieved. To identify sites that are adaptive, we found 

sites whose allele frequencies averaged across the two replicates at any one of generation 

10, 20, or 30 exceeded the top 0.1% of the expected changes under neutral evolution and 

showed monotonic changes over time.  
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Results 

Sequence analysis 

We created a base population by crossing six DGRP lines with extremely high and low 

aggressive behavior. We reared two replicates of this base population under each of three 

environmental conditions: low larval and adult density (control), high larval density and high 

adult density. We collected samples of 100 males at generations 10, 20 and 30 from each of 

the six populations and sequenced DNA from these pooled samples to a median coverage 

of 45x (File S1). We estimated allele frequencies in each sample for 1,047,519 segregating 

sites where all six parental lines were homozygous for known alleles without missing data.  

 

Effective population size 

Although we kept a large census population size (N), it is not uncommon for flies to produce 

numbers of offspring that has a variance larger than the expected Poisson distribution 

(Morton and Crow, 1955). This leads smaller effective population sizes (Ne) than the census 

population size and thus more genetic drift than expected if Ne < N. To infer Ne, we 

randomly selected 10,000 intergenic and intronic autosomal variants, assuming they are 

neutral and unlinked, and estimated their allele frequencies in the control populations. We 

then simulated allele frequency changes at various effective population size (2Ne between 

100 and 600) with three possible initial frequencies (1/6, 2/6, 3/6) and estimated the 

likelihood of observing the actual allele frequency distribution in generation 30. We used 

only data in generation 30 because allele frequencies were estimated with uncertainty 

depending on the coverage, which increased the variance in the frequency distribution. 

Using data in generation 30, when the variance in allele frequencies was the largest, 

alleviates the influence of uncertainty in allele frequency estimation. We found the maximum 
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likelihood estimates of 2Ne to be 2Ne = 203 and 235 for autosomes and 156 and 152 for X 

chromosome for the two replicates respectively. We used the averages of the two replicates 

(2Ne = 219 for autosomes and 2Ne = 154 for X) for subsequent analyses (Fig. 1). 

 

Genome wide allele frequency changes 

To identify candidate genomic regions responding to natural selection in the laboratory, we 

computed changes in allele frequencies from the parental lines in each of the populations at 

generations 10, 20 and 30. We restricted analysis to alleles with initial frequencies of 1/6, 

which has the largest potential to change (Fig. 1). Alleles with low frequencies are often 

readily lost while those with high frequencies are readily fixed due to drift, so our focus is on 

changes in frequency that are the opposite direction to the effect of drift. This restriction left 

us with 548,490 segregating SNPs for subsequent analyses. We averaged the changes in 

allele frequencies of the two independent replicates in each condition. Based on the 

simulations with the respective effective population size for the X and autosomes, we 

considered SNP positions whose allele frequency increases exceeded the top 0.1% of 

variants under neutrality assumption in any of G10, G20 or G30 and required that their 

frequencies increased monotonically (Fig. 2). This allowed us to identify 67, 51, and 84 

SNPs (42, 25, and 44 genes) with significant changes for adult crowding, larval crowding, 

and the control respectively (Fig. 3, Table S2). We also identify a genetic overlap of several 

different alleles between the three conditions. Seven alleles overlap between the larval and 

adult crowding (2L_10086859_SNP, 2L_17990420_SNP, 2L_2588442_SNP, 

3L_14957417_SNP, 3L_9612824_SNP, X_10145910_SNP, X_20885100_SNP). Six alleles 

overlap between the larval crowding and control (2R_18286463_SNP, 3L_10904078_SNP,  
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3L_11901015_SNP, 3L_5816769_SNP, 3R_25220546_SNP, X_20885100_SNP). Seven 

alleles overlap between the adult crowding and control (2L_496801_SNP, 

2L_5541340_SNP, 2R_1424607_SNP, 2R_7384229_SNP, 3L_5817793_SNP, 

3L_5817796_SNP, X_20885100_SNP). One allele (X_20885100_SNP) overlaps all three 

conditions. 

 

Comparison with aggression GWA analyses  

Previously, we performed two genome wide association (GWA) mapping analyses for 

aggressive behavior; one using the inbred DGRP lines and the other using extreme 

quantitative trait locus (xQTL) (Ehrenreich et al. 2010) mapping in the control population 

used in this study (Shorter et al. 2015). Combining the two studies, we identified 820 

variants and 403 genes associated with aggression at a lenient P-value < 10-5, and 26 

genes were significant after applying a conservative Bonferroni correction for multiple tests. 

We performed functional tests of 27 candidate genes implicated by these experiments using 

RNAi knockdown of gene expression, and found that 23 (79%) indeed affected aggression 

(Shorter et al. 2015). We assessed whether the variants and associated genes exhibiting 

the signature of response to natural selection were the same as those associated with 

aggressive behavior. We found no overlap at the level of individual variants. However, 

several genes associated with aggressive behavior (bunched, Protein tyrosine phosphatase 

99A, foxo, CG7966, and A2bp1) did indeed harbor variants whose allele frequency 

increases exceeded the top 0.1% of variants under neutrality assumptions in this study. 

Finding no overlap at the level of individual variants should not be surprising because our 

analysis was restricted to alleles with a frequency of 1/6, which fails to cover the majority of 

the loci in the previous experiment.  
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Discussion 

We investigated the effects of laboratory evolution on three replicate populations of D. 

melanogaster, two of which included density-dependent selection condition. Using a 

conservative approach that focused on minor alleles that experience a dramatic increase in 

frequency, we observed that several genes, including those previously associated with 

aggression, undergo significant changes in response to laboratory conditions. The two 

density conditions, high larval density and high adult density, as well as the control condition 

contained several of the same loci with similar selection patterns, suggesting that the 

experimental conditions exerted some of the same selective pressure across all groups. 

There were also a number of unique variants identified in each population, suggesting that 

there are specific pressures on different types of density selection.  

Overall, we found that many loci distributed across the genome are associated with 

selection. The genome-wide distribution of loci is a common feature of evolve and re-

sequence experiments in Drosophila for complex traits with highly polygenic genetic 

architecture (Teotonio et al. 2009; Burke et al. 2010; Turner et al. 2011; Orozco-TerWengel 

et al. 2012; Long et al. 2015). We observed that the strong genetic response to selection 

appeared to act rapidly. Many of the loci with initial minor allele frequencies of 1/6 that 

increased in frequency in 30 generations often did so within 10 generations. This 

phenomenon has been observed previously in Drosophila evolve and re-sequence 

experiments where a strong genetic response within the first 15 generations rapidly 

increased allele frequency but plateaued in later generations (Orozco-TerWengel et al. 

2012). Between the density experiments, we see a genetic overlap in several different 

alleles. Seven alleles overlap between the larval and adult crowding, six alleles overlap 

between the larval crowding and control, seven overlap between the adult crowding and 
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control, and one allele overlaps all three conditions. The alleles that overlap between the 

control population and the two density conditions may reflect variants that are adapting to 

the new environmental conditions and new genetic environment following the combination of 

the six lines. For our comparison with the previous study on aggression (Shorter et al. 

2015), our data showed no overlap with variants associated with selection. However, there 

were genes identified in this selection study that were previously implicated in aggression. 

The adult crowding condition had the genes foxo, CG7966, and A2bp1 overlap, while the 

larval crowding had the genes bunched and Protein tyrosine phosphatase 99A overlap with 

previously identified aggression candidates identified from the control population and the 

adult crowding condition had the genes dpr6 and fru overlap from a GWA study in the 

DGRP (Shorter et al. 2015). A closer investigation on density-dependent selection reveals 

an interesting pattern of selection by adult crowding on chromosome 3L (Fig. 3). This region 

in the center of 3L has several clustered loci that increase in frequency, including the gene 

A2bp1, which was previously identified to affect aggression in a study on the control 

population (Shorter et al. 2015).  

 We identify a number of interesting candidate genes responding to density-

dependent selection. Grunge was identified in the larval crowding condition and is involved 

in transcription co-repressor activity and DNA binding (Zhang et al. 2002). It has been 

associated with a number of traits including larval development and inter-male aggression 

(Zhang et al. 2002; Davis et al. 2014). Another gene identified in the larval crowding 

condition, vein, is involved in epidermal growth factor binding (Schnepp et al. 1996). It has 

been associated with a number of developmental processes, including brain development, 

haltere development, midgut development, notum development, and peripheral nervous 

system development (Wang et al. 2000; Page 2003; Sepp and Auld 2003; Pallavi et al. 
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2006; Jiang and Edgar 2009). Another gene in the larval development condition with 

developmental effects is Muscle-specific protein 300 kDa. This gene is believed to be 

involved in lateral visceral muscle development, skeletal muscle development, and 

locomotion (Junion et al. 2007; Elhanany-Tamir et al. 2012). One possible explanation for 

the identification of several genes involved in development processes is that a high larval 

density imposes strong selection on processes related to development such that larvae with 

more rapid development gain a competitive advantage.  

For the adult crowding condition, several genes with variants showing the signature 

of selection were previously associated with aggressive behavior. foxo, CG7966, and A2bp1 

were identified in an xQTL GWA analysis  for aggression in the control population, and 

genes dpr6 and CG32085 were associated with aggression in the DGRP GWA analysis 

(Shorter et al. 2015). We also identified other genes that may indirectly effect behavior in 

these populations. Hyperkinetic is involved in potassium ion channel regulation (Wang and 

Wu 1996); jing is involved in central nervous system development (Sedaghat et al. 2002), 

and Leukocyte-antigen-related-like is involved with nervous system development and 

synaptic growth at neuromuscular junction (Krueger et al. 2003; Hofmeyer and Treisman 

2009). It is possible that adult crowding conditions put pressure on fitness traits related to 

behavior as crowded conditions may change the dynamic of social behavior and dominance 

hierarchies. 

 The small effective population size and limited number of replicates per population in 

this study necessitated a very conservative approach to detecting alleles under selection. 

Thus, many of the loci whose changes in allele frequency we inferred to be not 

distinguishable from drift could well have been under selection. Many more replicate 

populations and higher effective population sizes will be necessary to identify candidate 
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selected alleles with smaller effects and over a wider range of initial minor allele frequencies  

(Long et al. 2015). Our study design also utilized a base population derived from six inbred 

lines rather than a large number of outbred individuals collected from nature. Thus the 

genetic diversity is smaller than for samples taken directly from the wild, which could in part 

account for the relatively small number of selection candidates detected. In addition, the 

allele frequency spectrum in our study was much more limited than is typical of wild-derived 

populations, increasing our power to detect effects of alleles that might be rare in nature. 

Our design is unable to disentangle allelic interaction effects from allelic changes in 

response to lab selection. Allele frequency changes as a result of incompatibilities would be 

indistinguishable from lab selection. A better design would have been to cross the six lines 

and allow sufficient time for the population to attain quasi-linkage equilibrium before 

introducing the selection regime to avoid the confounding effect of new allelic combinations. 

Although all of the parental lines have been adapted to the laboratory environment, crossing 

them to generate the advanced intercross population may have generated multi-locus 

combinations alleles whose fitness is not optimal under the laboratory environment. This 

may also cause allele frequencies to change, confounding changes caused by adaptation to 

the crowding conditions. The results from the control populations show some signature of 

selection, which could be the result of new allelic combinations or an effect of being placed 

in a large population in a bottle. The proposed alternative design would have helped mitigate 

that factor.  
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Figures 

 

Figure 1. Histograms of allele frequency distributions for observed data and that 
expected with the estimated effective population size. In each of the four panels, the 
grey bars represent allele frequency distribution in G30 for a population with the indicated 
effective population size (expressed as 2Ne), while the colored lines represent the actual 
distribution observed in the replicate population indicated. Plots are separate for autosomes 
and X chromosome.  
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Figure 2. Allele frequency distribution in the experimental evolution and control 
populations. Distribution of alleles with an initial starting frequency of 1/6, across 
generations 10, 20, and 30, for autosomes and the X chromosome for adult and larval 
crowding. The distribution of allele frequencies from control populations is overlaid. In each 
of the histograms, the arrow indicates the 0.1% top quantile of the expected frequency 
distribution under neutrality assumption with the inferred effective population size.  
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Figure 3. Allele frequency changes during laboratory evolution. Allele frequency 
changes across generations 10, 20, and 30 for control (A), adult (B) and larval (C) crowding. 
Points are the average allele frequency over two replicates for sites with 1/6 starting 
frequencies. Colored points are sites whose allele frequency exceeded the 0.1% top 
quantile of those under neutrality assumption and increased monotonically over time. The 
thin lines are the 95% quantile of allele frequencies in sliding windows of 0.5 Mb in size in 
the two replicates while the thick line tracks the sliding window of the average allele 
frequencies. 
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Abstract 
 
The genetic basis of human brain disorders can often be difficult to dissect due to genetic 

heterogeneity in human populations, difficulty in diagnosing diseases that have variable 

criteria or severity, inability to control environmental factors, and lack of precision of genetic 

mapping. Mammalian model systems are often used to functionally test candidate genes 

from human studies, but these analyses are laborious, expensive and time-consuming. 

Here, we assess Drosophila as a model system to test homologs of candidate genes 

associated with complex human brain disorders. We used RNAi suppression of gene 

expression and a ubiquitously expressed gene driver to assess effects of these genes on 

three different behavioral traits relative to the control: aggression, geotaxis and startle 

response. These traits were selected because they exhibit similarities to phenotypes 

implicated in human disorders and are robust quantitative traits. We also assessed genome 

wide changes in gene expression between RNAi and control genotypes using RNAseq. We 

observed enrichment for many gene ontology categories for co-regulated transcripts of all 

candidate genes, suggesting common mechanisms of action. These results illustrate the 

potential for investigating human brain disorders using Drosophila. Future work could build 

upon this approach using a wide array of phenotypes and genetic drive systems to further 

elucidate the genetic contributions to complex traits.   
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Introduction 

Brain disorders can inflict significant medical and economic burden to sufferers, so it is 

critical to understand their causes and underlying mechanisms in order to reduce their 

impact.  Human brain disorders are often complex with many different interacting 

environmental and genetic factors. They are particularly challenging to study because they 

often have a complex genetic architecture and multiple interacting phenotypes (Plomin et 

al., 1994; Meyer-Lindenberg and Weinberger, 2006). The heritability of these traits can be 

large, around 81% in twin studies on schizophrenia to between 29% and 42% for depression 

(Sullivan et al., 2003; Kendler et al., 2006). The diagnosis and treatment of these disorders 

can be difficult because some individuals may have a few or all the symptomatic traits but 

still be classified as having the disorder. One successful approach had been measuring 

phenotypes that are components of the trait (endophenotypes) (Meyer-Lindenberg and 

Weinberger, 2006). Model study systems may be a useful complementary approach that 

could help validate genes associated with traits in psychiatric conditions by effectively 

breaking down complex traits into specific behavioral components and measuring them. 

Mammalian model systems have successfully modeled a number of human traits 

(Nestler and Hyman, 2010). However, there are a number of factors that make them 

unappealing for large scale genetic studies. They can be expensive to raise and maintain, 

their generation time can be relatively long, and it can take a long time to create several 

transgenic lines in the same background. There is a benefit in using other systems to pre-

screen candidate genes that can then be tested in these more expensive and time-

consuming studies (O'Kane, 2011; van Alphen and van Swinderen, 2013). Drosophila is an 

excellent model system with many powerful genetic tools that can be used to assess the 

genetic basis of many evolutionarily conserved biological processes. Many of the canonical 
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signaling pathways (Notch, hedgehog) were first discovered in Drosophila (Nussleinvolhard 

and Wieschaus, 1980; Artavanis-Tsakonas et al., 1999). Despite their perceptible 

differences, humans and Drosophila share many important processes including 

mechanisms of neuron signaling and classes of neurotransmitters (O'Kane, 2011). A large 

proportion of human disease genes have a functional homolog in fruit flies (77%), which 

may be surprising given an estimated 600 million year divergence time (Reiter et al., 2001; 

Pandey and Nichols, 2011; van Alphen and van Swinderen, 2013). Drosophila also has 

sophisticated behaviors that are common across many other animals, including humans. 

Drosophila display aggression (Baier et al., 2002), courtship (Ejima et al., 2007), learning 

and memory, (Tully et al., 1994; Yurkovic et al., 2006), and circadian patterns suggestive of 

sleep and response to sleep deprivation (Gilestro et al., 2009).  

While higher order human disorders and behaviors cannot be modeled directly in 

flies, it is possible to deconstruct human conditions into endophenotypes and measure these 

component traits (Meyer-Lindenberg and Weinberger, 2006; O'Kane, 2011). For example, 

schizophrenia is a complex disorder which has symptoms of hallucination, delusions, 

aggressiveness, impoverished speech, asocial behavior and deficits in working memory; 

and has a large genetic component that is highly polygenic (Sullivan et al., 2003; Nestler 

and Hyman, 2010; Ripke et al., 2014).  It is not possible to measure hallucinations or 

delusions in Drosophila; however other aspects of schizophrenia can be quantified. 

Aggression, learning and memory, sleep, startle response, and other behaviors might 

provide insight into the genetic factors underlying schizophrenia susceptibility and the other 

disorders that share these endophenotypes.  

Here, we selected three behaviors that represent simple endophenotypes which can 

be measured easily with high repeatability and may reflect behavioral and neurological 
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disorders in humans. Aggression is a highly conserved behavior, both in its physical 

manifestation and neurobiological underpinnings across taxa (Baier et al., 2002). While both 

sexes of Drosophila exhibit aggression, male aggression is much easier to quantify due to 

their inclination to establish territories (Zwarts et al., 2012). The conservation of the 

underlying neurobiology of aggression between animals, especially humans and Drosophila, 

is remarkable (Kravitz, 2000; Baier et al., 2002). Serotonin (5-HT) agonists and antagonists 

that are used to treat human behavioral disorders can be used to modify fly aggression 

(Johnson et al., 2009). Locomotion is also an important component of most animal 

behaviors. Human brain disorders such as Parkinson’s disease and Huntington’s disease 

are associated with locomotor deficits. Hypoactivity and hyperactivity are associated with 

depressive and activity disorders, respectively (Beck, 2008; Willcutt, 2012). Drosophila 

locomotion can be quantified using a geotaxis assay. Geotaxis is a measure of an 

organism’s response to gravity, and normal flies have an innate negative geotaxis response 

(Nichols et al., 2012). When knocked down by a mechanical disturbance, Drosophila will 

automatically begin to climb upward. In addition, Drosophila respond to a mechanical 

disturbance by increasing running activity (startle response) which can be quantified (Jordan 

et al., 2007). Geotaxis and startle response are robust and high throughput assays that can 

be used to quantify different aspects of locomotor activity but are not genetically correlated. 

Startle response is genetically variable in natural populations, and can be easily measured 

with a high degree of repeatability (Jordan et al., 2007; Mackay et al., 2012). Startle 

response may also mimic impulsiveness in addition to locomotor activity. The mechanical 

shock could cause impulsive, easier to startle individuals to be more active. 

  We selected 26 homologous genes between humans and Drosophila that are 

candidate genes affecting human brain disorders to test for behavioral changes in response 
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to RNAi knockdown of gene expression (Table 1). All but one viable knockdown line 

displayed altered aggressive and locomotor behavior. Gene expression profiles of six of 

these genes shows that each affects transcription of 579-1,648 other genes, of which 149 

are in common between at least five of the candidate genes, implicating partially common 

mechanisms of action. These experiments set the stage for further analysis of candidate 

genes affecting human and Drosophila behavior, illustrate the need to investigate other 

behavioral traits, and show the need to use temporally or spatially specific gene drivers to 

more fully understand their mechanisms of action.   

 

Results 

Homology between human and Drosophila genes was identified using Homophila (Chien et 

al. 2002). One advantage of the Drosophila model is that we can use publicly available RNAi 

knock-down alleles that have been constructed in a common isogenic background to test 

the phenotypic effects of knocking down gene expression. We tested 26 UAS- RNAi 

constructs for Drosophila homologs of human candidate genes (Table 1) crossed to an 

Ubiquitin-GAL4 (Ubi-GAL4) driver to inhibit gene expression in all tissues/developmental 

stages in which the gene is normally expressed. A total of 13 of these candidate genes did 

not produce viable adults; 12 were viable; and one line with reduced viability only produced 

sufficient flies for the aggression assay (Table 1). This amount of lethality (50%) is not 

surprising when expression is reduced in the entire organism at all developmental stages 

since many of the genes have important cellular roles, especially in the central nervous 

system.  
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Behavioral Assays 

We assessed male-male aggression in thirteen knockdown lines (Fig 1A). We observed 

significant differences in levels of aggression in seven of the thirteen lines, all of which 

showed reduced aggression. We assessed startle response of males and females in twelve 

lines and observed that a majority had significant differences (Fig 1B). Nine of the UAS-

RNAi lines had significantly reduced activity in at least one sex, and four had significant 

changes in both sexes. We also measured geotaxis and observed significant differences in 

at least one sex for nine of the twelve lines measured (Fig 1C). Overall, we see that many of 

the selected RNAi knock-down alleles disrupt behavior.  

RNAseq analysis 

Understanding patterns of gene co-regulation when gene expression is reduced by RNAi 

knockdown can provide insight into the biological processes through which these genes 

affect behavior. We used an online tool, GeneMANIA, to identify a genetic network of the 

genes tested for behavioral differences (Warde-Farley et al., 2010) (Fig. 2). We selected six 

viable RNAi lines that exhibited multiple phenotypic differences in the behavioral assays, 

and pleiotropic interactions with other genes within this network, for gene expression 

analysis. We preformed RNAseq analysis on whole male bodies of Ubiquitin-GAL4/Control 

and Ubi-GAL4/UAS-Eph, Ubi-GAL4/UAS-LSm1, Ubi-GAL4/UAS-CG10465, Ubi-GAL4/UAS-

Appl, Ubi-GAL4/UAS-sens-2 and Ubi-GAL4/UAS-ank2. Using an FDR of < 0.05, we 

identified 1,364 genes differentially expressed for the Appl knockdown, 579 genes 

differentially expressed for the sens-2 knockdown, 1,110 differentially expressed genes for 

the ank2 knockdown, 1,250 differentially expressed for the Eph knockdown, 1,135 

differential expressed for the LSm1 knockdown, and 1,648 differentially expressed genes for 

the CG10465 knockdown (Table 2, Fig. S1).   
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We performed Gene Ontology (GO) enrichment analyses for genes with differential 

expression, and for increased and decreased expression (Huang et al., 2009). We identified 

several different GO categories for genes differentially expressed across the six lines. 

Proteolysis and hydrolase activity were among the most highly enriched categories for 

down-regulated genes while significantly up-regulated genes were enriched for several GO 

categories including defense and immune response, signaling, signal peptide and secreted. 

Other GO categories displayed some interesting patterns. Genes with increased expression 

were enriched for the GO term ‘extracellular region’ in all of the knockdown lines with the 

exception of CG10465, where ‘extracellular region’ was enriched for genes with decreased 

expression. Genes with significant increased expression in the sens-2, ank2, EPH and 

LSm1 knockdown lines were enriched for the GO category ‘ion binding’.  

To identify patterns of genetic co-regulation across the six RNAi knockdown lines, we 

performed a hierarchical cluster analysis on gene expression (Fig 3A). We observe that the 

six lines cluster together into two groups of three, with no apparent outlier group. Even 

though the six lines represent a diverse selection of functionality and disease association, 

there is no clear pattern of hierarchical clustering based on disease association. This could 

mean, at least in Drosophila, that these genes share similar biological functions. In addition, 

there are several differentially expressed genes (149) that overlap across five of the six lines 

(Fig 3B). When we restrict our analysis to genes with significant differential expression in at 

least five of the six knockdown lines, we identify 149 Drosophila genes, of which 83 have 

human homologs. Of these 83 genes, nine (ABCG1, APOB, CTSG, CYP3A4, LIPA, LPL, 

MEP1A, SCARB1, VLDLR) have associations with human neurological function (Huang et 

al., 2009).  
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Discussion 

We observe that genes with structural similarity between humans and Drosophila, and 

associated with human brain disorders, have significant effects on behavior in Drosophila 

when knocked down using RNAi. These genes display a widespread pattern of behavioral 

change, with almost every gene tested exhibiting a significant difference in either aggression 

or locomotor behaviors (Fig 1). We also see a large number of differentially expressed 

genes in a subset of six lines tested, ranging from 579 to 1,648 (Table 2). This result 

highlights the highly connective nature of these genes that was predicted based upon gene 

interactive modeling on co-expression, co-localization, predicted protein interactions and 

shared protein domains (Fig. 2). While these genes are associated with distinct human brain 

diseases, we do not observe particular outliers based on gene expression patterns (Fig. 3A). 

This may be due to the fact that genes do not encode for psychopathology, which is an 

amalgamation of several traits (Meyer-Lindenberg and Weinberger, 2006), but these genes 

may share impact the same traits and have similar effects on the measured phenotypes. 

Additionally, we identify patterns of gene expression changes in gene ontology categories in 

the six lines, including signal peptide, secreted, and extracellular region (File S1), which may 

explain differences in behavioral traits. We find 34 differentially expressed genes in common 

between all six lines, and another 149 differentially expressed genes in common in at least 

five of the six lines, possibly due to some shared differences in aggressive and locomotor 

behavior (Fig 3B). We are limited at detecting significant correlated patterns of the transcript 

profiles for these six lines because we do not have the power to detect correlations with just 

six data points. Modulated modularity clustering would be an informative approach that may 

provide biologically meaningful patterns of clustering within these samples, but a larger set 
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of RNAi lines would be needed (Stone and Ayroles, 2009). In spite of this limitation, we still 

see patterns of correlated expression (Fig 3B).  

The six Drosophila genes that we selected for RNAseq analysis do not represent the 

same human brain disorder, but actually have several different associations. Amyloid beta 

(A4) precursor protein (APP) belongs to a family of endogenous ligands, and mutations are 

associated with Alzheimer’s disease (Vanbroeckhoven, 1995; Campion et al., 1999). The 

homolog in Drosophila, appl, likely plays a similar role in flies, as the human version of the 

gene could rescue a null appl mutant (Luo et al., 1992). Ephrin receptor B1 (EPHB1) is a 

member of the receptor tyrosine kinase family, is enriched at excitatory synapses, and is 

important during synapse and spine formation (Aoto and Chen, 2007; Tolias et al., 2007). It 

is believed to play a role in Alzheimer’s disease (Simon et al., 2009), and overexpression of 

EphB2, a paralog of EphB1, has been shown to rescue cognitive defects in a rodent model 

of Alzheimer’s disease (Cisse et al., 2011). Ankyrin 2 (ANK2) is believed to link the integral 

membrane proteins, such as ion channels, to the underlying spectrin-actin cytoskeleton of 

the cell. The protein was found to be differentially expressed in thalami of people diagnosed 

with schizophrenia (Martins-de-Souza et al., 2010). LSM1 is an mRNP complex that is found 

in neuronal dendrites throughout the central nervous system and associates with intact 

mRNAs (di Penta et al., 2009). Genetic variation in LSM1 is associated with schizophrenia in 

Chinese and European populations (Shi et al., 2011; Huang et al., 2013). Another gene, 

growth factor independent 1 transcription repressor (GFI1) encodes a zinc finger protein, 

and is a transcriptional repressor that is transiently induced during T-cell differentiation (Zhu 

et al., 2009). The Drosophila homolog, sens-2, which shares 87% amino acid identity with 

the GFI1 protein, is believed to be required for proper development of most cell types of the 

adult peripheral nervous system (Nolo et al., 2000). Finally, potassium channel 
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tetramerization domain-containing protein 13 (KCTD13) is believed to fall within the 16p11.2 

copy number variant region, which has been associated with autism spectrum disorders 

(Golzio et al., 2012; Lin et al., 2015). Overall, these genes selected for the RNAseq analysis 

represent a diverse collection of disorders, but all seem to have roles in the brain or central 

nervous system that altered behavior when disrupted.   

The overall overlap in human disease genes with similarities to Drosophila genes is 

large as 77% have unique matches to Drosophila gene sequences (Lloyd and Taylor 2010). 

This genetic conservation has helped fuel Drosophila research as a tool for therapeutic drug 

discovery (Pandey and Nichols, 2011). Drosophila also has a long history in understanding 

genetic mechanisms of disorders ranging from Fragile X syndrome to Alzheimer’s disease 

(Luo et al., 1992; Wan et al., 2000; Micchelli et al., 2003; Bhogal and Jongens, 2010). While 

it can often be difficult to translate disease symptoms of complex disorders into Drosophila, 

we can measure endophenotypes to better map genetic variants associated with a trait 

(Meyer-Lindenberg and Weinberger, 2006; O'Kane, 2011). We can begin to study these 548 

genes that have similarity to human disease genes by using RNAi knockdown lines and 

focusing on specific traits that have characteristics within complex disorders. 

We have only scratched the surface in characterizing Drosophila genes with 

homology to genes identified with human brain disorders. We have demonstrated the 

effectiveness of Drosophila RNAi knockdown lines as a tool identify phenotypic differences. 

We can also use these lines for RNAseq analysis to identify genetic co-regulation. In the 

future, we expect to measure additional RNAi lines and more traits beyond locomotion and 

aggression, such as sleep, learning, and memory, which may shed some light onto other 

cognitive disorders (Meyer-Lindenberg and Weinberger, 2006). Alternative strategies that 

use tissue specific gene drivers may identify expression localization patterns that could 
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assist with detecting genetic function in specific tissues. Temporally activated drivers may be 

an additional strategy that would help tease apart factors influencing development that 

impact these phenotypes versus factors influencing fully developed adults that alter 

phenotype (Gohl et al., 2011). Distinguishing this difference is key for discovering drug 

treatment options, as disorders during development require early identification in order to be 

effectively treated. Using tissue specific or temporally active drivers may also help reduce 

some of the viability issues that affected nearly 50% of the crosses. Identifying genes that 

may contribute to brain disorders is a difficult first step, and eventually mapping genetic 

networks for these different traits may require the joint resources of many labs working 

together (Meyer-Lindenberg and Weinberger, 2006). 

 

Materials and Methods 

Drosophila stocks and culture 

We obtained UAS-RNAi knockdown alleles of 26 genes (CG6052 KK106738, AnkGD25945, 

Ank2KK104833, ApplKK108312, cac KK104168, Ca-a1D GD51491, kis GD10762, uexKK102442, fwKK106656, 

EphGD6545, CG10793GD31351, CG10465KK107131, LSm1GD28793, Mmp1KK101505, CG32549KK103916, 

Ten-mGD51173, lapKK105767, PsnKK101379, paraKK104775, sensKK106028, sens-2GD21385, daKK105258, 

Tom40GD13177, Dh44-R2KK 102292, ballKK108630, iglKK 100159) from the Vienna Drosophila Stock 

Center (http://stockcenter.vdrc.at). These lines were selected based on homology shared 

with Drosophila and humans identified using Homophila. (Table 1). 

All UAS- RNAi constructs were either from the KK background with an insert in the same 

phiC31 integration site VIE-260B on Chromosome 2L (position chr2L: 22019296, cytological 

band 40D3), or from the GD background with random P-element insertions mapped to 

chromosomes X, 2 and 3 (Dietzl et al., 2007). Each RNAi background was matched with a 
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progenitor control used to generate the corresponding library. We obtained a GAL4 driver 

strain from the Bloomington Drosophila Stock Center (http://flystocks.bio.indiana.edu/), Ubi-

GAL4 (w*; P{w[+m*]=Ubi-GAL4.U}2/CyO), which expresses GAL4 in all cells. 

All stocks were reared on cornmeal/molasses/agar medium and maintained under 

standard culture conditions (25 °C, 12:12 h light:dark cycle) in an environmentally controlled 

walk-in incubator.  

 

Behavioral assays 

All behavioral assays were performed on F1 individuals from crosses of UAS-RNAi lines to 

Ubi-GAL4 lines. F1 individuals with CyO balancer genotypes were discarded and not 

assessed. CO2 was used as an anesthetic; however anesthesia exposure was withheld 

approximately 24 hours prior to behavioral assays. All behavioral assays were conducted in 

a behavioral chamber (25 °C) between 8:00 a.m. and 11:00 a.m. We assessed aggressive 

behavior, startle response and geotaxis behavior. We used one way fixed effect ANOVA 

models of form Y = μ + G + ε where Y is the phenotype, μ is the overall mean, G is 

genotype, and ε is the within-genotype residual variance; and/or t-tests to evaluate 

significant differences in behavior among genotypes. Deviation from the control was 

performed across all behavioral assays by subtracting the matching control line (progenitor 

GD or KK) from the corresponding UAS-RNAi line. All statistical analyses were conducted 

using SAS (SAS-Institute-Inc, 2011) or JMP software. 

Aggression: This assay was designed by using a 24-well plate with 5/8” diameter circular 

cells with a sliding space to isolate individuals within a well (Fig S1). Males were aged 3-7 

days and normally socialized with a mixed sex group of 20-30 conspecifics. One day before 

the assay, males were collected and placed in the assay with another male. On the morning 
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of the assay, flies were starved for 90 minutes, and then given a droplet of food two minutes 

prior to behavioral observations. An iPad was set up above the array and recorded behavior 

for one hour. We counted all aggressive interactions (kicks, wing threats, chases, head 

butts) over a 2 minute interval and summed them to give an aggression score. 

Startle response: We quantified startle response of each individual fly in response to a 

mechanical disturbance by tapping a vial containing a single fly to a solid surface and 

recording the amount of time the fly is actively moving in a 45 second period following the 

disturbance. Twenty individual flies were assayed each day across 3 days creating a total 

sample size of 60 per sex per genotype. 

Geotaxis: We assessed geotaxis behavior on individual flies by measuring distance 

traveled upwards following a sudden mechanical disturbance by tapping a vial containing a 

single fly to a solid surface. Flies were placed in a 25mm x 150mm glass vials (Pyrex-

Corning flat bottom) with a ruler marking 5mm increments from 0, indicating the lowest 

position, to 24, indicating the highest possible position. Each fly was tapped to the bottom of 

the vial, and the distance traveled upwards was scored based on the highest point reached 

in 5 seconds. Twenty individual flies were assayed each day across 3 days creating a total 

sample size of 60 per sex per genotype. 

 

Collection for RNAseq analysis 

We used RNAseq to quantify differences in whole body gene expression in males of Ubi-

GAL4 x UAS-Eph, Ubi-GAL4 x UAS-LSm1, Ubi-GAL4 x UAS-CG10465, Ubi-GAL4 x UAS-

Appl, Ubi-GAL4 x UAS-sens-2, Ubi-GAL4 x UAS-ank2, and Ubi-GAL4 x control F1 

individuals. F1 individuals with CyO genotypes were discarded. Flies were aged for 5-6 days 

in a mixed sex environment at a density of approximately 20-30 in vials on standard food. 
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Flies were flash frozen over dry ice between 8:00 AM - 11:00 AM and approximately 30 

whole bodies per genotype were collected over one day with three biological replicates per 

sample.  

 

RNA extraction, library preparation and sequencing 

Total RNA was extracted from 30 pooled Drosophila whole bodies using the Total RNA 

Purification Kit (Norgen Biotek, Thorold, ON, Canada) according to manufacturer’s 

instructions. To facilitate RNA extraction, β-mercaptoethanol was added to the lysis solution 

and a 15 min incubation with Proteinase K at 37°C was included, followed by disruption 

using the Retsch MM300 TissueLyser (2 min, 30 Hz; Verder Scientific Inc., Newtown, PA). 

RNA concentration was measured by fluorometry (Qubit 2.0 Fluorometer, Life Technologies 

Corp., Carlsbad, CA) and RNA quality was verified using a microfluidics platform 

(Bioanalyzer, Agilent Technologies, Santa Clara, CA). Barcoded libraries were created using 

the Illumina (San Diego, CA) TruSeq Stranded mRNA Sample Preparation Kit with 1 µg total 

RNA as input. Libraries were quantified using fluorometry and equal amounts of all 

barcoded samples were pooled, to account for lane and machine effects in cluster density 

and sequence quality. This pool was sequenced on two lanes of the Illumina HiSeq 2000 

(100 bp, paired-end reads).  

 

RNAseq analysis 

Quality check on the RNA-seq data was performed on 18 samples using FASTQC 

(Andrews, 2010). Samples from the Ubi-GAL4 x control, Ubi-GAL4 x UAS-Eph, Ubi-GAL4 x 

UAS-LSm1, Ubi-GAL4 x UAS-CG10465 contained three biological replicates across two 

lanes, and samples Ubi-GAL4 x UAS-Appl, Ubi-GAL4 x UAS-sens-2, and Ubi-GAL4 x UAS-
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ank2) contained two biological replicates with two replicates across lanes. Following quality 

assessment, replicate samples were concatenated together and adapter sequences were 

trimmed using Cutadapt (Martin, 2011). Ribosomal reads were filtered against a database of 

the most common ribosomal sequences using fast BWA alignment BWA-0.7.10 (Li and 

Durbin, 2009). The remaining reads were aligned to the Dmel_r5.57_FB2014_03 genome 

and transcriptome using STAR_2.4.1d (Dobin et al., 2013). Read count was performed 

using HTSeq-count HTSeq-0.6.1p1 (Anders et al., 2015). R software was used for further 

quality assessment and statistical analysis (R-Core-Team, 2012). The edgeR package was 

used to calculate differential expression analysis for pairwise comparisons between the 

control and RNAi sample for sex and tissue as well as the interaction between genotype and 

tissue (Robinson et al., 2010). Terms were significant at FDR P < 0.05 and a fold change 

above 1.3. Biological pathway gene ontology was performed using DAVID (Huang et al., 

2009). 

 

Data analysis 

To identify co-regulated changes in gene expression among the six lines, we performed 

hierarchical clustering using R software. Distance matrix computation was performed using 

the “Manhattan” method, which calculates absolute distance between the two vectors (1 

norm aka L_1). This function produces a matrix with the distances between rows, given the 

composition of variables in columns. Data for the matrix was transformed by modifying 

genes that were significantly increased with a positive value, genes that were significantly 

decreased with a negative value, and genes with no significant change in expression with a 

zero.  
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To identify predicted genetic interactions, a genetic network was identified using the 

online tool GeneMANIA with the 27 Drosophila genes using the default options. Imputed 

genes are represented in black circles, genes identified based on connections between the 

imputed genes are represented in gray. 
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Figure legends 
 

 
 
Figure 1. Phenotypic responses for RNAi knockdown lines 
(A) Male aggression scores for RNAi knockdown lines, (B) Geotaxis response, and (C) 
Startle response. Fly gene names precede the human homolog. Error bars are SEM. *** P < 
0.001; ** P < 0.01; * P < 0.05.  
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Figure 2. Predicted interactions of selected genes 
A gene network with predicted interactions for the list of 27 genes selected for human-
Drosophila homology and associated with human brain disorders. Black circles represent 
genes imputed into the network, gray circles represent genes that are connected by imputed 
genes.  
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Figure 3. Gene expression similarities 
(A) Hierarchical cluster analysis of differentially expressed genes, illustrating relatedness 
between the six lines based on gene expression. (B) Schematic representation of the total 
number of genes across the six lines. Blue boxes indicate genes with significantly altered 
expression. Individual genes for each category are listed in Supplemental file 1.  

A
p

p
l

s
e
n

s
-2

a
n

k
2

E
p

h

L
S

m
1

C
G

1
0
4
6
5

n
u

m
b

e
r

34

7

10

21

12

48

17

1

5

11

16

3

13

4

150

15

11

51

15

21

14

17

7

3

21

11

21

23

201

17

39

33

2

6

17

18

7

30

45

4

42

16

32

29

90

37

67

115

6

20

33

33

14

83

77

103

66

236

132

123

416

364

368

CG10465

Appl

ank2

Eph

sens-2

LSm1

1000 1400 1800

Cluster Dendrogram

Height

A

B



 

 

 

119 

Table 1. Selected genes with fly-human homology with a connection to human brain 
disorders 
 
 

 

 

Fly gene 
name 

Likely human 
homolog 

Justification 
Gene driver 
viability 

CG6052 ABCA7 Alzheimer's disease, Common variant not viable 

Ank ANK1 Schizophrenia, Common viable 

Ank2 ANK2 Schizophrenia, Common viable 

Appl APP 
Alzheimer's disease, Rare, dominant 
Mendelian viable 

cac CACNA1C Bipolar disorder, Common variant not viable 

Ca-a1D CACNA1D Bipolar disorder, Common variant not viable 

kis CHD8 Autism, Rare variant, de novo ex seq not viable 

uex CNNM2 Schizophrenia, Common not viable 

fw CSMD1 Schizophrenia, Common not viable 

Eph EPHB1 Alzheimer's disease, Common variant viable 

CG10793 KATNAL2 Autism, Rare variant, de novo ex seq viable 

CG10465 KCTD13 Autism, 16p11 CNV viable 

LSm1 LSM1 Schizophrenia, Common viable 

Mmp1 MMP16 Schizophrenia, Common viable 

CG32549 NT5C2 Schizophrenia, Common not viable 

Ten-m TENM4/ODZ4 Bipolar disorder, Common variant 
somewhat 
viable 

lap PICALM Alzheimer's disease, Common variant not viable 

Psn PSEN1 
Alzheimer's disease, Rare, dominant 
Mendelian not viable 

para SCN1A Autism, Rare variant, de novo ex seq viable 

sens GFI1B Autism, Rare variant, de novo ex seq not viable 

sens-2 GFI1 Autism, Rare variant, de novo ex seq viable 

da TCF4 Schizophrenia, common not viable 

Tom40 TOMM40 
Alzheimer's disease, Common variant 
(near APOE) not viable 

Dh44-R2 CRHR1 Schizophrenia, CNV viable 

ball VRK2 Schizophrenia, common viable 

igl NRGN Schizophrenia, common not viable 
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Table 2. Numbers of differentially expressed genes 

Fly gene 
name 

Likely human 
homolog 

Total number of 
differentially expressed 
transcripts 

Increased 
expression 

Decreased 
expression 

Appl APP 1,364 519 845 

sens-2 GFI1 579 380 199 

Ank2 ANK2 1,110 568 542 

Eph EPHB1 1,250 780 470 

LSm1 LSM1 1,135 580 555 

CG10465 KCTD13 1,648 891 757 
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Chapter 6 

Conclusions 
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6.1 Conclusions  

Why would an animal display aggressive behaviors? We know that aggressive behaviors 

can come with risks. An organism can miss out on mating opportunities, unnecessarily 

expend energy, suffer injury, or even be killed when it initiates an aggressive encounter. 

However, aggressive behavior can also be an opportunity to improve an organism’s 

situation. With appropriate timing and balance, aggression can lead to improved standing in 

social hierarchies, lead to better access to food, resources and mating partners, and even 

self-defense or protection of offspring. There are a large number of environmental and 

genetic factors that can predict the likelihood of aggressive encounters of how predisposed 

an individual is to be highly aggressive.  

 To identify the single factors that contribute to aggressive behavior, we sought to 

identify the genetic variants associated with aggression in two populations of Drosophila 

melanogaster in Chapter Two. We observed a number of variants associated with 

aggression in each population, and tested to confirm their association using RNAi 

knockdown lines. In Chapter Three, we used a “reverse genetics” approach to identify 

factors associated with aggression using a panel of genetic knockdown lines. We saw a 

number of Obp RNAi lines display significantly reduced levels of aggressiveness when 

knocked down, implicating those genes in some aspect of aggressive behavior. In Chapter 

Four, we used experimental evolution to track changes in allele frequency of genes 

previously associated with aggression, although we did not test any of the candidate genes 

associated with laboratory evolution. In Chapter Five, we identified genetic homologs in 

Drosophila of genes associated with human brain disorders. We tested a number of genes 

for behavioral differences, including aggression. Taking these results into consideration, we 
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are able expand the list of currently confirmed genes with effects on Drosophila aggressive 

behavior (Table 6.1).  

 While it is important to identify these single factors, the most significant impact from 

these set of experiments is identifying how the single factors influence each other in genetic 

networks. In Chapter Two, we used an approach that identified a genetic network based on 

patterns of epistatic interactions (Huang et al. 2012b), and overlaid results from the mapping 

studies on the two populations. We observed that many of the variants in the two mapping 

studies were connected together in pathways within the epistatic network. This shows that 

the effect of individual loci may be affected by the presence or absence of other loci as well 

as allele frequency changes. While the second outbred population contained six lines that 

were part of the first population, there were dramatic shifts in the number of segregating 

variants and large differences in allele frequencies. These differences in allele frequencies 

can have a large impact on allelic effects if the variants interact epsitatically with another 

locus. We validated both additive and epistatic effects using single and double mutant 

crosses to measure aggression in response to genetic knockout, which showed significant 

effects on 79% of the candidate genes and 75% of the candidate epistatic interactions 

tested.  

 The integration of these experiments reveals that there are many individual factors 

affecting aggression and there are several different ways to identify them, each with their 

own tradeoffs. In a study on odorant binding proteins, we observed several odorant binding 

genes that altered behavior when knocked down in expression. Using GWA and xQTL 

approaches, we identified several factors in the brain including bioamine and neuron growth 

and differentiation, which is in line with previous findings, as well as many other genes not 

previously associated with aggression. Interestingly, we did not observe the odorant binding 
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proteins in these mapping studies. There are a few different reasons that could explain this 

phenomena, and it illustrates the importance of taking complementary approaches when 

researching the genetic architecture of a trait. One possible explanation is that genes, such 

as Obp56h, are not genetically variable in a population and would go untested in an 

association study. Another reason for not identifying Obp56h in the gene mapping studies, 

which could be related to the previous example, is that the gene is highly conserved and an 

important part of survival and fitness. Mapping studies that rely on genetic variation come 

with the risk of not detecting truly causal factors. These genes may be highly conserved and 

have little variation to map an association. Using an approach like knockdown lines can be a 

solution to this issue as it causes a disruption in expression that is different from natural 

variation differences.  

While this approach can identify genes that gene mapping studies may miss, it is 

important to emphasize that genetic knockdown or mutant lines may not reflect the true 

variant that was detected in the mapping study, and as a result may not be the best way for 

validation of an association of natural variants. The best example of this comes from the 

study of genes implicated with brain disorders in the fifth chapter. The gene APP, which has 

been implicated in Alzheimer’s disease in humans has a likely homolog in the fly genome 

(Lou et al. 1992). This gene produces a protein, that when mutated can collect and “stick” on 

neurons forming plaques. Our RNAi knockdown of Appl does not reflect the mechanism 

responsible for this disease, and behavioral differences as a results are likely from a 

reduction of the transcript. One possible solution to this is to use a gene editing technique 

that modifies the gene to reflect the true variant.  

 Another aspect of studying complex traits is understanding and identifying how their 

different components could affect genetic association mapping. Drosophila aggression is 
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composed of many different endophenotypes which may have different underlying genetic 

determinants. For example, wing threats are a non-physical aggressive behavior that play a 

large role in overall aggression. Other physical aggressive acts, such as kicks or grapples 

also play a role in aggressive behavior, but could have unique factors that control them. 

Variants that shape wing development or movement may influence how often an individual 

performs a wing threat. Likewise, kicks and grapples may have factors that influence leg 

movement, balance, or activity that are distinct from those shaping wing threats, but are still 

a factor in aggression. The response to an aggressive encounter is also a factor that 

complicates the phenotypic measurement. Some aggressive actions may be primary 

initiation, while other acts may be secondary and in response to another aggressive 

individual staring an encounter. These aggressive encounters, whether primary or 

secondary, may have different mechanisms that control them. For example, primary 

aggressive behaviors could be mostly kicks and secondary aggressive behaviors could be 

wing threats. An assay that takes into account different types of behavior could tease that 

apart by counting each type of aggressive act and identify subsequent acts. It would be 

possible to create a probability estimate for different aggressive behaviors and the most 

likely response. 

An additional criticism of the aggression assay is that it only measures the total 

number of aggressive encounters, rather than a proportion of encounters that contained an 

aggressive behavior. The total number fails to provide information on other encounters, and 

could be influenced by factors such as activity or starvation. For instance, line A is very 

aggressive but not active, it has 50 encounters between the eight flies and every single one 

is aggressive. Line B is not very aggressive, and has a chance of being aggressive 50% of 

every encounter. However, because line B is more active, it will have 100 encounters with 
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other flies, of which 50 were aggressive. In this case both line A and B have the same score, 

but line A is truly more aggressive and we can’t distinguish that from counts data. Starvation 

resistance and natural tendencies to group together are other factors that could shape 

densities of flies within the vial and affect the encounter rate. Certain flies may have a strong 

response to starvation and cluster around the food droplet. This may increase the number of 

aggressive encounters, especially if the flies are hungry and naturally aggressive. 

Alternatively, some flies may be prone to aggregation behavior and would prefer to group 

close to other flies but not be aggressive. To tease apart these affects, a measure of fly 

density during the experiment could be measured by using a camera and software that 

could track movement. Correlations of aggression to other traits, including startle response 

and feeding behavior, were measured and revealed no correlation between them. 

 The implications for these experiments go beyond mapping single variants for 

Drosophila aggressive behavior. The same principles can be used to address the problem of 

identifying the same variants associated with a trait in different populations, which has been 

a concern in replicating GWA results (Kraft et al. 2009). An increasing amount of evidence 

suggests that gene-gene interactions plays an important part in many complex traits 

(Greene et al. 2009; Mackay 2014). Understanding how genes interact is vital for the future 

of genetic association studies. Recent studies on complex traits in humans, which are using 

hundreds of thousands of individuals, have identified several hundred genes associated with 

the measured trait, but can only account for a minority of the heritability (Schizophrenia 

Working Group of the Psychiatric Genomics 2014; Wood et al. 2014). A study on the genetic 

architecture of adult human height, which used genome-wide data from 253,288 individuals, 

identified 697 variants at genome-wide significance, could only explain one fifth of the 

heritability for adult height (Wood et al. 2014). A similarly large study on schizophrenia using 
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36,989 cases and 113,075 controls identified 128 independent associations, but those only 

account for less than half of the total genetic component (Schizophrenia Working Group of 

the Psychiatric Genomics 2014). The major problem that these approaches have is that they 

fail to explain a large part of the heritability even though they have large sample sizes and 

hundreds of identified variants. So how do we better identify and integrate these factors?  

To address this issue, there needs to be more studies that map genetic interactions. 

There is strong clinical and experimental evidence that supports a role for epistasis in 

schizophrenia and height (Liu et al. 2006; Nicodemus et al. 2010; Papaleo et al. 2014), but 

GWA studies are not designed to discover it. Our approach in chapter two may be 

applicable to other studies, including humans. By identifying genetic networks using multiple 

populations, it is possible to better understand how different genes affect the same trait in 

different populations. Often times, populations are collapsed together in GWA studies 

(Schizophrenia Working Group of the Psychiatric Genomics 2014), which may contribute to 

the difficulty in creating a predictive model based on identified variants. There are other 

approaches that can discover genome wide gene-gene interactions. One option, which may 

be better suited to model organisms, is gene expression based screens designed to identify 

genetic interactions. Analyzing genome wide expression differences in the presence of a 

mutant to a control can give information on a gene interaction network (Zwarts et al. 2011). 

Another successful approach, genome wide interaction screens, can identify global genetic 

interaction networks (Collins et al. 2006; Byrne et al. 2007; Huang et al. 2012a). Performing 

all pairwise interaction tests is currently computationally exhaustive, but is likely to improve 

with the advancement of computing resources. The best approach might come from 

genomic prediction studies in animal breeding. Using best linear unbiased prediction models 

that combine additive and non-additive genetic variation, it is possible to account for more of 
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the genetic heritability than models that rely on only additive genetic variation (Su et al. 

2012). Despite the differences in population structure of animal breeding populations and 

humans, these approaches are being applied to human complex traits (Speed and Balding 

2014). Ultimately, these approaches can be combined and applied to identify and place 

genes in an interaction network, which will allow us to better understand disease causing 

pathways and make clearer predictions on genetic risk factors to disease.  

Overall, the experiments in this dissertation identify several factors associated with 

aggression in Drosophila and provide a framework for future studies on the genetic 

architecture of complex traits. In regards to measuring Drosophila aggression, better 

approaches are needed to account for confounding variables such as activity and starvation 

resistance to ensure accurate and specific measurements of behavior.    
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Table 6.1. List of genes associated with Drosophila aggression with newly discovered 
additions. 
 

Symbol Name Annotation ID Citation 

4EHP  eIF4E-Homologous 
Protein 

CG33100 (Edwards et al., 2009b) 

5-HT1A  5-hydroxytryptamine 
(serotonin) receptor 1A 

CG16720 (Williams et al., 2014a) 

5-HT7 5-hydroxytryptamine 
(serotonin) receptor 7 

CG12073 Chapter 2 

A2bp1 Ataxin-2 binding protein 1 CG32062 Chapter 2 

a5 antennal protein 5 CG5430 Chapter 5 

Act5C  Actin 5C CG4027 (Edwards et al., 2009b) 

ade5  ade5 CG3989 (Edwards et al., 2009b) 

Appl β amyloid protein 
precursor-like 

CG7727 Chapter 3 

aret  arrest CG31762 (Edwards et al., 2009b) 

Bacc  Bacchus CG9894 (Edwards et al., 2009b) 

ball ballchen CG6386 Chapter 3 

BG00372 BG00372 - (Edwards et al., 2009b) 

BG00386 - - (Edwards et al., 2009b) 

BG01046 BG01046 - (Edwards et al., 2009b) 

BG01130 BG01130 - (Edwards et al., 2009b) 

BG01354 - - (Edwards et al., 2009b) 

BG01402 - - (Edwards et al., 2009b) 

BG01693 - - (Edwards et al., 2009b) 

BG01909 - - (Edwards et al., 2009b) 

BG02022 - - (Edwards et al., 2009b) 

bru-3 bruno-3 CG43744 Chapter 2 

Bsg Basigin CG31605 (Edwards et al., 2009b) 

Bx  Beadex CG44425 (Edwards et al., 2009b) 

Ccn Ccn CG32183 Chapter 2 

CG10465  CG10465 Chapter 3 

CG13377 - CG13377 (Edwards et al., 2009b) 

CG14459  CG14459 Chapter 2 

CG14478  - CG14478 (Edwards et al., 2009b) 

CG17323  - CG17323 (Edwards et al., 2009b) 

CG32572  - CG32572 (Edwards et al., 2009b) 

CG3638 - CG3638 (Edwards et al., 2009b) 
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Table 6.1 Continued.  

 

CG42684  - CG42684 (Edwards et al., 2009b) 

CG43759  - CG43759 (Edwards et al., 2009b) 

CG5946  - CG5946 (Edwards et al., 2009b) 

CG6175  - CG6175 (Edwards et al., 2009b) 

CG8963  - CG8963 (Edwards et al., 2009b) 

CG9171  - CG9171 (Edwards et al., 2009b) 

CkIα  Casein kinase Iα CG2028 (Edwards et al., 2009b) 

cv-c crossveinless c CG34389 Chapter 2 

Cyp6a20  Cyp6a20 CG10245 (Wang et al., 2008) 

Dh44-R2 Diuretic hormone 44 
receptor 2 

CG12370 Chapter 3 

dpr6 defective proboscis 
extension response 6 

CG14162 Chapter 2 

dsx doublesex CG11094 Chapter 2 

eca eclair CG33104 (Edwards et al., 2009b) 

ed  echinoid CG12676 (Edwards et al., 2009b) 

emc  extra macrochaetae CG1007 (Edwards et al., 2009b) 

Fkbp14  FK506-binding protein 14 
ortholog 

CG9847 (Edwards et al., 2009b) 

fru  fruitless CG14307 (Chan & Kravitz, 2007) 

fz frizzled CG17697 Chapter 2 

Glut4EF Glut4EF CG34360 Chapter 2 

Gp150  Gp150 CG5820 (Edwards et al., 2009b) 

Gr63a Gustatory receptor 63a CG14979 Chapter 2 

Gug  Grunge CG6964 (Davis et al., 2014) 

Ktl  Kctd12-like CG10830 (Williams et al., 2014a) 

l(1)G0007  lethal (1) G0007 CG32604 (Edwards et al., 2009b) 

l(3)L1231 lethal (3) L1231 CG7832 (Edwards et al., 2009b) 

lama  lamina ancestor CG10645 (Edwards et al., 2009b) 

LanA  Laminin A CG10236 (Edwards et al., 2009b) 

Lmpt Limpet CG42679 Chapter 2 

lola  longitudinals lacking CG12052 (Edwards et al., 2009b) 

Lsm1 Lsm1 CG4279 Chapter 3 

mbl mbl CG33197 Chapter 2 

mir-317  mir-317 stem loop CR42900 (Edwards et al., 2009b) 
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Table 6.1 Continued.  

 

ND-20L NADH dehydrogenase 
(ubiquinone) 20 kDa 
subunit-like 

CG2014 (Li-Byarlay et al., 2014) 

neur  neuralized CG11988 (Edwards et al., 2009b) 

NK7.1 NK7.1 CG8524 Chapter 2 

Nlg2  Neuroligin 2 CG13772 (Hahn et al., 2013) 

noc  no ocelli CG4491 (Edwards et al., 2009b) 

Obp22a Odorant-binding protein 
22a 

CG31941 Chapter 5 

Obp56a Odorant-binding protein 
56a 

CG11797 Chapter 5 

Obp56c Odorant-binding protein 
56c 

CG30128 Chapter 5 

Obp56h Odorant-binding protein 
56h 

CG13874 Chapter 5 

Obp57b Odorant-binding protein 
57b 

CG30142 Chapter 5 

Obp58c Odorant-binding protein 
58c 

CG13524 Chapter 5 

Obp83a Odorant-binding protein 
83a 

CG11421 Chapter 5 

Obp99b Odorant-binding protein 
99b 

CG7592 Chapter 5 

Obp99d  Odorant-binding protein 
99d 

CG15505 (Edwards et al., 2009b) 

para paralytic CG9907 Chapter 3 

Pde6 Phosphodiesterase 6 CG8279 Chapter 2 

ppk23  pickpocket 23 CG8527 (Edwards et al., 2009b) 

ppk29  pickpocket 29 CG13568 (Yuan et al., 2014) 

px  plexus CG4444 (Edwards et al., 2009b) 

pxb  pxb CG33207 (Edwards et al., 2009b) 

Rac2  Rac2 CG8556 (Goergen et al., 2014) 

RapGAP1  Rap GTPase activating 
protein 1 

CG44086 (Edwards et al., 2009b) 

Rbp6 RNA-binding protein 6 CG32169 Chapter 2 

Rdl  Resistant to dieldrin CG10537 (Yuan et al., 2014) 

rdx/Cyp6d5 roadkill /Cyp6d5 CG12537 
/CG3050 

Chapter 2 
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Table 6.1 Continued.  

 

rgn/sa regeneration 
/spermatocyte arrest 

CG6014 
b/CG11308 

Chapter 2 

RhoGEF64C  Rho guanine nucleotide 
exchange factor at 64C 

CG32239 (Edwards et al., 2009b) 

Rtnl1  Reticulon-like1 CG33113 (Edwards et al., 2009b) 

sano serrano CG12758 Chapter 2 

sens-2 senseless-2 CG31632 Chapter 3 

Sesn  Sestrin CG11299 (Edwards et al., 2009b) 

SF1  Splicing factor 1 CG5836 (Edwards et al., 2009b) 

sgl  sugarless CG10072 (Edwards et al., 2009b) 

siz  schizo CG32434 (Edwards et al., 2009b) 

Smyd4 SET and MYND domain 
protein 4 

CG14122 Chapter 2 

Spn  Spinophilin CG16757 (Edwards et al., 2009b) 

Sytβ Synaptotagmin β CG42333 Chapter 2 

Syx4  Syntaxin 4 CG2715 (Edwards et al., 2009b) 

Tbh  Tyramine β hydroxylase CG1543 (Zhou et al., 2008) 

Tehao Tehao CG7121 (Edwards et al., 2009b) 

TfAP-2  Transcription factor AP-2 CG7807 (Williams et al., 2014b) 

Tk  Tachykinin CG14734 (Asahina et al., 2014) 

TkR86C  Tachykinin-like receptor at 
86C 

CG6515 (Asahina et al., 2014) 

tll  tailless CG1378 (Davis et al., 2014) 

Tsp42Eg Tetraspanin 42Eg CG12142 Chapter 2 

ttk  tramtrack CG1856 (Edwards et al., 2009b) 

TwdlC TweedleC CG14254 Chapter 2 

twz  tiwaz CG10440 (Williams et al., 2014b) 
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Appendix 1: Supplemental figures and tables for Chapter 2 
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Appendix 1.1 

Figure S1. Q-Q plot of P-values from the DGRP single variant GWA analysis.  
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Appendix 1.2 

Figure S2. LD within 1 kb of top (P < 10-5) variants in the DGRP and AIP. Variants in the 

DGRP and AIP are indicated by red and blue circles, respectively. The focal variant in each 

window is depicted in larger font. (A-C) Top DGRP variants. (A) 2R_19449384_SNP. (B) 

3L_14313095_SNP. (C) 3R_11290385_SNP. (D-F) Top AIP variants. (D) 

3L_19254033_SNP. (E) 3L_21393792_SNP. (F) 3R_7171592_SNP.  
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Appendix 1.3 

Figure S3. Comparison of allelic effect in the DGRP (the difference between the mean 
aggressive behavior of lines homozygous for the minor and major alleles) and allele 
frequency differences in the AIP. (A) Top (P < 10-5) variants from DGRP GWA analysis. (B) 
Top (P < 10-5) variants from the AIP GWA analysis.  
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Appendix 1.4 

Figure S4. Negative geotaxis. Effects on negative geotaxis behavior of homozygous Minos-
element insertional mutations and RNAi knock-down alleles, expressed as deviations from 
respective co-isogenic controls. Error bars are SE. *** P < 0.001; * P < 0.05.  
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Appendix 1.5 

Table S1. Mean adjusted aggression scores of DGRP lines. Raw data were adjusted for 

weekly environmental fluctuations causing the deviations from contemporaneous CSB 

control line means. The overall CSB mean over all weeks was added to all adjusted scores.  

 

 

 



 

 

 

141 

Appendix 1.6 

Table S2. Analysis of variance of male aggressive behavior in the DGRP. df: degrees of 

freedom; MS: Mean Squares; F: F statistic; σ2: Variance component; H2: Broad sense 

heritability. 

 

Source df MS F P σ2 H2 

Line 199 4,829.568 45.75 <0.0001 236.20 0.691 

Error 3,800 105.570   105.57  
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Appendix 1.7 

Table S3.  Genome wide association analysis for aggressive behavior in the DGRP. Top (P 

< 10-5) polymorphisms associated with aggression from single marker analysis.  The 

chromosome and genomic location is given for each polymorphism, as well as the gene and 

FlyBase ID with which it is associated. In cases where a single polymorphism could affect 

two genes, both are given.  When polymorphisms are located within a gene, their position in 

coding sequence, intron and 3' and 5' UTR are given. For intergenic polymorphisms, the 

location in bp upstream or downstream from the nearest gene are given.  The P-values are 

from the mixed model accounting for Wolbachia infection status, karyotype of polymorphic 

inversions, and polygenic relatedness. Effect sizes are one-half the difference in means 

between lines in the major and minor allele class. Information on the base call for major and 

minor alleles and the reference allele, and minor allele frequency and total minor allele count 

is also given. 
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Appendix 1.8 

Table S4. Biological Process Gene Ontology enrichment analysis from the AIP GWA 

analyses.   
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Appendix 1.9 

Table S5. Gene based GWA analyses.  SKAT analyses of rare alleles in a gene region. P-

values < 10-4 are reported; cells highlighted in pink indicate tests significant at a Bonferroni-

corrected significance level. Genes are listed in order of their location on each chromosome 

arm. Vertical black bars denote nested or contiguous genes. 

 

 

 

 

 

FlyBaseID Gene Symbol P -value Chromosome Gene Start Gene End

FBgn0032520 CG10859 2.49E-07 2L 13,396,392 13,398,664

FBgn0032521 CG7110 4.97E-07 2L 13,398,991 13,411,047

FBgn0035398 Cht7 1.55E-06 3L 3,090,985 3,106,958

FBgn0052288 tRNA:CR32288 1.52E-05 3L 3,095,737 3,095,808

FBgn0052289 tRNA:CR32289 1.14E-05 3L 3,095,991 3,096,062

FBgn0052287 tRNA:CR32287 1.16E-05 3L 3,096,369 3,096,440

FBgn0052285 tRNA:CR32285 1.19E-05 3L 3,096,604 3,096,676

FBgn0052272 tRNA:CR32272 1.27E-05 3L 3,096,891 3,096,963

FBgn0052286 tRNA:CR32286 1.34E-05 3L 3,097,519 3,097,590

FBgn0035468 Gr63a 8.13E-06 3L 3,894,999 3,896,603

FBgn0035469 CG14977 2.07E-06 3L 3,896,900 3,897,498

FBgn0035470 Ccz1 4.45E-05 3L 3,897,444 3,899,156

FBgn0020640 Lcp65Ae 3.78E-05 3L 6,130,683 6,131,218

FBgn0052405 Cpr65Av 2.56E-05 3L 6,132,323 6,133,074

FBgn0015278 Pi3K68D 4.60E-05 3L 11,767,750 11,783,113

FBgn0037962 CG6971 9.87E-05 3R 7,718,028 7,719,019

FBgn0259975 Sfp87B 4.98E-06 3R 8,098,848 8,099,243

FBgn0039469 TwdlC 8.30E-05 3R 22,820,554 22,822,164

FBgn0040396 CG3939 5.39E-05 X 3,069,051 3,070,256

FBgn0029892 CG3184 1.28E-06 X 6,581,629 6,582,807

FBgn0030468 CG1622 6.52E-06 X 13,191,115 13,193,943

FBgn0031186 CG14614 8.25E-05 X 21,853,281 21,857,258
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Appendix 1.10 

Table S7. Biological Process Gene Ontology enrichment analysis from the DGRP GWA 

analyses.  All genes from the single marker, gene -based and pairwise epistasis GWA 

analyses in the DGRP that exceeded their respective nominal significance thresholds were 

used in this analysis. 
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Appendix 1.11 

Table S8. Biological Process Gene Ontology enrichment analysis from pairwise epistasis 

GWA analysis in the DGRP. 
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Appendix 2: Supplemental figures and tables for Chapter 3 
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Appendix 2.1 

Supplementary Table 3. GO enrichment analyses for signficant (FDR < 0.05) differentially 

expressed genes in Opb56h RNAi knockdown and control genotypes. 
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Appendix 3: Supplemental figures and tables for Chapter 4 
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Appendix 3.1 

Supplemental table 1. Sequencing summary statistics. 
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Appendix 3.2 

Supplemental File 2. Loci associated with density-dependent selection for the three 

conditions. 

Adult Crowding 

 

Larval Crowding 

 

Control 
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Appendix 4: Supplemental figures and tables for Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

153 

Appendix 4.1 

Supplemental File 2. Biological Process Gene Ontology enrichment analysis from APPL 

RNAi knockdown.  
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Appendix 4.2 

Supplemental File 3. Biological Process Gene Ontology enrichment analysis from sens-2 

RNAi knockdown.  
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Appendix 4.3 

Supplemental File 4. Biological Process Gene Ontology enrichment analysis from ank-2 

RNAi knockdown.  
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Appendix 4.4 

Supplemental File 5. Biological Process Gene Ontology enrichment analysis from Eph RNAi 

knockdown. 
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Appendix 4.5 

Supplemental File 6. Biological Process Gene Ontology enrichment analysis from LSm1 

RNAi knockdown. 
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Appendix 4.6 

Supplemental File 6. Biological Process Gene Ontology enrichment analysis from CG10465 

RNAi knockdown. 
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Appendix 5 

The Effects of Royal Jelly on Fitness Traits and Gene Expression in Drosophila 

melanogaster 
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