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 In Drosophila, studies of reproductive protein evolution have shown evidence of elevated 

levels of adaptive evolution compared to the genomic background. Few, however, have studied 

the molecular evolution of genes involved in the regulation of the germline stem cell (GSC). My 

dissertation examines the population genetics of a larger class of genes regulating the GSC, and 

using a comparative genomic approach to test the hypothesis that infection by the endosymbiotic 

bacteria Wolbachia pipientis is a selective driver causing the rapid evolution at some of the GSC 

genes.   

First, following up on previous observations of adaptive evolution of several GSC genes 

(particularly bam and bgcn) in D. melanogaster and D. simulans, I have studied the population 

genetics of these genes in D. ananassae because this species also shows evidence of infection by 

W. pipientis. However, despite what I show to be a comparable W. pipientis infectious history 

among D. melanogaster, D. simulans, and D. ananassae; neither bam nor bgcn were evolving 

under positive selection in D. ananassae. Thus, a simple W. pipientis driven rapid evolution at 

these genes was not supported by my results. 

Second, I expanded the population genetic analysis of GSC genes to include all genes 

that show evidence of involvement in D. melanogaster GSC regulation. Results for these were 

then compared to genes involved in neural stem cell regulation. My results showed that both 



 

germline and neural stem cell are enriched for genes with evidence of recent selective sweeps, 

but not long-term recurrent adaptive evolution, compared to a randomly chosen group of control 

genes. Further, overall inferences of rates of adaptive fixation for germline and neural stem cells 

showed levels comparable to most classes of genes for D. melanogaster and D. simulans. 

Lastly, I have used whole-genome sequencing to gain deeper insight into the evolutionary 

history of W. pipientis infecting D. ananassae. D. ananassae has unique evidence of the whole 

genome of W. pipientis integrated into the host nuclear genome. My results showed that the 

infectious W. pipientis genome has a stable maternally inherited evolutionary history while the 

integrated W. pipientis genome had become a potentially functionless pseudogenome.  
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Chapter 1. Introduction 

 

 Drosophila has played a central role in the development of modern population genetic 

studies. Analyzed in light of early theoretical population genetic models (Kingman 1982; Kimura 

1983; Ohta 1992), empirical DNA polymorphism and divergence data from various Drosophila 

species (Kreitman 1983; Hudson et al. 1987; Schaeffer et al. 1987; Schaeffer and Aquadro 1987; 

Aquadro et al. 1988; Stephan and Langley 1989; Tajima 1989; McDonald and Kreitman 1991; 

Begun and Aquadro 1992; Begun and Aquadro 1993; Akashi 1994; Rand et al. 1994; Akashi 

1995; Ballard and Kreitman 1996; Gleason and Powell 1997; Fay and Wu 2000; Matzkin and 

Eanes 2003) have been important in shaping our understanding of the evolutionary forces that 

determine levels and patterns of genetic variation within populations. With advances in next 

generation sequencing technology (e.g., Mardis 2013), availability of population genetic data in 

Drosophila has scaled to whole genomes, such as the generation of population genomic variation 

from over 600 D. melanogaster genomes (Langley et al. 2012; Mackay et al. 2012; Lack et al. 

2015) and whole genome sequences from a diverse range of Drosophila species (Clark et al. 

2007; Chen et al. 2014). Thus, among the model organisms, Drosophila currently represents one 

of the richest sources of data for population and evolutionary genomic analysis.  

 Adaptive evolution (meaning positive selection) occurs when selection favors a new or 

segregating beneficial mutation. Within a population, compared to neutral rates of evolution, 

adaptive evolution drives the frequency of the beneficial mutation at a faster rate towards 

fixation. Studies of patterns of DNA variation within and between species of Drosophila have 

revealed substantial evidence of adaptive evolution in various regions of the genome. Often 

studies showed whole genetic pathways or systems under adaptive evolution. Genes involved in 
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reproduction represented one of the first systems with widespread elevated levels of positive 

selection due to many of its genes showing rapid adaptive evolution between invertebrates and 

vertebrates (e.g., Swanson and Vacquier 2002). Many of these studies of reproductive gene 

evolution have focused on genes required in late stages of reproduction or genes involved in 

interactions between and within sexes. Very few studies, until recently, have examined the 

population genetics of genes involved in the earliest stages of reproduction including those that 

regulate the development and differentiation of the germline stem cells (GSCs). 

 Drosophila gamete production is initiated in both males and females from GSC, a 

population of cells not only capable of self-renewing itself but also of multipotency to 

differentiate into other cell types (Weissman 2000). Drosophila adult females and males are able 

to produce eggs or sperms throughout their life due to a population of self-renewing GSC in their 

reproductive organs. Female GSCs are located at the anterior tip of the ovarioles in a structure 

called the germarium (Spradling 1993). The GSCs are localized to a ‘niche’, which acts as a 

restricted microenvironment to control the self-renewal and differentiation ability of these cells 

(reviewed in Lin 2002; Li and Xie 2005). Because moving away from this niche promotes rapid 

differentiation of the GSCs, there are tight cellular controls for proper maintenance and 

differentiation of GSCs. Maintenance of GSCs, for example, includes cell adhesion proteins like 

E-cadherin for proper anchorage between the GSCs and somatic cap cells (Song et al. 2002), 

expression of genes such as dpp, gbb, hh, piwi, and Yb by cap cells and somatic terminal filament 

cells to maintain stem cell characteristics (Cox et al. 1998; Xie and Spradling 1998; King and 

Lin 1999; King et al. 2001; Song et al. 2004), suppression of differentiation genes by the 

translational suppressors nanos and pumilio (Lin and Spradling 1997; Forbes and Lehmann 

1998; Wang and Lin 2004), nuclear membrane protein ote to interact with the Dpp/BMP 
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pathway and silence the transcription of the differentiation factor bam (Jiang et al. 2008), and the 

expression of transcriptional regulator stwl to epigentically regulate differentiation genes 

(Maines et al. 2007).  

Differentiation of GSCs into a cystoblast in oogenesis requires the expression of the gene 

bam (Chen and McKearin 2003) that is sufficient and necessary to promote GSC differentiation 

(Mckearin and Spradling 1990; Ohlstein and Mckearin 1997). The protein product of another 

gene, benign gonial cell neoplasm (bgcn), interacts with and localizes bam to initiate GSC 

differentiation into oocytes (Lavoie et al 1999). The regulation of this differentiation process is 

very precise, as rapid asymmetric differentiation into the cystoblast occurs one cell diameter 

away from the GSC ‘niche’ (Chen and McKearin 2003).  

The precise regulation of these GSC maintenance and differentiation genes; and the 

importance of timely production of gametes critical for reproduction might suggest that the 

whole pathway of genes involved in GSC maintenance and differentiation would be under strong 

purifying selection. Consistent with this prediction, early studies of the GSC maintenance factor 

decapentaplegic (Dpp) was found to be highly conserved among Drosophila species (Newfeld et 

al. 1997; Richter et al. 1997). More recent studies, however, have shown that two of the key GSC 

differentiation genes, bam and bgcn, are rapidly evolving due to positive selection for amino acid 

diversification in D. melanogaster and D. simulans (Civetta et al. 2006; Bauer DuMont et al. 

2007). Further sampling of eight additional GSC regulating genes rejected at least one test of 

neutrality for all eight genes (Flores et al. 2015) suggesting the GSC system, like other 

“downstream” genes involved in reproductive, is also frequently targeted by positive selection.  

The focus of my dissertation was to expand on these initial population genetic studies of 

GSC genes, focusing on the extent of the adaptive evolution across the GSC system and testing 
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possible selective drivers of the GSCs. One possible selective driver of positive selection for the 

GSC regulating genes has been posited to be evolutionary conflicts between germline parasites 

such as Wolbachia pipientis (Werren et al. 2005; Bauer DuMont et al. 2007) and the insect host 

GSCs. Both D. melanogaster and D. simulans, the two Drosophila species showing positive 

selection for several of their GSC regulating genes, are known to be infected with W. pipientis 

(Mateos et al. 2006). Across the Drosophila genus, infection by W. pipientis is heterogeneous, 

with many species lacking evidence for current infections.   

D. ananassae has been reported to be infected with W. pipientis (Mateos et al. 2006) and 

thus drew my attention for further study with regard to evidence of natural selection acting on 

GSC genes. In Chapter 2, I examined the population genetics of seven GSC regulating genes 

including bam and bgcn in D. ananassae. As bam and bgcn showed evidence of positive 

selection in D. melanogaster and D. simulans, under the W. pipientis-GSC coevolutionary arms 

race hypothesis I expected those two genes to be under positive selection in D. ananassae. 

Additionally, in order to determine the period of evolutionary conflict between W. pipientis and 

its host, the infectious history between W. pipientis and its host D. ananassae was compared to 

that of D. melanogaster and D. simulans resident W. pipientis.  

I found that while these three Drosophila species have comparable ages of current 

infection, D. ananassae did not show the same patterns of positive selection as observed in the 

other two species. Specifically only one gene stwl was under recurrent and recent adaptive 

evolution while bam and bgcn did not reject tests of neutrality for D. ananassae. These results 

suggested that different selective drivers could be acting on the GSCs for different Drosophila 

species. They also underscore the challenge to such comparative genomic hypotheses testing of a 

putative evolutionary pressure from an infectious pathogen, since recent infections can eliminate 
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any evidence of prior infections the estimated duration of infection is limited to the most recent 

infection.  Thus, it is possible that D. ananassae lineage has been subjected only to its current 

relatively recent infection, while the D. melanogaster and D. simulans sister lineages may have 

had numerous earlier waves of W. pipientis infection, and thus sufficient time to have resulted in 

the signatures of long-term positive selection observed for bam and bgcn in those two species. 

But I cannot test this alternative hypothesis, and can only state the current patterns of infection 

and positive selection that I observed do not support W. pipientis infection as a simple 

generalized driver of positive selection at bam and bgcn across the genus Drosophila. 

Previous population genetics studies of the GSC (including Chapter 2) were limited in 

that only a handful of GSC regulating genes was examined. In order to examine the extent of 

adaptive evolution occurring across the GSC system, it was necessary to study the molecular 

evolution of an almost complete set of genes involved in the GSC development. Thus in Chapter 

3, using available population genomics data from D. melanogaster and comparative genomic 

data from various species within the melanogaster group, I examined both recent and long term 

evolution of GSC regulating genes identified from a genome-wide high throughput screen (Yan 

et al. 2014). Patterns of evolution within the GSC system was contrasted to another stem cell 

system, the neural stem cell (NSC), also identified from a genome-wide high throughput screen 

(Neumüller et al. 2011). The molecular evolution of GSC and NSC system was then compared to 

a carefully selected random group of genes assuming they represented the genomic rate of 

evolution. Results showed that both GSC and NSC systems were significantly enriched for genes 

with evidence of recent selective sweeps, however, there was no enrichment for genes with 

evidence of recurrent adaptive evolution compared to a random group of genes. Based on this 

study I concluded that stem cell regulatory genes in the germline and neural system are regular 
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targets of adaptive evolution, and both systems have undergone a recent increase in selective 

pressures for adaptive evolution. 

Although my comparative analysis did not provide evidence for W. pipientis as a general 

driver of positive selection on GSC genes such as bag of marbles, other data suggest this 

hypothesis still deserves consideration.  For example, a recent Drosophila germline tropism 

study demonstrated conserved localization of various W. pipientis strains within its host 

germarium across diverse Drosophila species (Toomey et al. 2013). This tight interaction 

between W. pipientis and its host germline appears consistent with the evidence of the 

manipulation of host reproduction observed for many species of insects, which could contribute 

to positive selection on GSC regulating genes in at least some species. Thus, a closer 

examination of the infecting W. pipientis could lead to interesting evolutionary dynamics 

between W. pipientis and its host. 

W. pipientis infection across D. ananassae is interesting due to its wide geographic range 

of infection (Chapter 2) despite a strong population structure within its host (Schug et al. 2007). 

In addition, D. ananassae has evidence of a whole W. pipientis genome that had laterally 

transferred into its host nuclear genome (Dunning Hotopp et al. 2007; Klasson et al. 2014). Thus, 

in Chapter 4 I have conducted an evolutionary genomic analysis of the infectious and integrated 

W. pipientis genomes segregating within D. ananassae.  Population genomic analysis of eight 

infectious and seven integrated W. pipientis genomes showed drastically different genomic 

characteristics and evolutionary histories. Most striking was the evidence of duplications within 

the integrated W. pipientis genome, where the majority of the integrated W. pipientis genome had 

at least two copies existing in the D. ananassae nuclear genome. Further, the integrated W. 

pipientis genome had accumulated many mutations that are predicted to be deleterious in a 
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functional infectious W. pipientis genome. Thus, the integrated W. pipientis genome had become 

a large pseudogenome after integrating into the host genome, but despite this non-functionality it 

was able to spread across a wide geographic distribution through an unknown mechanism.   
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1Chapter 2. The Coevolutionary Period of Wolbachia pipientis Infecting Drosophila 

ananassae and its Impact on the Evolution of the Host Germline Stem Cell Regulating 

Genes 

 

2.1 Introduction 

 

Endosymbionts are organisms that reside inside its host and have effects that range from 

parasitism to mutualism (Dale and Moran 2006). A common mode of transmission for these 

symbionts involves vertical transmission where it is passed down from the host to its progeny 

(Werren and O’Neill 1997). Since these heritable symbionts are transmitted from one cytoplasm 

to another they are mainly found in female reproductive organs to ensure maximum transmission 

of themselves to the hosts’ offspring (Buchner 1965). Traditionally, heritable endosymbionts 

were thought to be mutualistic with their host because any deleterious harm that caused to its 

host would result in decreased transmission of the symbionts as well (Fine 1975). However, there 

are numerous cases of the endosymbiont being parasitic and controlling the hosts’ reproduction 

for its own benefit (Engelstädter and Hurst 2009). Hence these endosymbionts that manipulate 

the hosts’ reproductive system are called reproductive parasites. 

Reproductive parasites have a strong interest in localizing at the host reproductive tract 

for their own transmission because here they are predicted to be able to manipulate the host 

germline (Werren 2005). In the developing embryo of its host, for example, studies have shown 

cases where the reproductive parasites localize in developmental regions that later differentiate 

                                                           
1 Choi JY and Aquadro CF. 2014. The Coevolutionary Period of Wolbachia pipientis Infecting Drosophila 
ananassae and its Impact on the Evolution of the Host Germline Stem Cell Regulating Genes. Mol Biol Evol. 
31(9):2457-71. 
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into reproductive tracts (Kose and Karr 1995; Ferree et al. 2005). In other cases the reproductive 

parasite could directly select against uninfected Germline Stem Cells (GSCs) for elimination and 

favor the transmission of infected GSCs (Werren 2005). Thus a conflict would then arise 

between the host GSC and reproductive parasites. 

Types of reproductive parasites can range from genetic elements such as transposable 

elements and meiotic drivers, to heritable microorganisms and organelles (Werren 2011). 

Wolbachia pipientis an alpha-proteobacteria is one of the most successful reproductive parasites 

that is estimated to infect up to 66% of all insect species (Hilgenboecker et al. 2008). The ability 

of W. pipientis to infect a wide range of arthropods is thought to be due to its ability to 

manipulate the hosts’ reproductive ability (Werren et al. 2008) and behavior (de Crespigny et al. 

2006) to ensure maximum transmission through the female lineage.  Evidence of W. pipientis 

infection is heterogeneous among Drosophila species (Mateos et al. 2006) suggesting that each 

host has had a unique evolutionary interactions with the reproductive parasite. However, assays 

of a simple absence or presence of W. pipientis are not sufficient to understand the dynamics of 

the infection as it ignores the duration of the W. pipientis infection. One way to examine the age 

of an infection is to study the population genomics of resident W. pipientis reassembled from 

infected host genome sequences from population samples (Richardson et al. 2012; Chrostek et al. 

2013; Early and Clark 2013). However, studies sequencing only a few W. pipientis loci (rather 

than full genomes) failed to find sequence diversity among resident W. pipientis infecting 

different individuals sampled from natural populations (Guillemaud et al. 1997; James and 

Ballard 2000; Shoemaker et al. 2003; Dyer and Jaenike 2004), potentially due to a low rate of 

mutation for W. pipientis (Raychoudhury et al. 2009; Richardson et al. 2012; Early and Clark 

2013). An alternative approach then is to examine the host mitochondria DNA (mtDNA) 
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phylogeny because, like W. pipientis, it is also maternally inherited, yet accumulates 

substitutions at a faster rate. Thus analysis of mtDNA would give an indirect estimate of the 

infectious history of W. pipientis (Hurst and Jiggins 2005). A recent W. pipientis invasion would 

be predicted to have eliminated the mtDNA diversity of the host due to rapid fixation in the 

population of the mtDNA haplotype in linkage disequilibrium with the initial female infected 

with W. pipientis. After the W. pipientis (and hitchhiking mtDNA) sweep through the entire 

population, they will both accumulate mutations returning variability to levels present prior to 

the W. pipientis invasion. Estimating the Time to Most Recent Common Ancestor (TMRCA) of 

the mtDNA of a population infected with W. pipientis thus provides an indirect estimate of the 

time since the initiation of the most recent W. pipientis mediated mtDNA sweep. 

Interestingly within the Drosophila genus some of the Drosophila species that have 

diverged millions of years ago are infected with nearly identical W. pipientis strains. For 

example, the genome sequence of W. pipientis Riverside strain of D. simulans (wRi) (Hoffmann 

et al. 1986) has very little sequence divergence from the genome sequence of W. pipientis 

infecting D. ananassae (wAna) (Salzberg et al. 2005) and D. suzukii (Siozios et al. 2013), 

suggesting recent horizontal transfers of W. pipientis among the three host species. Although 

vertical transmission is the main mode of transmission for W. pipientis, occasional horizontal 

transfer between phylogenetically distant species occur through unknown mechanisms (Werren 

et al. 1995). Thus, the infectious history of W. pipientis in Drosophila is dynamic and the period 

of infection would be an important factor to consider when evaluating the potential for the 

coevolution of W. pipientis and its host. 

 Here we have investigated the coevolutionary history of D. ananassae and its resident W. 

pipientis. We compared the TMRCA for the current W. pipientis infecting D. ananassae to those 
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W. pipientis currently infecting D. melanogaster and D. simulans, two well-studied species that 

are also widely infected by W. pipientis. Additionally we have conducted a population genetic 

analysis of the molecular evolution of several key GSC regulating genes in D. ananassae. Like 

many other reproductive parasites, W. pipientis is predicted to have an antagonistic relation with 

the host germline by manipulating the host GSCs. For example, the parasitic wasp Asobara 

tabida shows an extreme case of manipulation where the elimination of W. pipientis with 

antibiotics halts the formation of mature oocytes in the host (Dedeine et al. 2001). In D. 

melanogaster, W. pipientis is able to suppress hypomorphic sex-lethal (Starr and Cline 2002) and 

bag-of-marbles (bam) (Flores 2012) mutations resulting in a significant increase in the hosts’ 

fecundity. Furthermore, W. pipientis in the species D. mauritiana directly manipulates the host 

GSC regulating system, ultimately resulting in a four-fold increase in fertility in infected 

individuals (Fast et al. 2011). Thus the manipulation caused by W. pipientis could lead to 

selective pressure on the host GSC to resist the manipulation, resulting in a coevolutionary arms 

race between the host GSC and W. pipientis.  

Previous studies have found two of the key GSC differentiation genes bam and benign 

gonial cell neoplasm (bgcn) under strong positive selection for amino acid change in D. 

melanogaster and D. simulans (Civetta et al. 2006; Bauer DuMont et al. 2007). Having a role in 

GSC differentiation for bam (McKearin and Spradling 1990) and bgcn (Gönczy et al. 1997), the 

evolutionary driver of selection on bam and bgcn was hypothesized to be a coevolutionary arms 

race between the host GSC and W. pipientis (Bauer DuMont et al. 2007). Due to the strong 

evidence of positive selection in bam and bgcn observed in D. melanogaster and D. simulans 

(Bauer DuMont et al. 2007), we examined the population genetics of bam and bgcn in D. 

ananassae because it is also known to be widely infected by W. pipientis (Mateos et al. 2006).  
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We also analyzed the population genetics of five other GSC regulating genes (nanos (nos), otefin 

(ote), pumillio (pum), stone-wall (stwl), and female-sterile-1-Yb (Yb)) that interact downstream or 

upstream of bam and bgcn (Xie 2012).  

Our phylogenetic results suggest that the current W. pipientis infection in D. ananassae 

was longer than D. melanogaster but shorter compared to the infections in D. simulans. As a 

result of this infectious period for wAna, we suggest the recent introduction of what is called the 

wRi strain of W. pipientis found to be rapidly spreading across several D. simulans populations 

within the past several decades, had its origins as a horizontally transferred wAna strain that was 

infecting D. ananassae. Our population genetic results of D. ananassae GSC regulating gene 

contrasts D. melanogaster and D. simulans where despite the potentially long period of infection 

in D. ananassae (at least longer than the current D. melanogaster infection), no significant 

evidence of positive selection was detected for the genes bam and bgcn while evidence of 

positive selection was observed for the genes pum and stwl. Our population genetic results thus 

do not support a simple W. pipientis conflict hypothesis causing adaptive evolution at bam and 

bgcn in all species of Drosophila, and reinforce that multiple sources of selection likely explain 

the heterogeneous pattern of positive selection observed for several important GSC proteins. 

 

2.2 Materials and Method 

 

2.2.1 Analysis of W. pipientis genomic and D. ananassae mitochondria sequences. 

 We would like to follow the convention of Lo et al. (2007) and designate all Wolbachia 

infecting D. ananassae as the species W. pipientis. In order for consistency with previous W. 

pipientis studies we designate the W. pipientis infecting D. ananassae as wAna (Salzberg et al. 
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2005). Worldwide samples of isofemale D. ananassae lines were obtained from A. Kopp. The 

sample identifier name and location are: Apia77 (Samoa); BKK13 (Bangkok, Thailand); 

Cebu111D (Cebu, Philippines); D38 (India); EZ104 (Ethiopia); GB1 (Mauritius); HNL0501 

(Oahu, USA); Jarkarta (Jarkarta, Indonesia); KMJ1 (Japan); NAN84 (Japan); NOU83 (Noumea, 

New Caledonia); OGS-98K1 (Japan); PNP1 (Phnom Pen, Cambodia); PPG90 (Pago pago, 

Samoa); RC102 (Rwanda); Samoa2 (Samoa); Samoa3 (Samoa); TB43 (Trinity Beach, 

Australia); TBU3 (Tonga); TBU136 (Tonga); TBU247 (Tonga); TI8 (Thursday Island, 

Australia); Vau150 (Vava’u, Tonga). Stocks of D. atripex and D. bipectinada were obtained 

from the Drosophila species stock center.  

Diversity of W. pipientis in D. ananassae was first examined by genotyping five 

conserved genes (gatB, coxA, hcpA, ftsZ, fbpA) designed by the MLST procedure (Baldo et al. 

2006). The MLST genes are mostly used for W. pipientis interspecific strain identification and 

have weak power in identifying intraspecific variation (e.g. Atyame et al. 2011), thus an 

additional 4 genes were also examined: DNA mismatch protein: mutL (WwAna1612), ankyrin 

genes: ank1 (WwAna0563), ank3 (WwAna0805), phage related gene: phage terminase large 

subunit gpA (WwAna1570). Primers for the genes mutL, ank1, ank3, and gpA were designed 

using the genomic sequence of wAna (Salzberg et al. 2005). Also the wsp gene traditionally used 

for the identification of W. pipientis was sequenced using the wsp primers designed by Baldo et 

al. (2005). To avoid amplification of W. pipientis genes that have integrated into the D. 

ananassae genome (Hotopp et al. 2007), all D. ananassae were fed 200μg/ml of tetracycline for 

3 generations to cure them of W. pipientis. Previous study has shown 200μg/ml is enough to 

completely cure of W. pipientis in Drosophila even after 1 generation of application (Osborne et 

al. 2012). 
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Conserved mitochondrial primers designed from the study Simon et al. (1994) were used 

to sequence the genes CO1, CO2 and CytB in all 3 species. DNA was extracted from adult flies 

using the Puregene Core Kit A DNA isolation kits (Qiagen). Sequencing was performed at 

Cornell University Life Sciences Core Laboratories Center 

(http://cores.lifesciences.cornell.edu/brcinfo/?p=about) using ABI chemistry and Applied 

Biosystems Automated 3730 DNA Analyzer. All regions of the genes were sequenced at least a 

2X coverage with sequence editing and assembly conducted using the program Sequencher 5.0 

(Gene Codes). The D. ananassae mitochondria genome assembled from the study Montooth et 

al. (2009) was also incorporated into our study.  Stop codons were removed and sequence 

alignment was conducted in the program MEGA5 using the algorithm MUSCLE.  All 3 genes 

were concatenated into one supergene and only the 3rd position of the codon was used for further 

phylogenetic analysis. 

Maximum-likelihood (ML) and Bayesian Inference (BI) methods of phylogenetic 

reconstruction on D. ananassae mitochondrial sequences were conducted using the programs 

RAxML7.4.2 (Stamatakis 2006) and MrBayes 3.2.1 (Ronquist et al. 2012) respectively. The user 

friendly version of RAxML, raxmlGUI interface (Silvestro and Michalak 2012) was used to set 

the initial parameters for the ML phylogenetic trees. A general time reversible model with rate 

heterogeneity following a gamma distribution (GTR + G) was used for the DNA substitution 

matrix. The reconstruction of the phylogeny was conducted with the ML + thorough bootstrap 

option (-f b in RAxML) with runs = 100 and bootstrap = 1000. This setting selects the best ML 

tree generated by 100 ML based optimization from a 100 different starting tree generated by 

randomized Maximum Parsimony. Confidence of the tree was assessed by generating 1000 

nonparametric bootstrap runs, which were subsequently drawn on the best scoring ML tree found 
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from the initial 100 runs. For BI phylogenetic tree the GTR + G (lset nst = 6 rates = gamma in 

MrBayes) model was implemented with chains running for 5 million generations and sampling 

every 500 generations using the program MrBayes. At the end of the run the standard deviation 

of the split frequencies were less than 0.01 and Potential Scale Reduction Factor was close to 

1.0.  The first 25% of the sampled generations were discarded as ‘burn-in’ before summarizing 

the tree and branch length information. All trees were displayed using the program FigTree ver 

1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). 

To estimate the potential time of W. pipientis invasion we estimated the coalescent time 

of all D. ananassae mitochondrial haplotypes using the program BEAST 1.8.0 (Drummond et al. 

2012). Since mitochondria and W. pipientis are in linkage disequilibrium with each, other the 

initial invasion would lead to a selective sweep of mitochondrial variation from the population. 

Analyses were conducted assuming the HKY + G model of DNA substitution. A strict molecular 

clock was enforced using the D. melanogaster mitochondrial mutation rate estimated from the 

study Haag-Liautard et al. (2008) (6.2 x 10-8 mutations per site per fly generation). Analyses 

were run with 50 million generations and 25% of the initial chains were discarded as ‘burn-in’ 

before analysis. The program Tracer 1.5 (http://tree.bio.ed.ac.uk/software/tracer/) was used to 

check for convergence of chains and the effective sample size for all parameters were higher 

than 200. 

 

2.2.2 Analysis of D. ananassae GSC population genetics 

D. ananassae has a high degree of population structure and the ancestral population is 

estimated to originate from South-east Asia (Das et al. 2004). For the GSC population genetic 

analysis D. ananassae population samples from this ancestral population (Bangkok (BKK), 
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Thailand; Bogor (BOG), Indonesia) provided by M. Schug were used. For a close outgroup 

sequence, D. atripex provided by M. Schug, was used to sequence D. atripex GSC genes using 

primers designed from the D. ananassae genome sequence (Assembly August 2005; 

http://genome.ucsc.edu/). A third distant outgroup sequence was obtained using the genome 

sequence of D. bipectinada provided by the Baylor College of Medicine Human Genome 

Sequencing Center website (http://www.hgsc.bcm.tmc.edu). The majority of the coding regions 

were sequenced for all seven genes. Large intron regions that were difficult to sequence due to 

indel polymorphisms were avoided. Due to incomplete annotation of the pum gene in D. 

ananassae, the 3’ end of the gene was only sequenced for both D. ananassae and D. atripex. In 

Yb the full coding region was sequenced in D. ananassae while only the 5’ half of the gene 

could be sequenced in D. atripex. In D. bipectinada a reliable sequence homologous to the D. 

ananassae Yb gene could not be found nor computationally annotated. 

DNA extraction and sequencing protocols were conducted under the same protocol as 

previously reported in our W. pipientis and D. ananassae mitochondrial phylogeny section. 

Heterozygous sites were dealt by estimating the phase of the sequences using the program 

PHASE version 2.1 (Stephens et al. 2001). One of the haplotypes estimated by the program for 

each line was then randomly selected for further analysis. 

 Sequence alignment was conducted in the program MEGA5 (Tamura et al. 2011) using 

the algorithm MUSCLE (Edgar 2004). Population genetic analysis was conducted using the 

program DnaSP version 5 (Librado and Rozas 2009) to calculate population genetic statistics θw 

(Watterson’s theta), π (average pairwise difference), and K (interspecific divergence). Population 

structure was measured using DnaSP by calculating the population differentiation statistics FST 

(Lynch and Crease 1990). 
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2.2.3 Method to detect evidence of selection on synonymous sites 

Selection on synonymous sites was examined using a divergence based method 

developed by DuMont et al. (2004) (cftest) which estimates the effective number of preferred 

and unpreferred sites and changes for a gene. Similar to the method of Nei and Gojobori (1986), 

which estimates the number of nonsynonymous and synonymous sites, the cftest reconstructs a 

parsimonious ancestral sequence which is then estimated for the effective number of preferred 

and unpreferred sites. Afterwards the lineage specific number of preferred and unpreferred fixed 

differences per preferred and unpreferred sites can be compared using a standard 2X2 

contingency table test. Due to evidence of species within the melanogaster subgroup having 

conserved codon usage (Vicario et al. 2007) the codon usage table of D. melanogaster (Shields 

et al. 1988, Akashi 1995) was used to determine the preference of codon usage in D. ananassae. 

 

2.2.4 Method to detect evidence of recent positive selection 

To detect recent evidence of selective sweeps, methods that analyze the DNA variation 

within a population was used. Test of neutrality using the derived site frequency spectrum (Fay 

and Wu’s H; Fay and Wu 2000) was conducted using DnaSP. As a proxy for the neutral 

frequency spectrum only the 3rd codon position was used as the data. Significance of the Fay and 

Wu’s H value was evaluated using the coalescent simulator of DnaSP under conditions of 

recombination. Since the recombination rate of D. ananassae is not known for every gene, 

DnaSP was used to estimate the recombination parameter R (= 4Nr) where N is the population 

size and r is the recombination rate per sequence. Further analysis of detecting recent selective 

sweep was conducted using the population genetic model of Kim and Stephan (2002) (CLSW). 
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CLSW compares the maximum likelihood estimate of a selection versus neutral model using the 

observed unfolded site frequency spectrum and spatial distribution of the polymorphisms. 

Significance of the likelihood ratio score was determined by comparing it to a simulated 

distribution of likelihood ratios generated from a 1000 neutral simulations with identical 

mutation rate θ (4Neμ) and recombination rate R (4Ner) of the candidate gene. Candidate GSC 

genes that rejected the neutral model (p-value < 0.05 after multiple test correction) were further 

evaluated by the goodness-of-fit (GOF) test (Jensen et al. 2005). The GOF value of the candidate 

gene with evidence of selective sweep was compared to GOF values obtained from a 1000 

datasets generated under a selection scenario.  

 

2.2.5 Methods to detect evidence of long term positive selection 

Deviation from neutrality was also assessed using the McDonald and Kreitman (MK) test 

(McDonald and Kreitman 1991). The MK test detects evidence of long term recurrent positive 

selection on nonsynonymous sites by comparing the ratio of polymorphism to divergence of 

nonsynonymous sites to synonymous sites (neutral reference). To estimate the direction of 

selection a variant of the neutrality index (Rand and Kann 1996) named Direction of Selection 

(DoS) (Stoletzki and Eyre-Walker 2011) was used. DoS values are positive under positive 

selection, zero under neutrality, and negative when slightly deleterious mutations are 

segregating. 

A second approach to detect evidence of long term positive selection was that of Eyre-

Walker and Keightley (2009), an extension from the method of Keightley and Eyre-Walker 

(2007) implemented in the server http://lanner.cap.ed.ac.uk/~eang33/dfe-alpha-server.html. This 

method estimates the proportion of nonsynonymous sites in the GSC regulating genes that were 
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fixed by positive selection (α). Assuming all newly arising nonsynonymous polymorphisms to be 

strongly deleterious, the site frequency spectrum of the observed data can be used to estimate the 

fitness (distribution of fitness effect) of those newly arising deleterious mutations. A neutral 

reference set from the observed data (i.e. synonymous site) is used to jointly infer a past 

instantaneous change in the population size. Estimates from the distribution of fitness effect are 

then used to estimate the expected proportion of fixed difference between two species that are 

neutral. α is then measured as the difference seen between the expected and observed fixed 

differences. To exclude the difference in effective population size and consequently different 

evolutionary history between the autosome and X chromosome, only the autosomal genes (bam, 

bgcn, nos, pum, and stwl) were used for this part of the analysis. The population genetic dataset 

from the study Grath et al. (2009) was also analyzed as a comparison. The folded site frequency 

spectrum for zero fold degenerate sites was used as the selected sites whereas the four fold 

degenerate sites were used for the neutral sites. Since the outgroup D. atripex was not a 

population dataset, mutations segregating as polymorphisms within the outgroup will be falsely 

treated as fixed differences. To mitigate the bias in segregating polymorphisms in the outgroup 

sequence the method of Keightley and Eyre-Walker (2012) was used to eliminate 

polymorphisms in estimates of fixed differences between the two species. Confidence Intervals 

(CI) were obtained by 220 bootstrap sampling by locus.  

 

2.2.6 Correcting for multiple hypothesis comparisons  

 Multiple hypothesis correction was done using the False Discovery Rate (FDR) 

procedure described by Benjamini and Hochberg (1995) using the p-values from all analyses that 

required a hypothesis testing (Fisher’s exact test for cftest result; simulated distribution for Fay 
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and Wu’s H, CLSW test, and GOF test; Fisher’s exact test for MK test). 

 

2.3 Results 

 

2.3.1 Phylogenetics of W. pipientis in D. ananassae    

The evolutionary history of the wAna strain of W. pipientis currently infecting D. 

ananassae populations was evaluated by examining 10 wAna loci distributed evenly across the 

wAna genome, in 23 isofemale lines of D. ananassae from 17 different geographical locations 

around the world (Figure 2.1). PCR amplification of D. ananassae DNA from each line prior to 

antibiotic treatment revealed that 83% of these lines had positive evidence for W. pipientis 

infection (Apia77, NOU83, PPG90, Samoa3 had negative PCR results). This suggests a world-

wide prevalence of W. pipientis in the D. ananassae population. Despite the wide geographical 

range of wAna infection we found almost no sequence polymorphism across the ~7200 bp of 

DNA sequenced, excluding the W. pipientis sequence from strain Samoa2 (discussed below). 

The only variants found were the gene mutL at site 997 and gene hcpA at site 205 both with a 

G/T heterozygous polymorphism for wAna that infected D. ananassae strain D38, and gene 

mutL at site 336 with an A/G heterozygous polymorphism for wAna that infected D. ananassae 

strain PNP1. 

 Due to prior evidence of a whole wAna genome integration into the D. ananassae 

chromosome (Hotopp et al. 2007), tetracycline treated flies were also examined for wAna genes 

to distinguish PCR amplification of bacterial wAna genome versus the integrated genome. 

Almost half of the D. ananassae isofemale lines (RC102, 111DCebu, HNL0501, KMJ1, GB1, 

TBU146, TBU247, OGS98-K1, and VAU150) were infected with wAna based on a lack of PCR 
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Figure 2.1 W. pipientis gene PCR results on worldwide D. ananassae before (No Tet) and after (3X Tet) antibiotic treatment. 
(+) indicates a positive PCR result while (–) indicates a negative PCR result.
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amplification of W. pipientis genes after tetracycline treatment (Figure 2.1). Strains for which 

wAna genes still amplified after tetracycline treatment (EZ104, D38, BKK13, PNP1, TB43, TI8, 

TBU3, and Jarkarta) presumably have an integrated wAna genome (Figure 2.1). However it 

should be noted that although treatment with tetracycline allows detection of wAna genes 

originating from the integrated genome, this approach cannot determine whether strains with an 

integrated genome also had a wAna infection. In accordance with Hotopp et al. (2007) we have 

also observed almost a complete absence of polymorphism between the wAna genome and the 

integrated wAna genome. However our study includes a broader sample of worldwide D. 

ananassae population suggesting the integrated genome has recently spread to a very wide 

geographic range.  

The two genes with polymorphism before tetracycline treatment in D38 were still 

segregating as heterozygous sites in flies treated with tetracycline. This suggests that the 

integrated genome in this isofemale line has accumulated mutations in both genes and is now 

heterozygous.  In the PNP1 isofemale line, tetracycline treatment reveals that the integrated gene 

had a variant fixed for A whereas prior to treatment, this line was polymorphic for A and G.  

Since the reference wAna genome is fixed for G, this result suggests that PNP1 is likely to be 

infected with wAna that has the G variant but also has an integrated genome that had 

accumulated mutation and is now fixed with the A variant. These three segregating 

polymorphisms thus all appear to represent mutations that occurred in the integrated genome 

after it had inserted into the host, thus representing the D. ananassae host’s mutation rate rather 

than that of the infectious W. pipientis.  

 D. ananassae isofemale line Samoa2 amplified for some but not all W. pipientis wAna 

PCR primers (those for mutL, ank1, ank3, and gpA did not amplify; Figure 2.1) suggesting a 
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divergent strain of W. pipientis was present in this line. BLAST nucleotide search of the 5 MLST 

gene sequences from Samoa2 against nucleotide databases indicated it did not originate from 

wAna but matched other W. pipientis MLST genes from different hosts with high identity 

(>95%). However, a completely identical sequence could not be found, suggesting that the W. 

pipientis infection in Samoa2 is a previously uncharacterized strain of W. pipientis. We have 

named this strain wAnaS for W. pipientis infecting D. ananassae Samoa2. The full genomic 

sequence and characteristics of wAnaS will be presented elsewhere. 

 

2.3.2 D. ananassae mitochondrial phylogeny 

 The near absence of polymorphism in the ~7200 bp of wAna sequence assayed is 

consistent with a recent invasion into the D. ananassae population. However, the lack of 

variability is also consistent with a very low wAna genomic mutation rate. Since the both 

mitochondria and W. pipientis are materially inherited, variation in each will be in linkage 

disequilibrium.  Thus, polymorphism within the faster evolving mitochondria DNA (mtDNA) 

could be used as an indirect inference for the history of W. pipientis invasion and spread within 

D. ananassae populations (following Hurst and Jiggins 2005). Thus, sequences from the 

mitochondrial genes CO1, CO2 and CytB were obtained from the same isofemale lines of D. 

ananassae that we had analyzed for W. pipientis. 

 The mtDNA phylogeny from all 23 isofemale lines was estimated by both maximum 

likelihood and Bayesian methods (Figure 2.2). The most distinguishing feature of the 

reconstructed D. ananassae mtDNA tree was the presence of two major clades. Since all four 

samples from the Samoan region (Apia77, PPG90, Samoa2, and Samoa3) grouped together we 

designated them as the S clade and differentiated it from the rest of the isofemale lines. The 
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Figure 2.2 Phylogenetic reconstruction of worldwide D. ananassae mitochondria using the 3rd codon position. Genealogy was 
inferred using maximum likelihood A) and Bayesian inference B). The reference mitochondrial genome sequence of D. ananassae 
(BK006336) was included in the tree and labeled as D. ananassae. The tree was midpoint rooted. Bootstrap values of >85% A) and 
probability of >0.85 B) are only shown on the node of the tree. Pentagon shape filled with black color represent D. ananassae strain 
infected with wAnaS. Mitochondrial haplogroups that are potentially in linkage disequilibrium with wAnaS are labeled as the S group. 
Pentagon shape with stripes indicate D. ananassae with the infectious wAna while pentagon shape filled with grey indicate D. 
ananassae strains with evidence of the integrated wAna genome but uncertain if they also have the infectious wAna (see text). Strains 
without pentagon shape have no evidence of wAnaS or wAna infection. The length of the scale bar for both tree represent the number 
of mutations per site.
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phylogeny had poor resolution in differentiating all D. ananassae mtDNA haplotypes, however 

branches with the highest support were for haplotypes in isofemale lines that carried the 

infectious wAna (Figure 2.2 A and B). A closer look at strains with the infectious wAna (Figure 

2.2 strains with striped pentagon) showed relatively deep branches that clearly differentiated the 

wAna-infected line mtDNA haplotypes from another. Of particular note, the mtDNA phylogeny 

did not have a star-like topology expected after a recent selective sweep.  

Monophyly was not seen for the infected versus uninfected strains. For example, the 

mtDNA haplotypes from four uninfected isofemale lines (APIA77, NOU83, PPG90, and 

Samoa3) grouped with the infected line haplotypes. Although it is possible these four lines 

simply have not yet been infected with W. pipientis, it is also possible that this pattern is due to 

the incomplete maternal transmission of W. pipientis suggested for D. melanogaster (Richardson 

et al. 2012; Early and Clark 2013).  The mtDNA haplotypes defining the S clade grouped with 

high statistical support (bootstrap value 100, Bayesian probability 1.0) with the clade itself 

having an increased divergence compared to other haplotypes. Since Samoa2 of this clade had 

evidence of wAnaS infection (Figure 2.2 strain labeled with black colored pentagon) the increase 

in divergence is likely to be due to a wAnaS mediated mitochondrial sweep. Although the 

isofemale Apia77, PPG90, and Samoa3 did not have any evidence of W. pipientis infection (or 

integration), the fact that they share a virtually identical mtDNA haplotype to that in Samoa2 

raises the possibility that all four lines had their mtDNA swept to fixation by a W. pipientis 

infection that was subsequently lost by lines Apia77, PPG90 and Samoa3.  

 The timing of the W. pipientis-induced mtDNA sweep through D. ananassae was inferred 

by estimating the Time to Most Recent Common Ancestor (TMRCA) of all mtDNA haplotypes. 

Although we have evidence of two separate invasions of W. pipientis (wAna and wAnaS) into D. 
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ananassae, we are unable to infer which invasion occurred first. Thus, we estimated the TMRCA 

of all mtDNA haplotypes to estimate the time of the first mtDNA sweep, and presumably the 

first infection by W. pipientis. Using the program BEAST and assuming a rate of mutation for 

mtDNA of 6.2 × 10-8 substitutions/site/generation (Haag-Liautard et al. 2008), we infer the 

median TMRCA for all D. ananassae mtDNA haplotypes at 2.1 × 105 generations, with 95% 

highest posterior density interval (HPD) ranging from 1.4 × 105 to 3.0 × 105 generations.  Since 

wAna infection is more prevalent world-wide (Figure 2.1), the TMRCA of mtDNA infected with 

the infectious wAna (Figure 2.2 strains labeled with striped pentagon) would represent the initial 

time point when wAna had invaded D. ananassae and spread throughout the worldwide range of 

this species.  We cannot rule out a scenario where wAnaS was the first W. pipientis infection in 

D. ananassae but was incompletely replaced by wAna. In this later case, the TMRCA of mtDNA 

with wAna infection would represent the minimum time D. ananassae have been infected with 

W. pipientis. The median TMRCA for wAna infected mtDNA was 1.1 × 105 generations (95% 

HPD from 6.9 × 104 to 1.5 × 105 generations).  

Of interest is how the age of infection for D. ananassae compares to those of other 

Drosophila species.  We thus used the same approach and program to estimate the TMRCA of 

mtDNA from D. melanogaster and D. simulans. Using only the coding sequence of the mtDNA 

genome obtained from the study of Ballard (2000), the median mtDNA TMRCAs were estimated 

at 7.9 × 104 generations (95% HPD from 5.2 × 104 to 1.1 × 105 generations) for D. melanogaster, 

and 8.8 × 105 generations (95% HPD from 7.5 × 105 to 1.0 × 106 generations) for D. simulans. 

Although our TMRCA estimates for D. melanogaster is based on only two mtDNA genomes 

from Ballard (2000), our estimate is similar to previous population genomic studies based on 

large numbers of D. melanogaster mtDNA genome sequences (Richardson et al. 2012; Early and 
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Clark 2013). Thus, the current infection of W. pipientis in D. ananassae appears to be roughly 

1.3 times older than that in D. melanogaster but only one eighth as long as for D. simulans. 

We then examined the site frequency distribution of the mtDNA since a recent selectively driven 

sweep caused by the spread of W. pipientis is predicted to skew the frequency distribution 

towards an excess of rare alleles (Simonsen et al. 1995; Fu 1997). However, after a W. pipientis 

mediated mtDNA sweep, the host mtDNA polymorphism is expected to recover to its 

equilibrium site frequency distribution over time (Dyer and Jaenike 2004). Tests of a fit of 

measures of the site frequency spectrum to expectations of an equilibrium neutral model failed to 

detect any skew in frequency for the full D. ananassae mtDNA dataset (Tajima’s D (Tajima 

1989) = -0.78, p = 0.28; Fu and Li’s D (Fu and Li 1993) = 0.53, p = 0.31). Even examination of 

just the mtDNA haplotypes from isofemale lines currently infected with wAna (Figure 2.2 strains 

labeled with striped pentagon) showed no departure from an equilibrium neutral model (Tajima’s 

D = -0.60, p = 0.30; Fu and Li’s D = -0.58, p = 0.33) . These results suggest that any maternally 

driven selective sweep of mtDNA occurred sufficiently long enough ago so that the nucleotide 

site frequency spectrum has now recovered back to equilibrium levels. 

 

2.3.3 Population genetics of several key Germline Stem Cell genes in D. ananassae 

 Given the potential for W. pipientis to manipulate the GSCs and reproduction of their 

host insect species, we examined levels and patterns of DNA sequence variation for seven GSC 

genes from two ancestral South East Asia populations of D. ananassae. Nucleotide 

polymorphism levels for these GSC genes (Table 2.1) were generally similar to those from 

previous studies of D. ananassae population (Das et al. 2004; Grath et al. 2009). Additionally, 

overall levels of polymorphisms were similar between the two populations. Population 
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Table 2.1 Polymorphism and divergence of germline stem cell regulating genes in D. 
ananassae BKK and BOG population.  
 
      Synonymous   Nonsynonymous   

Gene n S θ π KJC   θ π KJC Fst 
bam 

  
  

       BKK 14 8 0.0076 0.0094 0.326 
 

0.0003 0.0001 0.049 0.03 
BOG 9 9 0.0089 0.0095 0.320 

 
0.0007 0.0006 0.049 

 bgcn 
          BKK 13 101 0.0346 0.0368 0.289 

 
0.0017 0.0018 0.012 0.10 

BOG 10 96 0.0369 0.0375 0.294 
 

0.0012 0.0012 0.012 
 nos 

          BKK 14 42 0.0198 0.0154 0.260 
 

0.0022 0.0019 0.026 0.05 
BOG 5 16 0.0106 0.0111 0.253 

 
0.0011 0.0009 0.026 

 ote 
          BKK 14 64 0.0482 0.0548 0.244 

 
0.0053 0.0052 0.033 -0.05 

BOG 4 44 0.0454 0.0431 0.226 
 

0.0040 0.0039 0.034 
 pum 

          BKK 11 37 0.0267 0.0252 0.143 
 

0 0 0.005 - 
stwl 

          BKK 14 78 0.0229 0.0226 0.278 
 

0.0040 0.0031 0.082 0.12 
BOG 7 47 0.0178 0.0176 0.282 

 
0.0028 0.0023 0.082 

 Yb 
          BKK 10 103 0.0239 0.0216 0.470 

 
0.0039 0.0041 0.156 - 

Average 
          BKK - - 0.0262 0.0266 0.2872 

 
0.0025 0.0023 0.0520 - 

BOG - - 0.0239 0.0238 0.2748 
 

0.0020 0.0018 0.0404 - 
 
n, the sample size examined. S, the number of segregating sites. Θ, polymorphism measured as 
Watterson’s theta. π, polymorphism measured as average pairwise differences. KJC, average 
nucleotide difference between D. ananassae and D. atripex with Jukes-Cantor correction. FST, 
fixation index for measuring genetic differentiation between the BKK and BOG population. 
 



 

29 
 

differentiation between the two populations as measured by FST was less than that observed 

between an ancestral and nonancestral population of D. ananassae (Schug et al. 2007). Thus we 

considered the two populations as a single population for further population genetic analysis. The 

average GSC gene synonymous site divergence was only slightly elevated at 28% compared to 

the average synonymous divergence observed between D. ananassae and D. atripex of around 

20% from the study of Grath et al. (2009).  Nonsynonymous divergence was elevated for bam 

and stwl  (4.8% and 8% respectively)  which is more than twice the average nonsynonymous 

divergence of 2% seen between D. ananassae and D. atripex (Grath et al. 2009). For Yb both 

synonymous and nonsynonymous site divergences were elevated at 35% and 12% respectively.  

The elevated divergence in synonymous sites seen in D. ananassae (Table 2.1) raised the 

question of selection on synonymous sites. We examined evidence of selection on synonymous 

sites using a method (DuMont et al. 2004) that estimates the number of preferred and unpreferred 

sites and mutations that have fixed specifically along the D. ananassae lineage. Results showed 

significant evidence of selection on synonymous sites in the genes bgcn, ote, and stwl all in the 

direction of significantly favoring the fixation of preferred mutations (Table 2.2).  

Fay and Wu’s H (Fay and Wu 2000) was significantly negative only for the gene bgcn (Table 

2.3) indicating an excess of derived high frequency variants suggestive of a recent selective 

sweep. Analysis of variants using the CLSW method (Kim and Stephan 2002), only stwl and 

pum had a significantly better fit of a selection model versus the standard neutral model after 

multiple hypothesis correction. Interestingly, despite the significantly negative Fay and Wu’s H 

for bgcn, the CLSW method did not reject a neutral model. The maximum likelihood estimate of 

strength of selection (2Nes) was 95.62 for pum and 143.71 for stwl, and the putative targets of 

selection was estimated towards the 3’ end of the coding DNA sequence (CDS) that we have 
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Table 2.2 Number of synonymous preference sites and preferred and unpreferred 
mutations fixed along the D. ananassae lineage for each germline stem cell genes. 
 

Gene Number of 
Preferred sites 

Preferred 
Fixations 

Number of 
Unpreferred sites 

Unpreferred 
Fixations 

RP/U FDR p-value 

bam 76 16 140 12 2.46 0.087 

bgcn 146 25 563 17 5.67 5.206E-06
*
 

nos 60 6 148 14 1.06 1.000 

ote 66 6 165 2 7.50 0.046
*
 

pum 62 4 377 9 2.70 0.214 

stwl 106 21 409 14 5.79 2.535E-5
*
 

 
RP/U, ratio of preferred fixations over number of preferred sites to unpreferred fixations over 
number of unpreferred sites. Significance was determined by two-tailed Fisher’s exact test. 
Listed p-values are FDR corrected values for multiple hypothesis comparisons. * represent 
significant FDR corrected p-value < 0.05. 
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Table 2.3 Tests of equilibrium neutral model which could detect recent selective sweeps. 
 
      CLSW 

Gene  FW's H (FDR p-value)  LR value (FDR p-value)  alpha  X GOF-Sel (FDR p-value) 
bam  -0.925 (0.337) 

 
1.365 (0.518)  -  - - 

bgcn  -19.174 (0.016)
*
  8.375 (0.087)  -  - - 

BKK  -12.321 (0.056)  5.079 (0.337)  -  - - 
BOG  -12.267 (0.040)  3.440 (0.518)  -  - - 

nos   0.281 (0.542)  2.203 (0.649)  -  - - 
ote  -3.739 (0.335)  3.547 (0.446)  -  - - 
pum  0.927 (0.518)  5.995 (0.049)

**
  95.62 

 
2399 61.708 (0.526) 

stwl   -7.495 (0.047)  13.431 (0.010)
**

  143.71 
 

2178 -81.122 (0.518) 
BKK  -7.868 (0.049)  8.729 (0.047)

**
  42.22 

 
2408 64.791 (1.000) 

BOG  -7.286 (0.051)  7.158 (0.034)
**

  59.43 
 

2092 139.856 (0.335) 
Yb   0.356 (0.567)  2.466 (0.832)  -  - - 
 
FW’s H, H statistics from Fay and Wu (2000). LR, natural log likelihood ratio of selection 
versus neutrality as calculated by the method of Kim and Stephan (2002). alpha, the strength of 
selection measured by 2Nes. X, maximum likelihood position of the beneficial mutation where 
the position is based on the D. ananassae CDS. GOF-Sel, goodness of fit of the data to a 
selection model as calculated by the method of Jensen et al. (2005). P-values are FDR corrected 
values for multiple hypothesis comparisons and are listed in parenthesis. * represent significant 
two-tailed FDR corrected p-value < 0.025. ** represent significant one-tailed FDR corrected p-
value <0.05.  
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physically sequenced. Using the 2Nes estimates of pum and stwl, simulations were conducted to 

generate 1000 selection scenarios for each gene. The Goodness-Of-Fit (GOF) statistics (Jensen et 

al. 2005), which distinguishes positive selection from population demography, for pum and stwl 

were not significantly different from a simulated distribution of GOF statistics from 1000 

selection scenarios. Since both genes were not significantly different from a selection scenario, 

this suggested that the departures from an equilibrium neutral model for pum and stwl are not 

likely to be a false positive caused by a nonequilibrium demographic event.  

Although the FST for bgcn and stwl (Table 2.1) were within the average FST seen across 

neutral and mitochondrial genes between the ancestral BKK and BOG populations (Schug et al. 

2007; Schug et al. 2008) they were still the highest among the GSC regulating genes. This raises 

the possibility that the significant Fay and Wu’s H test and CLSW test results for bgcn and stwl, 

respectively, simply reflects population structure rather than selection. The two genes were thus 

reanalyzed for departures from neutrality in each population (BKK and BOG) separately (Table 

2.3). In the case of stwl both populations had a decreased strength of selection likely due to a 

decrease in sample size and subsequent loss in power to detect sweeps. However, for both 

populations the evidence of selection remained significant and the estimated position of the 

selective sweep was in a similar region to the combined population result. For bgcn neither BKK 

nor BOG had a significant Fay and Wu’s H and CLSW test.  

We used the McDonald and Kreitman (MK) test (McDonald and Kreitman 1991) to 

evaluate evidence of recurrent positive selection on amino acid sequences on the D. ananassae 

GSC regulating genes (Table 2.4). To exclude the effect of mildly deleterious mutations that 

have not been purged and segregate at low frequencies in the population, polymorphisms that 

segregate as singletons were excluded from both synonymous and nonsynonymous sites (MK 
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Table 2.4 MK test result for the germline stem cell regulating genes. 
 

Gene Dn Pn Ds Ps DoS FDR p-value 
bam 46 1 74 7 0.258 0.400 
bgcn 28 10 160 83 0.041 0.517 
nos 21 4 56 10 -0.013 1.000 
ote 26 12 51 45 0.127 0.261 
pum 6 0 54 24 0.100 0.335 

stwl 148 15 144 39 0.229  0.020
*
 

Yb 232 20 180 23 0.098 0.400 
 
Dn, number of fixed nonsynonymous changes between D. ananassae and D. atripex. Pn, number 
of nonsynonymous polymorphism within D. ananassae. Ds, number of fixed synonymous 
changes between D. ananassae and D. atripex. Ps, number of synonymous polymorphism within 
D. ananassae. DoS, Direction of Selection values (Stoletzki and Eyre-Walker 2011). 
Significance was determined by the two-tailed Fisher’s exact test. Listed p-values are FDR 
corrected values for multiple hypothesis comparisons. * represent significant FDR corrected p-
value < 0.05. 
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test results are qualitatively the same with singletons included, results not shown). Only stwl had 

a significant MK test result after multiple hypothesis corrections (Table 2.4) and the Direction of 

Selection (DoS) (Stoletzki and Eyre-Walker 2011) was positive. However, since stwl had 

evidence of selection on synonymous site (Table 2.2) a separate MK test was conducted by 

excluding synonymous changes that were potentially under selection (following Haddrill et al. 

2008). Synonymous sites that had changed from its ancestral preferred codon to a preferred 

codon or from an ancestral unpreferred codon to an unpreferred codon were assumed to be 

selectively neutral since the preference of the codon have not changed. Using synonymous sites 

that have not changed preference as a neutral reference stwl still had a significant MK test (p-

value = 0.007 after multiple hypothesis correction, DoS value = 0.305). 

 Long term positive selection across the combined GSC genes was measured by 

estimating the proportion of fixed nonsynonymous differences that have been driven by positive 

selection (α). An explicit population genetic model (Eyre-Walker and Keightley 2009; Keightley 

and Eyre-Walker 2012) was used to estimate α and the distribution of fitness effect of 

nonsynonymous mutations in the GSC regulating genes. As a comparison we have estimated the 

same population genetic parameters in genes with sex-biased expression in D. ananassae (sex-

biased genes listed in additional file 3 of the study Grath et al. 2009). Previous studies have 

shown this class of genes experiences positive selection on nonsynonymous sites (Pröschel et al. 

2006; Baines et al. 2008; Grath et al. 2009), and currently it is the only available D. ananassae 

population dataset with CDS information. Although Grath et al. (2009) have estimated α for the 

D. ananassae sex biased genes, the method we used incorporates a demographic model while 

jointly estimating α and the distribution of fitness on the nonsynonymous sites.  Table 2.5 shows 

the estimate of demography, α, and the distribution of fitness with its 95% CIs for both GSC 
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Table 2.5 Estimates of demography, fraction of adaptive substitution, and distribution of fitness effect on nonsynonymous sites. 
 
        Proportion of mutations in different selection intensity 
Dataset N2/N1 t/N2 α Nes = 0 – 1 Nes = 1 - 10 Nes = 10 - 100 Nes = 100 > 

GSC 0.45 (0.19 - 6.71) 6.28 (5 - 4681.86) 0.75 (0.45 - 0.85) 0.06 (0.02 - 0.09) 0.04 (0.01 - 0.20) 0.07 (0.01 - 0.53) 0.84 (0.20 - 0.96) 
Sex-biased 3.10 (0.35 - 10) 5.00 (5 - 189.18) 0.86 (0.51 - 0.99) 0.02 (<0.01 - 0.08) 0.10 (0.01 - 0.17) 0.42  (0.10 - 0.85) 0.46 (0.03 - 0.82) 
 
 
N2/N1, the estimated demography as the ratio of current and past population size. t/N2, the estimated time of demographic change 
scaled by the current population size (N2). α, proportion of nonsynonymous sites fixed by positive selection. Nes, strength of selection 
against newly arising mutations on nonsynonymous sites. 95% confidence intervals are shown in parenthesis.
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regulating genes and sex-biased genes. Both datasets show evidence of demography where the 

sex-biased genes indicate a population expansion while the GSC regulating genes a population 

bottleneck. However, the demographic estimates between the two datasets are not significantly 

different due to the overlapping CIs. For both sets of loci the predicted change in population size 

was estimated to be in the distant past, between 5N2 – 6.3N2 generations ago (where N2 = current 

effective population size).  

Estimates of α were high and significantly different from zero for GSC regulating genes 

where an estimated 75% of the fixed nonsynonymous sites were due to positive selection. With 

evidence of long term positive selection in the gene stwl from the MK test (Table 2.4), the 

majority of this 75% could be due to extensive positive selection at stwl. However, a reanalysis 

of the GSC dataset with stwl removed revealed that α was still high at 65%. In addition, even 

though none of the MK test results beside stwl were significant for the other GSC regulating 

genes, the DoS values were still positive for most of the genes (Table 2.4) and corroborates the 

high estimated α value (Table 2.5).  

The α of 75% for the total GSC dataset is comparable to α in sex-biased genes that also 

have evidence of adaptive evolution. Despite a large proportion of the fixed nonsynonymous 

sites were driven by positive selection the vast majority of newly arising deleterious mutations 

were strongly deleterious for both datasets (Nes > 10, where Ne, the effective population size and 

s, the intensity of selection against deleterious mutations). Differences in the distribution of 

fitness effect for the GSC regulating and sex-biased genes were seen in the extreme category 

where GSC regulating genes had higher proportions of its mutations in the extremely deleterious 

category (Nes > 100). Both datasets however, had similar proportions of its slightly deleterious or 

nearly neutral mutations (0 < Nes < 1) at 6% and 2% respectively.  
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2.4 Discussion 

 

2.4.1 The coevolutionary history between W. pipientis and D. ananassae 

Based on our analysis of phylogeny, population genetics, and estimates of TMRCA of 

mtDNA we conclude that W. pipientis has not recently invaded into D. ananassae. Schug et al. 

(2008) have shown that levels of FST in the mtDNA were comparable to X-linked nuclear data 

(Das et al. 2004). If W. pipientis had recently swept through the world-wide D. ananassae 

population it would have homogenized the mtDNA haplotypes leading to reduced levels of FST. 

Thus the comparable levels of FST in both mtDNA and nuclear genes of D. ananassae, which is 

known to have high genetic structure (Vogl et al. 2003; Das et al. 2004; Schug et al. 2007), 

further corroborates our inference that a significant amount of evolutionary time has passed since 

the last W. pipientis mediated mtDNA sweep. As theory predicts the frequency distribution of 

infected and uninfected mtDNA polymorphism to be similar after W. pipientis has swept through 

a population (Dyer and Jaenike 2004), future studies focusing on the mtDNA and nuclear 

polymorphisms of infected and uninfected D. ananassae would be valuable in confirming our 

results. 

It is intriguing how W. pipientis had managed to spread through the worldwide 

population of D. ananassae despite the strong geographical structuring (Vogl et al. 2003; Das et 

al. 2004; Schug et al. 2007) and assortative mating preference (Schug et al. 2008) observed in the 

host. One possibility stems from the observation that the TMRCA of the worldwide 

mitochondria at 21,000 years (assuming 10 generation per year for D. ananassae) which 

coincides with the time when rising sea levels had begun to geographically isolate the ancestral 
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population of D. ananassae (Das et al. 2004). This geographic event prompted the division of the 

ancestral populations and subsequent migration into the peripheral and South Pacific locations. 

We hypothesize then W. pipientis had swept through the ancestral population of D. ananassae 

and these infected populations subsequently colonized the peripheral and South Pacific regions 

ultimately leading to a worldwide infection status for D. ananassae. 

The lack of polymorphism we see at the wAna genes surveyed for 9 infected lines of D. 

ananassae might suggest a more recent sweep of wAna through the species. However it is 

probably due to the low rate of mutation for W. pipientis (Raychoudhury et al. 2009; Richardson 

et al. 2012; Early and Clark 2013).  

Other Drosophila species such as D. innubila (Dyer and Jaenike 2004), D. quinaria 

(Dyer et al. 2011), and D. simulans (Ballard 2004) also have evidence of long-term association 

with its resident W. pipientis. This contrasts with phylogenetic studies that have shown a general 

discordance between the arthropod infecting W. pipientis phylogeny and the host phylogeny, 

indicating frequent horizontal transfer and transient coevolutionary periods between W. pipientis 

and its arthropod hosts (Baldo et al. 2006; Baldo and Werren 2007). However, as we and others 

have shown, it is possible for W. pipientis to have a stable infection with its host. 

 

2.4.2 D. ananassae mtDNA phylogeny 

 Our mitochondrial phylogeny results contrast with those of Schug et al. (2008) who 

suggested the South Pacific populations (Apia, Thursday Island, and Trinity Beach) were 

ancestral to all other D. ananassae population. Their inferences were based on the South Pacific 

population having a basal mitochondrial haplotype and mate choice experiments showing strong 

preference of mating. We hypothesize two possible scenarios for the discrepancy: 1) with 
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evidence of the newly identified wAnaS variant from our study, it is possible the South Pacific 

population mtDNA represent divergent lineages that were in linkage disequilibrium with the 

wAnaS sweep; or 2) it is possible that the original D. ananassae ancestral population in central 

Southeast Asia (Vogl et al. 2003; Das et al. 2004; Schug et al. 2007) had an incomplete W. 

pipientis sweep. Here some of these uninfected ancestral D. ananassae would have escaped the 

invasion and colonized regions in the South Pacific area. The basal haplotypes of the South 

Pacific population would then represent ancestral mitochondrial haplotypes that have not been 

affected by W. pipientis. 

Our incomplete W. pipientis sweep hypothesis, however, may conflict with previous 

studies of W. pipientis invasion since an initial introduction of W. pipientis usually results in the 

rapid spread throughout the population, and ultimately causing high frequency of the infection 

(Turelli and Hoffmann 1995; Kriesner et al. 2013). If W. pipientis population had invaded the 

ancestral D. ananassae population it should have led to a complete W. pipientis sweep. However, 

an incomplete W. pipientis sweep is possible if there are biogeographical barriers or potential 

host factor that confers resistance to the W. pipientis invasion (Dean et al. 2003). Both of our 

samples from Thursday Island and Trinity Beach have evidence of mtDNA sequences that are 

phylogentically related to the infected mtDNA haplotype (Figure 2.2). Since W. pipientis 

mediated mitochondrial sweeps can lead to false phylogenetic inferences (Hurst and Jiggins 

2005) we conclude that the difference in mtDNA phylogeny from Schug et al. (2008) are mainly 

due to our analysis of D. ananassae samples that have had a W. pipientis mediated mitochondrial 

sweep. 
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2.4.3 W. pipientis has potentially horizontally transferred from D. ananassae into D. 

simulans 

 

D. simulans is infected by several diverse strains of W. pipientis infection (Merçot and 

Charlat 2004) and results from previous studies have suggested that D. simulans has been 

infected with W. pipientis for a significant period of time (Ballard 2000; Ballard 2004; Dean and 

Ballard 2005). One of the W. pipientis strains infecting D. simulans, named wRi, is the most 

common and detected in every continent of the world (Ballard 2004). The identical mtDNA 

haplotypes in worldwide D. simulans stocks infected with wRi suggests a single and recent 

origin and spread (Hale and Hoffmann 1990; Turelli and Hoffmann 1995; Ballard 2004; Kriesner 

et al. 2013). The origin of the wRi variant is unknown but the high genomic similarity between 

wAna and wRi (Salzberg et al. 2005) has suggested recent horizontal transfer of W. pipientis 

between the two species. Here our data suggests wAna has swept through the world D. 

ananassae population at a more ancient time compared to the recent worldwide sweep of wRi in 

D. simulans (Ballard 2004). Thus we hypothesize the current wRi strain in D. simulans is 

originally a wAna variant that had horizontally transferred from D. ananassae to D. simulans. 

We note D. suzukii is also infected with a W. pipientis strain highly similar to the wRi variant 

(Siozios et al. 2013) suggesting D. suzukii also as a potential origin of wRi. However, at least in 

the USA, D. suzukii was not observed in California, USA until 2008 (Hauser 2011), which is 

later than the rapid wRi spreading across D. simulans populations during the late 1980s in 

California, USA (Turelli and Hoffmann 1991). Since this wRi from California, USA is thought 

to be identical to the wRi that swept through D. simulans from Eastern Australia (Kriesner et al. 

2013) and potentially the world (Hale and Hoffmann 1990; Ballard 2004), we argue D. suzukii 
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not a likely candidate as the origin of wRi. As Ballard (2004) has hypothesized Ecuador as the 

initial location of wRi infection in D. simulans, we would predict the existence of an Ecuador D. 

ananassae population to harbor a wAna variant that originated the D. simulans wRi infection. 

Future development of polymorphic loci to differentiate within wAna and wRi diversity would 

help in testing our hypothesis.  

 

2.4.4 The evolution of GSC regulating genes in D. ananassae 

We have found significant evidence of selection on synonymous sites for the genes bgcn, 

ote, and stwl in D. ananassae (Table 2.2). Synonymous mutations have traditionally been 

assumed to be close to near neutrality. However, studies have increasingly shown significant 

evidence of selection on synonymous sites (e.g., DuMont et al. 2004; Hershberg and Petrov 

2008). For example in the Drosophila lineage, genome wide studies have shown significant 

preference in codon usage (Singh et al. 2007; DuMont et al. 2009). Unequal usage of the codon 

table is thought to be a result from translational accuracy (Akashi 1994), translational efficiency 

(Akashi 2001), or a combination of both accuracy and speed in translation (Drummond and 

Wilke 2008). Expression of GSC regulating genes is highly regulated where in some cases it is 

briefly expressed in the GSC and is immediately shut off in the differentiated cell, which is one 

cell diameter away from the GSC. Reflecting this tight control in expression it is likely that bgcn, 

ote, and stwl have significant evidence of selection on synonymous sites. 

Analysis of the seven GSC regulating genes showed evidence of recent selective sweeps 

at pum and stwl; and long term selection at nonsynonymous sites for stwl. Demographic events 

can lead to false inferences of selection, and for D. ananassae previous studies have suggested a 

possibility of a demographic expansion (Das et al. 2004; Schug et al. 2007; Heled and 
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Drummond 2008). However, effects such as population expansion are expected to affect the 

frequency spectrum of multiple genes towards an excess of low-frequency variants (Slatkin and 

Hudson 1991; Fu 1997). We argue our results for stwl and pum are not affected severely by 

demography because five out of the seven genes (bam, bgcn, nos, ote, Yb) did not show 

deviations from neutrality. In the following we discuss the significance of positive selection in 

pum and stwl; and possible drivers of selection acting on these genes. 

One of the genes under positive selection, pum, is a RNA-binding protein originally 

identified to determine the anterior-posterior polarity in Drosophila embryos (Nusslein-Volhard 

et al. 1987). It is also involved in a dual role during oogenesis where it interacts with nos to 

retain GSC characteristics (Lin and Spradling 1997; Forbes and Lehmann 1998; Wang and Lin 

2004) and interacts with brain tumor during differentiation (Harris et al. 2011). In pum the 

estimated site of selection was at position 2399 of the partial D. ananassae pum CDS which 

corresponds to a region just outside the evolutionary conserved RNA-binding Pumillio 

Homology Domain (PUM-HD) (Zamore et al. 1997) (Table 2.3).  Interestingly this region 

coincided with the region that harbored all the nonsynonymous fixed differences between D. 

ananassae and D. atripex (Table 2.4). Although a localized MK test specifically on the region 

where all the nonsynonymous fixed differences have accumulated was not significant, a sliding 

window analysis of the Ka/Ks (nonsynonymous to synonymous divergence) ratio showed a spike 

of Ka/Ks > 1 near the location of selective sweep (results not shown). These findings suggest that 

the significant evidence of positive selection in pum may have been driven by the interaction 

between W. pipientis and D. ananassae. Why pum but not bam and bgcn were under positive 

selection could be explained by the difference in interaction of different strains of W. pipientis 

may have with its host. For example, all strains of W. pipientis are known to preferentially 
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localize in the Somatic Stem Cell (SSC) niche of Drosophila germarium (Frydman et al. 2006; 

Toomey et al. 2013). In the case of wAna however, in addition to the SSC niche, a considerable 

amount of concentration is also seen in the GSC niche, whereas this GSC niche accumulation is 

not seen for wMel (W. pipientis infecting D. melanogaster) (Toomey et al. 2013).  The variation 

in the W. pipientis tropism suggests the possibility of varying host manipulative mechanisms for 

different strains of W. pipientis. Thus the GSC regulating genes in conflict with W. pipientis may 

differ between Drosophila species, and this highlights the value of surveying the evolution of 

multiple GSC regulating genes. 

 stwl was the only GSC regulating gene that had both recent and long term evidence of 

adaptive evolution in D. ananassae. CLSW estimated the target of selection at position 2178 of 

the D. ananassae stwl CDS. This candidate region was not within or close to the known protein 

domains MADF and BESS motif of stwl (Clark and McKearin 1996). Due to its role in 

chromatin modification and epigenetic regulation (Maines et al. 2007; Yi et al. 2009) the 

selective driver for stwl could be conflict with transposable element (TE). TEs are genomic 

parasites that cause deleterious insertions and excisions in the chromosomes which results in the 

decrease in the organisms’ fitness (Slotkin and Martienssen 2007). Previous studies have 

suggested the adaptive evolution of chromatin binding proteins is caused by an arms race 

between the host and its TEs (Vermaak et al. 2005; Klattenhoff et al. 2009). Thus stwl being a 

chromatin binding factor may also be rapidly evolving due to a potential role in silencing TEs.  

 

2.4.5 Significant long term positive selection across the GSC regulating genes 

 When analyzed individually only two out of seven GSC genes had evidence of positive 

selection (Table 2.3 and Table 2.4), however when the GSC genes were analyzed together a large 
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proportion of the fixed nonsynonymous changes were driven to fixation by positive selection 

along the D. ananassae lineage (Table 2.5). The possibility of TEs potentially driving the 

evolution of stwl illustrates that other germline parasites may also be driving the evolution of the 

Drosophila GSCs (Werren 2011).  

Alternatively the drivers of selection are not only limited to germline parasites, for 

example, the selective driver could be caused by factors within the GSC itself. Germline clonal 

experiments have shown increased competition for germline niche occupancy in GSCs with bam 

mutations (Jin et al. 2009), suggesting the potential for competition between GSCs.  Shen et al. 

(2009) has shown that the gene eukaryotic initiation factor 4A is able to partially suppress bam 

mutant ovary phenotypes. Thus GSC regulating genes could be evolving rapidly to outcompete 

the niche occupancy of its sister GSC, or to suppress this competitive behavior since the most 

competitive GSC from the study Jin et al. (2009) were tumorous cells.  

In addition, with a recent study showing evidence of selection for competent 

mitochondria during oogenesis (Ma et al. 2014) mitochondrial-nuclear conflict may be another 

factor driving the evolution of GSC regulating genes. With the germarium as the potential site of 

selection (Hill et al 2014) further suggesting the possibility of a mitochondrial-nuclear conflict as 

a possible driver of selection. 

Finally W. pipientis may still be the driver of selection for some GSC regulating genes 

(Bauer DuMont et al. 2007). However our results show the difficulty of testing this hypothesis 

for two reasons: 1) a present-day infection by W. pipientis is not sufficient to predict the 

coevolutionary history between the symbiont and its host, and 2) without the temporal 

information of the infection, a replacement of an old W. pipientis strain with a newer strain 

(Kriesner et al. 2013) can be mistaken for a novel recent W. pipientis invasion. With these 
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caveats it would be beneficial to focus on host populations that have had a very recent W. 

pipientis invasion and search for signatures of recent selective sweeps in the host GSC regulating 

genes. D. simulans would be a candidate species to examine as there are populations that have 

recently been invaded in California, USA (Turelli and Hoffmann 1991) and Eastern Australia 

(Kriesner et al. 2013), populations that have been stably infected with W. pipientis for a long 

period of time (Ballard 2004), and populations that are uninfected and potentially resistant to W. 

pipientis (Dean et al. 2003). 
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Chapter 3. Molecular Evolution of Drosophila Germline Stem Cell and Neural Stem 

Cell Regulating Genes 

 

3.1 Introduction 

 

Drosophila population genetic studies have discovered evidence of positive 

selection on genes with wide range of functions including reproduction (Swanson and 

Vacquier 2002), immunity (Lazzaro 2008), and metabolism (Eanes 2011).  With respect 

to reproduction, significant evidence of positive selection was observed in genes with 

functions in male-male reproductive competition (Wyckoff et al. 2000; Begun et al. 2000; 

Torgerson et al. 2002), female reproduction (Swanson et al. 2001; Maston and Ruvolo 

2002; Lawniczak and Begun 2007), sexual conflict between males and females (Rice 

1996), and other reproductive interactions (Swanson and Vacquier 2002). Functionally 

these genes are involved in late stages of gametogenesis or in the interaction between 

males and females and/or among sperm from different males suggesting inter-individual 

sexual conflict and sexual selection as the main driver of selection (e.g., Birkhead and 

Pizzari 2002).  

Evidence of rapid evolution has also been found in several genes associated with 

the earliest stages of gametogenesis.  Targeted studies of several Drosophila Germline 

Stem Cell (GSC) regulating genes have found several of them that are under strong 

positive selection (Civetta et al. 2006; Bauer DuMont et al. 2007; Choi and Aquadro 

2014; Flores et al. 2015). GSC regulating genes are specifically involved in the 

maintenance and/or differentiation of the germline. In some cases the expression of these 
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genes are so tightly regulated that being even one cell diameter away from the germline 

cap cells can lead to rapid differentiation (Lie and Xie 2005; Lehmann 2012). Traditional 

hypotheses of selective drivers for reproductive proteins, such as sexual conflict and 

sexual selection, seem unlikely drivers for the GSC regulating genes that show evidence 

of positive selection.  

The main goal of this study was to investigate the molecular evolution of a near 

full set of genes with functional evidence for a role in the development, maintenance 

and/or differentiation of GSCs and to test whether GSCs were particularly enriched for 

genes showing evidence of positive selection. Further, the molecular evolution of GSC 

regulating genes was compared to another well characterized set of stem cell genes, 

namely those associated with maintenance and differentiation of the Neural Stem Cell 

(NSC). Using genes identified from previous comparable high throughput genetic screens 

for both types of stem cells (Neumüller et al. 2011; Yan et al. 2014), we have analyzed 

the evolution of genes that have functional evidence in the GSC, NSC, and involved in 

Both germline and neural Stem Cell (BSC) regulation. The evolution of these stem cell 

regulating genes were then compared to a carefully chosen set of random genes that 

either 1) had similar sequence characteristics to each stem cell regulating genes or 2) its 

genomic position was close to each stem cell regulating genes. Using existing and new 

draft Drosophila genome sequences (Clark et al. 2007; Chen et al. 2014); and population 

genomic sequences from D. melanogaster (Lack et al. 2015), we have examined both the 

long and short term evolution occurring in genes with stem cell developmental function. 

 

3.2 Materials and Method 
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3.2.1 Population genetics of D. melanogaster stem cell regulating genes 

 

3.2.1.1 Filtering and preparing the population dataset for downstream analysis 

 Consensus sequences for the D. melanogaster population genome data were 

obtained from the Drosophila Population Genomics Project 3 (DPGP3) study (Lack et al. 

2015). We have examined the genome sequences from lines originating from Siavonga, 

Zambia, a location thought to represent the ancestral range of D. melanogaster (Pool et al. 

2012). Genomic regions with evidence of identity-by-descent and admixture (Pool et al. 

2012; Duchen et al. 2013) were masked using the genome coordinates and Perl scripts 

supplied by the Drosophila Genome Nexus website (http://johnpool.net/genomes.html). 

Genes located on the 4th chromosome and in heterochromatic regions were excluded to 

avoid evolutionary effects associated with linked positive and background selection in 

regions with very low rates of recombination (following Arguello et al. 2010 and Campos 

et al. 2012).   

 Only the Coding DNA Sequence (CDS) was analyzed for each gene as we were 

mainly interested in the positive selection occurring across the amino acid coding 

sequences. Using the D. melanogaster release 5.57 from Flybase, the longest transcript 

for each gene was chosen for further analysis. Custom filters were imposed to deal with 

sites that had missing information (‘N’). Initially if any individual sequence had more 

than 5% of its sequence consisting of ‘N’ that sequence as a whole was removed. Next 

we examined every polymorphic site to check if that polymorphic site also had any 

individuals with ‘N’. In any case a polymorphic site had some individuals with ‘N’ we 

http://johnpool.net/genomes.html
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removed the entire sequence of the individual with the missing site to preserve the 

polymorphic site for downstream analysis. Finally after these two steps any sites that still 

have ‘N’ are monomorphic throughout the population except for the individual with ‘N’, 

thus we masked the entire codon in all the individuals to prevent that codon from being 

analyzed. Due to the varying number of individuals being filtered out in the previous 

filtering step, sample sizes varied among genes.  In order to unify the sample size we 

analyzed genes where we could choose 50 random individual sequences.  Interspecific 

sequence divergence for each CDS was estimated by comparing the D. melanogaster 

CDS with the orthologous D. yakuba CDS aligned using the codon aware realignment 

program transAlign (Bininda-Emonds 2005). 

 Two random control genes were chosen for each stem cell regulating gene. The 

first random control was selected on a stringent criteria of 1) not identified as having a 

stem cell regulatory function 2) located on the same chromosome as the stem cell 

regulating gene in question 3) using Comeron et al. (2012) estimates of recombination 

rate (cM/Mb) across the D. melanogaster genome the recombination rate between the 

start codon to the stop codon (this includes both exons and introns of a gene) of each 

stem cell regulatory gene was estimated. The same was applied to estimate recombination 

rates for all possible control genes but were only selected by being within ±25% of the 

stem cell regulating genes’ recombination rate 4) being within ±25% of the stem cell 

regulating genes’ genomic size which ranges from the start codon to the stop codon (this 

includes both exons and introns of a gene) 5) being within ±25% of the stem cell 

regulating genes CDS length. The second random control genes were selected based on 

its physical proximity to the stem cell gene, specifically with the criteria 1)  not identified 



 

50 
 

as having a stem cell regulatory function 2) not more than 5 kbp away from the start or 

stop codon of the stem cell gene. 

 

3.2.1.2 DNA sequence statistics calculation 

 Codon usage statistics for each gene were estimated using the program CodonW 

(http://sourceforge.net/projects/codonw/) for the Frequency of Optimal Codon (FOP) 

(Ikemura 1981) and the Effective Number of Codon (ENC) (Wright 1990) statistics. The 

codon usage table of D. melanogaster (Shields et al. 1988; Akashi 1995) was used for the 

estimates of FOP.  

 Recombination rate (cM/Mb) for each gene was calculated using the Perl scripts 

from Drosophila melanogaster Recombination Rate Calculator ver 2.3 

(http://petrov.stanford.edu/cgi-bin/recombination-rates_updateR5.pl) (Fiston-Lavier et al. 

2010). We used the recombination estimates from the study Comeron et al. (2012). The 

full genomic location of each gene, which includes intron and exon, starting from the 

start codon and ending at the stop codon was used for estimating the rate of 

recombination (ρ). A single mid-point estimate of ρ was assigned as each gene’s 

recombination rate. 

 

3.2.1.2 DNA sequence polymorphism and divergence analysis 

 Population genetic analysis software suite from K. Thornton 

(http://molpopgen.org/software/analysis/) and his libsequence package (Thornton 2003) 

was used for DNA polymorphism analysis. The polydNdS program was used to estimate 

levels of synonymous and nonsynonymous site polymorphism, while the gestimator 

http://sourceforge.net/projects/codonw/
http://molpopgen.org/software/analysis/
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program was used to estimate dN and dS between D. melanogaster and D. yakuba using 

the method of Comeron (1995). The MKtest program was used to estimate the values for 

the 2X2 table of a McDonald and Kreitman test (MK-test) (McDonald and Kreitman 

1991). Custom Perl scripts were written to calculate Tajima’s D (Tajima 1989) and the 

normalized Fay and Wu’s H (Fay and Wu 2000; Zeng et al. 2006). 

 To estimate the strength of recurrent positive selection, the polymorphism and 

divergence table generated from the program MKtest was used to estimate the Direction 

of Selection (DoS) statistics (Stoletzki and Eyre-Walker 2011) for each gene. As a variant 

of the neutrality index (Rand and Kann 1996), DoS measures the degree of positive 

selection but is more robust to biases caused by low cell counts in the 2X2 MK-test table. 

Minor allele frequencies lower than 5% were excluded from the polymorphism counts as 

these could include slightly deleterious mutations (Fay et al. 2001). 

 Proportion of amino acid sites fixed by positive selection (α) was estimated using 

the method of Messer and Petrov (2013). Briefly, this method calculates α through a 

modification of the traditional method of Smith and Eyre-Walker (2002) by binning 

according to the frequency of the polymorphic sites. Here, assuming purifying selection 

has remained stable and positive selection rapidly fixes adaptive mutation, as the derived 

allele frequency asymptotically approaches 1 (fixation) the true value of α is predicted to 

converge with the estimated α from binning the derived allele frequency. By fitting an 

exponential function of form y=a-b[exp(-cx)], where y is the value of α when x is the 

derived allele frequency and a,b,c being the parameters to fit the equation, the true value 

of α was estimated as x approached one. Because different effective population sizes of 

the autosome and X chromosomes can cause biased estimates of α, only genes on the 
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autosomes were used (we had too few on the X for a meaningful comparison). An 

estimate of α was calculated for each stem cell class and its control genes, and the 95% 

confidence interval for each α estimate was calculated by generating bootstrap samples 

with replacement. 

 The molecular evolutionary statistics for each stem cell class (BSC, GSC, and 

NSC genes) were compared to its own set of control genes, using a two-tailed Mann-

Whitney U test (MWU test). 

 

3.2.1.3 Estimating genes with evidence of recent selective sweeps 

 Because of the potentially reduced statistical power to detect recent selective 

sweeps from analyzing only the coding region sequences of the GSC and NSC genes, we 

also include here evidence of selective sweeps occurring across each gene’s larger 

genomic region using the results of Pool et al. (2012).  Their study reported whole 

genome scans for evidence of recent selective sweeps using the SweepFinder program 

(Nielsen et al. 2005; Pavlidis et al. 2010) in the ancestral Zambian population sample of 

D. melanogaster. If a stem cell gene or control gene overlapped the outlier window 

identified from Pool et al. (2012), we here classify the gene as having undergone a recent 

selective sweep.  

 We evaluated whether a stem cell class had an over-representation of genes with 

selective sweeps by a permutation based test of Pool et al’s (2012) SweepFinder results. 

A sample of genes that matched the total number of autosomal and X chromosomal genes 

for each GSC, NSC, and BSC group were randomly selected from all D. melanogaster 

genes located in the genomic regions both we and Pool et al. (2012) analyzed. 1000 of 
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these random groups were generated and for each group we counted the total number of 

genes with evidence of a selective sweep using the method as before. Because we were 

interested in the probability that a random group of genes would contain more genes with 

evidence of a selective sweep than our stem cell class, we used a one tailed test of 

significance.  

 

3.2.2 Comparative genomic analysis of stem cell regulating genes across the 

melanogaster group 

 

3.2.2.1 Identifying orthologous protein coding sequences within the 14 melanogaster 

group species 

 CDS data from each of the 6 Drosophila species (D. ananassae, D. erecta, D. 

sechellia,D. melanogaster, D. yakuba) were downloaded from Flybase (St Pierre et al. 

2014). Additionally the CDS data for 8 newly sequenced Drosophila genomes (D. 

biarmipes, D. bipectinata, D. elegans, D. eugracilis, D. ficusphila, D. kikkawai, D. 

takahashii, D. rhopaloa) were downloaded from the Drosophila modENCODE website 

(ftp://ftp.hgsc.bcm.edu/DmodENCODE/maker_annotation/). We have focused only 

within the melanogaster group species to avoid the problems associated with the fact that 

synonymous sites quickly reach saturation when comparing among more divergent 

species (Barmina and Kopp 2007; Clark et al. 2007).  

 As the D. melanogaster annotation is arguably the best among the genome 

sequenced Drosophila species, we used CDS from the D. melanogaster release 5.57 to 

ftp://ftp.hgsc.bcm.edu/DmodENCODE/maker_annotation/
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find orthologs in non-D. melanogaster species. The CDS of the longest protein sequence 

for each gene was chosen and any internal stop codons were removed. 

 Orthologs were inferred using the reciprocal BLAST-hit approach of the program 

INPARANOID (Remm et al. 2001). Any orthologs that had any evidence of paralogs 

were removed. Potential non-D. melanogaster species’ ortholog were considered as a D. 

melanogaster ortholog if the bootstrap values from the INPARANOID analysis were 

100%. For each gene, if there were at least six orthologous sequences it was considered 

for downstream analysis. 

 

3.2.2.2 Orthologous sequence alignment and filtering 

 We have realigned our ortholog dataset using the phylogeny aware realignment 

software PRANK (Löytynoja and Goldman 2008) that has been consistently shown to 

outperform most realignment algorithms (Markova-Raina and Petrov 2011; Jordan and 

Goldman 2012; Spielman et al. 2014). The CDS of each gene’s orthologs was realigned 

using the codon model of PRANK ver 140603. After the alignment any individual 

sequence that contained large regions of gap were removed using the program maxAlign 

(Gouveia-Oliveira et al. 2007).  Multisequence alignments where there were orthologs 

from more than 6 species were further trimmed using the program trimAl version 

1.2rev59 (Capella-Gutiérrez et al. 2009). trimAl was used to delete sites in the 

multisequence alignments where more than 20% of the sequences had gaps because these 

regions could correspond to potentially mis-annotated regions of the gene. 

 

3.2.2.3 Analysis of the ortholog dataset using codon based models 
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 Synonymous divergence (dS), nonsynonymous divergence (dN), and their ratio 

dN/dS (ω) were estimated using the program CODEML from the package PAML version 

4.8 (Yang 2007) using Model 0 (M0). To infer evidence of positive selection across the 

multispecies alignment we have applied two codon model based methods from the 

software packages PAML and HYPHY version 2.2 (Pond et al. 2005).  First, CODEML 

from the PAML suite was used to fit Model 8 (M8) (Yang et al. 2000). M8 fits a model 

allowing ω to vary across the site following a beta distribution with evidence of no 

positive selection (i.e. 0 ≤ ω ≤ 1), while allowing a certain proportion of sites to be under 

positive selection (ω > 1). M8 was run under three different starting ω values to ensure 

the global maxima had reached in the maximum-likelihood estimation. We have inferred 

evidence of positive selection using the posterior probabilities estimated from the Bayes 

Empirical Bayes (BEB) approach (Yang et al. 2005). A site was inferred to have 

significant evidence of selection if the posterior probability was greater than 0.9. We 

chose the Bayesian method of PAML to allow comparison to results of the method within 

the HYPHY suite as described below which also reports evidence of positive selection in 

Bayesian statistics. The codon frequency model F3x4 was fitted to all multispecies 

alignments. 

 The second method for detecting evidence of positive selection was using the 

hierarchical Bayesian method of FUBAR (Murrell et al. 2013) from the HYPHY package. 

Briefly, FUBAR fits a dense grid of a priori selected values of dN and dS which are later 

then drawn to infer evidence of selection for each site. For FUBAR positive selection was 

inferred for a site when dN – dS > 0 while evidence of negative selection was inferred for 

a site with dN – dS < 0. For the Bayesian parameters, 400 grid points were assigned to 
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represent dN and dS while weights for each grid point were determined using a Markov 

Chain Monte Carlo approach. Five independent MCMC chains were run to ensure 

convergence while the length of each chain was set at 10 million while a sample was 

drawn every 2500 steps. Five million samples were discarded as burn-in. Sites with 

posterior probability of greater than 0.9 was assumed to have significant evidence of 

selection. 

 

3.2.3 Method to correct for multiple hypothesis testing 

 To control the false positive rates involved with multiple hypothesis testing, we 

have pooled all hypothesis tests resulting in a p-value and applied the method of 

Benjamini and Hochberg (1995). 

 

3.3 Results 

 

3.3.1 Analysis of recent positive selection across D. melanogaster stem cell regulating 

genes 

 Previous population genetic analysis of Germline Stem Cell (GSC) regulating 

genes in D. melanogaster have discovered several genes undergoing both recent and 

long-term positive selection (Civetta et al. 2006; Bauer DuMont et al. 2007; Choi and 

Aquadro 2014; Flores et al. 2015). Thus we examined whether the D. melanogaster GSC 

regulating system as a whole was subjected to higher rates of positive selection compared 

to another well characterized stem cell regulatory system (Neural Stem Cells, NSC) that 

is not directly involved in reproduction. We then analyzed and compared the molecular 
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population genetics and evolution of three classes of stem cell genes specificity: those 

expressed only in GSC, genes only expressed in NSC , or genes expressed in both GSC 

and NSC (and abbreviated here as BSC genes). Individual genes of each class were 

compared to control group of genes that were selected based on several criteria outlined 

in the materials and methods but which we applied in an effort to control for regional 

differences between genes in factors such as recombination rate, nucleotide sequence 

composition, and substitution and mutation rate.  

 After preprocessing, quality controlling, and selecting two control genes for each 

stem cell gene, a total of 68 BSC, 159 GSC, and 88 NSC regulating genes were analyzed. 

Results for the classes are presented in Table 3.1. Despite the several custom filters 

implemented on our population dataset, an average of 98% of the sites were retained and 

analyzed for all three stem cell gene classes (BSC, GSC, and NSC) and their respective 

control genes (Table 3.1). Thus, our data filtering steps are unlikely to have significantly 

biased our results. 

 As recent selective sweeps can lead to reductions in levels of polymorphism, 

nucleotide diversity (θπ) was examined for each stem cell class and its control genes 

(Table 3.1). The GSC class genes had a significantly lower level of θπ across all 

nucleotide sites, as well as for synonymous sites only, compared to their control genes 

(FDR corrected Mann-Whitney U test p-values of  0.0020 and 0.0071, respectively). In 

contrast, BSC and NSC class genes did not differ significantly from their control genes. 

Recent selective sweeps can also alter the site frequency spectrum leading to excesses of 

rare and high frequency derived alleles that can be detected using Tajima’s D (TajD) and 
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Table 3.1. Population genetic summary statistics for the three stem cell classes and their control genes. 
 

Class CDS % Total θπ Syn θπ Total TajD Syn TajD Total nFWH Syn nFWH ω DoS 

BSC 0.986 0.0048 0.019 -0.814 -0.629 -0.665 -0.886 0.056 0.049 

  (0.0042,0.0056) (0.016,0.024) (-0.978,-0.666) (-0.768,-0.510) (-0.997,-0.465) (-1.246,-0.641) (0.044,0.073) (0.020,0.079) 

BSC 0.988 0.0057 0.022 -0.787 -0.497 -0.838 -1.004 0.05 0.048 

Control  (0.0047,0.0063) (0.020,0.026) (-0.880,-0.707) (-0.630,-0.415) (-0.944,-0.658) (-1.153,-0.821) (0.041,0.063) (0.029,0.072) 

GSC 0.984 0.0038 0.015 -0.965 -0.789 -0.799 -0.933 0.047 0.057 

  (0.0034,0.0046) (0.013,0.018) (-1.058,-0.876) (-0.903,-0.669) (-0.891,-0.650) (-1.010,-0.811) (0.038,0.060) (0.048,0.085) 

GSC 0.989 0.0052 0.021 -0.835 -0.591 -0.782 -0.938 0.052 0.042 

Control  (0.0047,0.0058) (0.019,0.022) (-0.912,-0.740) (-0.665,-0.465) (-0.873,-0.675) (-1.048,-0.811) (0.048,0.065) (0.029,0.059) 

NSC 0.986 0.0046 0.018 -0.852 -0.734 -0.736 -0.905 0.055 0.061 

  (0.0035,0.0054) (0.014,0.023) (-1.036,-0.719) (-0.876,-0.556) (-1.016,-0.593) (-1.188,-0.589) (0.034,0.063) (0.024,0.077) 

NSC 0.987 0.0054 0.022 -0.871 -0.788 -0.613 -0.794 0.052 0.042 

Control  (0.0047,0.0062) (0.019,0.025) (-1.016,-0.769) (-0.853,-0.600) (-0.778,-0.545) (-0.945,-0.648) (0.046,0.062) (0.027,0.064) 
 
CDS %, proportion of analyzed coding DNA sequences. Total θπ, total coding DNA sequence pairwise nucleotide difference per site. 
Syn θπ, total synonymous pairwise nucleotide difference per site. Total TajD, Tajima’s D across coding DNA sequence. Syn TajD, 
Tajima’s D across synonymous sites. Total nFWH, normalized Fay and Wu’s H across coding DNA sequence. Syn nFWH, 
normalized Fay and Wu’s H across synonymous sites. ω, rate of evolution measured by nonsynonymous divergence divded by 
synonymous divergence. DoS, direction of selection. Each value represents the median value and in parenthesis are the 95% bootstrap 
confidence intervals of the median. Significant Mann-Whitney U test after FDR correction (p-value < 0.05) between the stem cell 
class and its control genes are bolded.
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Fay and Wu’s H (FWH) test statistics, respectively. No significant differences in TajD or 

FWH values were observed between any of the three stem cell gene classes and their 

control genes when analyzing all sites across the total CDS. However, analyzing only the 

putatively neutral synonymous sites revealed that the GSC class genes did have 

significantly more negative TajD values (Table 3.1; FDR corrected Mann-Whitney U test 

p-value = 0.019) compared to their control genes, consistent with an elevation of recent 

selective sweeps at or near GSC genes. 

 We also examined the genomic regions shown by Pool et al. (2012) to have 

evidence of selective sweeps using SweepFinder and tabulated the stem cell genes they 

identified as contained within the swept regions (see Materials and Method). For this 

analysis we examined members of the full list of stem cell regulating genes regardless of 

whether we had found a suitable control gene. Ten out of 100 (10%) BSC genes, 31 out 

of 259 (12%) GSC genes, and 20 out of 144 (14%) NSC genes were identified within the 

SweepFinder outlier windows from Pool et al. (2012)(see Table A.1 for full list of genes). 

We tested for an enrichment of sweep associated genes among the three stem cell gene 

classes by comparing the observed numbers to those from a random distribution. 1000 

group of genes were generated where each group had a random number of genes that 

matched the total number of autosomal and X chromosomal genes of each stem cell 

classes. For each group then the total numbers of genes with selective sweeps were 

counted to generate a distribution of total number of genes with selective sweeps in a 

randomly selected group of genes. Compared to this random distribution the GSC and 

NSC classes were both significantly overrepresented with genes with evidence of recent 

selective sweeps (FDR p-value = 0.038; FDR p-value = 0.022 respectively). 
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3.3.2 Analysis of recurrent adaptive evolution across D. melanogaster stem cell 

regulating genes 

 Evidence for recurrent positive selection that had occurred along the D. 

melanogaster lineage was examined for each gene using D. melanogaster polymorphism 

and divergence to the outgroup D. yakuba orthologs. The ratio of nonsynonymous to 

synonymous divergence (ω) was not significantly different between any stem cell class 

and its control genes (Table 3.1). Using the polymorphism within D. melanogaster and 

fixed differences between D. melanogaster and D. yakuba, Direction of Selection (DoS) 

statistics were estimated for each gene to infer the presence and direction of recurrent 

adaptive evolution. All stem cell classes had a positive median DoS values but none were 

significantly different from their respective control genes (Table 3.1). McDonald and 

Kreitman (MK) tests were also conducted for individual genes to see if there were 

differences in the total number of genes with significant MK test result, when comparing 

each stem cell class to its control genes (see Table A.2 for list of genes with significant 

MK test result). Although there were several genes with significant MK test in each stem 

cell class, there was no significant difference in the proportion of genes with significant 

MK test (both before and after FDR corrected MK test p-values) in any of the stem cell 

class compared to its control genes (Table A.3). 

 The proportion of amino acid sites fixed from positive selection (α) was estimated 

using the method of Messer and Petrov (2013). We estimate α values of 0.704 (95% 

confidence interval: 0.255 – 0.931) for BSC while 0.688 (95% confidence interval: 0.564 

– 0.805) for its control genes, 0.796 (95% confidence interval: 0.656 – 0.890) for GSC 



 

61 
 

while 0.656 (95% confidence interval: 0.583 – 0.720) for its control genes, and 0.676 

(95% confidence interval: 0.397 – 0.836) for NSC genes while 0.674 (95% confidence 

interval: 0.549 – 0.800) for its control genes. For each stem cell class and its control 

genes, the 95% confidence intervals overlapped with each other suggesting no significant 

differences in α. The 95% confidence intervals for the control genes of each stem cell 

class encompassed the α from Messer and Petrov (2013) of 0.57 (95% confidence 

interval: 0.54 – 0.60) estimated from a whole genome polymorphism data from a North 

American population of D. melanogaster (Mackay et al. 2012). 

 The ω, DoS, and α statistics and the MK test assume synonymous sites are 

effectively neutral and thus selection on synonymous sites could bias our results and 

interpretations.  However, we did not observe any significant differences in synonymous 

divergence (dS), Frequency of Optimal codon (Fop), or Effective Number of Codon 

(ENC) statistics between the stem cell class genes and their control genes (Table A.4).  

 

3.3.3 Analysis of D. melanogaster stem cell regulating genes without random control 

genes 

 While we favor our analysis of stem cell class genes relative to sets of matched 

control genes, the inability to find appropriate control genes resulted in excluding a total 

of 27 BSC, 69 GSC, and 44 NSC genes from the previous polymorphism and divergence 

analysis. For completeness, we have separately examined θπ, TajD, FWH, ω, and DoS 

values for the excluded stem cell genes. Excluded BSC genes showed lower total CDS θπ 

(FDR corrected Mann-Whitney U test p-value = 0.048) and excluded GSC genes without 

controls showed significantly lower synonymous θπ (FDR corrected Mann-Whitney U 
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test p-value = 0.038) compared to BSC or GSC genes with controls, respectively (Figure 

A.1). However, TajD, FWH, ω, and DoS values were not significantly different for any 

of the three stem cell classes when comparing genes with and without its control genes 

(Figure A.1). Thus results from the previous evolutionary analysis do not appear to have 

been biased by a loss of power resulting from excluding stem cell genes without 

appropriate control genes. 

 

3.3.4 Comparative genetic analysis of stem cell regulating genes in the melanogaster 

group 

 Long-term patterns of molecular evolution were also evaluated for these same 

groups of stem cell genes across 14 Drosophila species. For some individual genes, clear 

orthologs could not be assigned in some species and were thus excluded, resulting in a 

slightly smaller number of genes being analyzed than were for the D. melanogaster 

polymorphism-based analyses (67 BSC genes, 154 GSC genes, and 88 NSC genes). 

 No significant difference in ω was observed between any of the three stem cell 

classes and their control genes (Table 3.2).  We observed no significant differences in dS 

between the stem cell class genes and their control genes (results not shown) suggesting 

that there are not class-specific differences in positive or negative selection on amino acid 

replacements across the 14 species of Drosophila analyzed.
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Table 3.2 Codon model based test of positive and purifying selection across the three stem cell classes and their corresponding 
control genes. 
 

Statistic BSC BSC control GSC GSC control NSC NSC control 

 PAML M0 

ω 0.032 0.036 0.033 0.041 0.03 0.034 

 (0.023,0.041) (0.027,0.043) (0.026,0.042) (0.036,0.045) (0.022,0.043) (0.030,0.040) 

 PAML M8 

ω+ 49 (0.096 %) 116 (0.110 %) 109 (0.090 %) 213 (0.084 %) 47 (0.086 %) 113 (0.084 %) 

 HYPHY FUBAR 

ω+ 17 (0.033 %) 27 (0.026 %) 36 (0.030 %) 89 (0.035 %) 24 (0.044 %) 51 (0.038 %) 

ω- 40688 (80.0%) 84593 (80.2 %) 94762 (78.6 %) 200475 (79.2 %) 42157 (77.5 %) 106005 (79.1 %) 

Total Codons 50869 105449 120558 253087 54412 134081 

 
ω, median ratio of nonsynonymous divergence to synonymous divergence with 95% bootstrap confidence interval in parenthesis. ω+, 
number of sites with significant evidence (posterior probability ≥ 0.9) of positive selection. ω-, number of sites with significant 
evidence (posterior probability ≥ 0.9) of purifying selection. 
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 We tested for codon-specific positive and negative selection occurring on the 

amino acid coding sites using computer programs M8 of PAML and FUBAR of HYPHY. 

Although the total number of codons with positive selection (ω+) was lower using 

HYPHY than using PAML, neither method indicated a significant difference in total ω+ 

between any of the three stem cell classes and their respective control genes (Table 3.2).  

For each alignment, codons estimated to show significant evidence of negative selection 

(ω < 1) using FUBAR were also compared across all stem cell class genes and their 

control genes. On average 79% of the total examined codons were under negative 

selection for each stem cell class and this proportion was not significantly different from 

its control genes (Table 3.2). 

 

3.3.5 Analysis of Biological and Molecular Functions under selection in D. 

melanogaster GSC regulating genes 

 In order to gain insight into potential drivers of selection on the GSC system we 

have examined the molecular evolution of specific molecular and biological functions. 

Only the D. melanogaster lineage was analyzed as the molecular and biological functions 

for each GSC genes have been experimentally determined in D. melanogaster. 

Categorization for each GSC regulating gene was based on Yan et al. (2014). 

 Initially we analyzed specific biological functions involved in the GSC regulation. 

Two biological functions were examined: 1) GSC specific essential factors vs general cell 

essential factors 2) GSC differentiation vs GSC maintenance genes (see Yan et al. 2014 

for further detail). No significant differences in synonymous TajD, FWH, or DoS values 

were observed between GSC essential factor genes and their control genes or between 
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general cell essential factor genes and their control genes (Figure A.2). However, the 

general cell essential factor category had a significant excess of genes with evidence of a 

recent selective sweep (13 out of 63 genes; FDR p-value = 0.049) based on the 

SweepFinder results from Pool et al. 2012.  

 Contrasting GSC maintenance and differentiation genes, we found the GSC 

maintenance genes had significantly more negative synonymous TajD test statistics 

compared to their control genes (Figure A.3; FDR corrected Mann-Whitney U test p-

value = 0.038). However, neither GSC differentiation nor maintenance functions showed 

an excess of genes with SweepFinder evidence of recent selective sweeps (based on Pool 

et al. 2012) compared to a random group of genes. 

 Finally we examined nine molecular complexes/molecular functions within the 

germline (see Figure 2e of Yan et al. 2014 for further detail). Molecular functions 

involved in the transcription and chromatin remodeling of the GSC had significantly 

higher DoS values compared to its control genes (Figure 3.1; FDR corrected Mann-

Whitney U test test p-value = 0.0019). However, no significant differences in 

synonymous TajD or FWH tests statistics were observed between genes grouped into any 

of the nine molecular functions and their control genes (Figure A.4). 

 

3.4 Discussion 

 In Drosophila, previous studies have found numerous genes involved in 

reproduction with elevated ω ratios which have been interpreted as due to strong positive 

selection (Swanson et al. 2004; Mueller et al. 2005; Haerty et al. 2007). These studies 
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Figure 3.1 Direction of selection values of various molecular functions within the 
germline stem cell genes (dark grey) and its control genes (white). Significant 
difference (p-value < 0.05) between stem cell group and its control genes are indicated 
with a star, while numbers in parentheses represent the number of examined stem cell 
group genes.
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have focused on genes that are primarily involved in later stages of reproduction or in 

interactions between and within sexes. Here we focus on a comprehensive evolutionary 

analysis on genes that have functional evidence for a role in the maintenance and 

regulation of the GSC. The development of the Drosophila GSC is a complicated process 

requiring many genes (Yan et al. 2014) with intricate interactions (Lehmann 2012). 

Selection on such complex systems could occur through polygenic adaptation (Pritchard 

et al. 2010) causing the whole complex of genes to be enriched for positive selection (i.e. 

Sackton et al. 2007). Given prior evidence that several key GSC regulating genes are 

undergoing rapid evolution associated with positive selection (Civetta et al. 2006; Bauer 

DuMont et al. 2007; Choi and Aquadro 2014; Flores et al. 2015), we here test the 

hypothesis that the GSC system as a whole shows elevated levels of adaptive evolution.  

 We find that evidence for recent selective sweeps, but not long-term, recurrent 

positive selection, was enriched in both GSC and NGS regulatory genes. These results for 

NSCs were consistent with Pool et al. (2012) who also found an excess of genes with 

selective sweeps associated with GO terms relating to neurogenesis. The BSC class of 

genes expressed in both GSC and NSC was the only group showing no evidence of 

excess positive selection in either short- or long-term evolutionary time scales. 

Interestingly, none of the three stem cell classes (BSC, GSC, and NSC) showed an 

elevation, relative to their respective control genes, of long-term, recurrent positive 

selection from DoS or ω estimates, MK tests, or PAML and HYPHY analyses. Although 

there was no enrichment for genes with long term positive selection, there were several 

individual stem cell regulatory genes with significant MK test results suggesting long 

term selection acting on some stem cell regulating genes. In the end, however, despite the 
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evidence of recent and long term positive selection in some GSC and NSC genes, there 

was no evidence to support the hypothesis that the functional role of GSCs in 

reproduction has led to a class-wide enrichment for positively selected genes.  

 It will of course be important to examine these trends in additional populations of 

D. melanogaster, as well as other lineages across the genus as high quality data become 

available. Newly available datasets (Garrigan et al. 2014, Rogers et al. 2014, Grenier et al. 

2015) are limited in their SNP calls due to low sequencing coverage and/or residual 

heterozygosity in many of the lines of D. melanogaster, D. mauritiana, D. simulans and 

D. yakuba sampled. 

 Our analysis of the molecular evolution of specific biological functions within the 

GSC provides limited insight into possible functions that could be targets of natural 

selection. Within the GSC, molecular functions relating to transcription/chromatin 

remodeling was the only category that had increased recurrent adaptive evolution 

compared to a random group of genes. We note that some of the other functional 

categories had very small sample sizes (Figure 3.1) resulting in lower power to determine 

the degree of adaptive evolution. Nevertheless in Drosophila, genes involved in 

transcription and chromatin remodeling were previously identified to undergo rapid 

evolution (Vermaak et al. 2005; Rodriguez et al. 2007; Levine and Begun 2008). This 

rapid evolution was hypothesized to be due to conflict between transposable elements and 

its host (Lee and Langley 2012). Due to its replicative mode of transmission, transposable 

elements can cause deleterious mutagenic effects across the host genome (Finnegan 

1992). Here, a coevolutionary arms race is predicted to occur within the host involving 

the suppression of these transposable elements from transmitting while the elements 
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themselves evolve rapidly to evade these manipulations (Kidwell and Lisch 2001). Thus 

transposable elements could be a major driver of at least some of the GSC genes showing 

long term evolution. 

 Evolutionary conflict has also been hypothesized between the endosymbiotic 

bacteria Wolbachia and Spiroplasma and their insect host GSCs (e.g., Engelstädter and 

Hurst 2009). These maternally inherited microbes have a selfish interest for their own 

transmission and can manipulate host reproduction. One model of manipulation proposes 

that in the host GSC, the germline parasite could eliminate uninfected germ cells and 

effectively favor the transmission of infected GSCs (Werren 2005). The elevation of 

recent selective sweeps that we have observed in GSC regulating genes could reflect the 

host resisting this manipulation and ultimately promoting the generation of uninfected 

gametes. Given that phylogenetic studies of Wolbachia have suggested turnovers of 

Wolbachia infections among its host arthropod lineages (e.g., Baldo et al. 2006), transient 

infections and resulting transient evolutionary conflict could result in bursts of recent 

selective sweeps in hosts such as that observed across the D. melanogaster GSC 

regulating genes. However, this would not lead to excess of recurrent adaptive evolution 

on GSC genes as a class. Transient positive selection could also result from the fact that 

Wolbachia infection can provide positive fitness benefits to its host Drosophila (e.g., 

Starr and Cline 2002; Teixeira et al. 2008), and Carrington et al. (2011) have reported a 

decreased intensity of reproductive manipulation evolving after a decade in a Wolbachia 

strain infecting D. simulans. Thus even with a persistent Wolbachia infection the 

coevolutionary arms race could be transient, leading only to transient positive selection 

acting on the GSC regulating genes with which they functionally interact.  
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 The evolutionary forces acting on the neural stem cell genes showing recent 

selective sweeps or long-term positive selection from this study are unknown. In 

Caenorhabditis remanei, transcription factors involved in differentiation of 

chemosensory neurons were rapidly evolving compared to other neural development 

genes (Jovelin 2009). Thus it is possible that intragenomic conflicts such as those 

associated with cellular regulation of neural differentiation or associated with 

evolutionary conflicts associated with behavior could be driving the evolution of neural 

stem cell regulating genes.  
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Chapter 4. Population genomic analysis of the infectious and integrated Wolbachia 

pipientis genomes in Drosophila ananassae 

 

4.1 Introduction 

 

The alpha-proteobacteria Wolbachia pipientis (Lo et al. 2007) is an intracellular 

bacterium that infects both arthropods and filarial nematodes (Werren et al. 2008). W. 

pipientis is an obligate symbiont in filarial nematodes; its elimination results in sterility 

or lethality of the nematodes (Taylor et al. 2005; Slatko et al. 2010). On the other hand, 

the symbiosis between W. pipientis and its arthropod hosts is mainly facultative (but see 

Hosokawa et al. 2010; Nikoh et al. 2014 for exceptions) and in most cases W. pipientis is 

parasitic towards its arthropod hosts. The parasitism causes harmful fitness consequences 

to its host mainly by controlling the host reproductive processes for its own benefit 

(Stouthamer et al. 1999). 

Within a single species transmission of W. pipientis is usually maternal (mother to 

offspring) which requires the endosymbiont to localize at the host germline to be 

successfully transmitted to the next generation (Serbus et al. 2008). Due to the extensive 

association W. pipientis has with its host germline cells, opportunities for Lateral Gene 

Transfer (LGT) are predicted to occur between the host eukaryotic genome and the 

endosymbiotic bacterial genome. LGT (sometimes referred as horizontal gene transfer) is 

the process of genetic exchange between two evolutionary divergent organisms. LGT 

between W. pipientis and its host has been identified both from the host to the 
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endosymbiont (Woolfit et al. 2009) and from the endosymbiont to the host (Dunning 

Hotopp 2011).  

After LGT, the recipient organism acquires novel genetic material and if the 

newly acquired genetic material improves the fitness of the recipient species, it will 

spread through the population ultimately fixing within the species (Long et al. 2013). For 

example, genes transferred from prokaryotes to eukaryotes have been postulated to be the 

source of novel genes that gave selective advantage to eukaryotes during adaptation to 

novel ecological niches (Keeling and Palmer 2008). However, the efficiency of the 

eukaryotic transcriptional machinery on a prokaryotic gene is questionable. Most LGT 

products from prokaryotes into eukaryotes are expected to have minimal functionality in 

the eukaryotic genome eventually accumulating mutations and becoming pseudogenes. 

Thus, the evolutionary consequence of these LGT elements is an intriguing question to 

examine. 

Evidence of W. pipientis LGT (WLGT) into eukaryotic nuclear genomes has been 

detected in various natural hosts of W. pipientis (Dunning Hotopp 2011). WLGT was 

discovered in the genome sequence of the filarial nematode Brugia malayi (Dunning 

Hotopp et al. 2007) where many of the WLGT genes from W. pipientis infecting B. malayi 

(wBm) were found to be degenerating suggesting their non-functionality. However, a 

recent study has found as many as 227 WLGT genes and genetic fragments with high 

sequence similarity to the wBm genome scattered across the host B. malayi genome 

(Ioannidis et al. 2013), and some of these WLGT were hypothesized to retain functionality 

in the new eukaryotic genome based on the detection of transcripts in different 

developmental stages of B. malayi. There are other examples of WLGT in nematodes, such 
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as in the parasitic nematode Onchocerca volvulus, where the WLGT predates the 

speciation with its sister species O. ochengi (Fenn et al. 2006). 

In arthropods, WLGT has been discovered in beetles (Kondo et al. 2002), fruit flies 

(Dunning Hotopp et al. 2007), mosquitoes (Klasson et al. 2009), parasitoid wasps 

(Werren et al. 2010), and the Tsetse fly (International Glossina Genome Initiative, 2014). 

The WLGT in nematodes is characterized by small genetic fragments scattered across the 

host genome (Ioannidis et al. 2013). In contrast, arthropod WLGT is characterized by large 

segments of genomic DNA integrated into the host genome. For arthropods the functional 

consequences of these WLGT products are debatable. Transcription of some of the WLGT 

genes was detected by quantitative and reverse transcription PCR, albeit at very low 

expression levels compared to control genes (Dunning Hotopp et al. 2007; Nikoh et al. 

2008). In addition, a recent RNA-seq study detected only a few WLGT originating reads 

out of the total D. ananassae RNA pool (Kumar et al. 2012), suggesting the observed 

gene expression could be background transcriptional noise. Thus, with potential non-

functionality, these WLGT elements were suggested as transient evolutionary phenomena 

that are ultimately decaying to become noncoding junk DNA in the host genome (Blaxter 

2007). Indeed, in the case of the beetle Callosobruchus chinensis, many of the WLGT 

elements were found degenerated and pseudogenized (Nikoh et al. 2008). 

The vinegar fly Drosophila ananassae shows the most extreme case of WLGT; the 

whole genome of W. pipientis infecting D. ananassae (wAna) was estimated to have 

integrated into its host genome (Dunning Hotopp et al. 2007). Further, by sequencing 

several wAna loci, Choi and Aquadro (2014) have shown that the integrated wAna 

(wAnaITG) genome exists in D. ananassae lines sampled from much of the host’s 
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geographic range. The study also noted that both infectious wAna (wAnaINF) and 

wAnaITG genes were highly similar to each other for the regions examined, suggesting 

that the wAna invasion and whole-genome integration might be relatively recent. 

However examination of the host D. ananassae mitochondrial DNA variation, which is in 

complete linkage disequilibrium with W. pipientis due to their shared maternal 

inheritance (Hurst and Jiggins 2005), revealed the original wAna invasion more likely 

originated in the ancestral population of D. ananassae (Choi and Aquadro 2014). These 

results illustrated that sequencing of only a few loci does not reveal sufficient variation 

for resolving the joint evolution of wAnaINF and wAnaITG genomes within D. ananassae. 

However, studies utilizing whole genome sequencing have been fruitful in elucidating the 

coevolutionary and population genomics of W. pipientis infecting D. melanogaster 

(wMel) with its host (Richardson et al. 2012; Chrostek et al. 2013; Early and Clark 2014), 

suggesting that whole genome sequencing is a better method for studying of W. pipientis 

genomics. 

Here, we have described the evolution of the wAnaINF and wAnaITG genomes by 

whole genome sequencing host D. ananassae flies that harbor either the wAnaINF or the 

wAnaITG genome. Using well-established computational pipelines, reads originating from 

the wAna genomes were separated out for further analysis.  The wAnaINF genome 

comparisons, with additional data from mitochondrial genomic variation, reveal that 

wAnaINF is stably maternally transmitted by its D. ananassae host corroborating the 

findings of Choi and Aquadro (2014). In addition, we have discovered several nucleotide 

substitutions and large structural variations that distinguish several wAnaINF genome 

types. In contrast, the wAnaITG genome is pseudogene-like, accumulating large numbers 



 

75 
 

of highly deleterious mutations. Interestingly, analysis of single nucleotide and copy 

number variation indicate that the majority of the wAnaITG regions have a minimum of 

two copies integrated into the D. ananassae genome consistent with independent results 

reported recently for two lines of D. ananassae by Klasson et al. (2014). The whole 

genome integration and duplication of the wAna genome is surprising due to its wide 

geographic occurrence despite its nonfunctional pseudogenome like characteristics. 

 

4.2 Materials and Methods 

 

4.2.1 Genome sequenced D. ananassae strains 

All D. ananassae strains examined in this study originated from the study of Choi 

and Aquadro (2014). Eight strains with evidence of the wAnaINF genome (Cebu, GB1, 

HNL0501, KMJ1, OGS-98K1, RC102, TBU136, and VAV150) and seven strains with 

evidence of only the wAnaITG genome (BKK13, D38, EZ104, PNP1, TB43, TBU3, and 

TI8) were examined (details of each strains are found in Choi and Aquadro 2014). Each 

D. ananassae strain that was positive for wAna genes by PCR was treated with the 

antibiotic tetracycline with concentrations of 200 μl/ml to cure them of infectious wAna. 

Then the cured D. ananassae strains were screened by PCR again for the wAna gene and 

from here we defined a D. ananassae strain to have the wAnaINF genome if no wAna 

genes were detected after curing, and as a strain having the wAnaITG genome if wAna 

genes were detected after curing. Since it is possible for the D. ananassae strains with the 

wAnaITG genome to also have the wAnaINF genome, we avoided sequencing both 

genomes by only genome sequencing cured wAnaITG carrying D. ananassae strains. 
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For each strain, DNA was extracted from whole bodies of 12 to 15 female D. 

ananassae flies using the Qiagen DNeasy blood and tissue kit. To prepare for genome 

sequencing the purified DNA were processed by the Biotechnology Resource Center at 

Cornell University (http://www.biotech.cornell.edu/biotechnology-resource-center-brc) 

using Illumina TruSeq DNA sample library prep kit as paired-end 2x150bp samples. 

DNA libraries were barcoded and pooled for whole genome sequencing using the 

Illumina HiSeq 2500 rapid run mode at the Biotechnology Resource Center Genomics 

Facility at Cornell University. 

 

4.2.2 Reference genome based realignment and alignment statistics calculation 

The program Trimmomatic version 0.32 (Bolger et al. 2014) was used to 

preprocess the raw reads to trim any remaining adapter sequences and for quality control 

purposes (Parameters used: ILLUMINACLIP:2:30:10:5; LEADING:3; TRAILING:3; 

MINLEN:70; SLIDINGWINDOW:4:15). The Program FastQC version 0.11.1 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) was then used to heuristically 

check and visualize the quality of the raw reads.  

The quality controlled raw reads were then realigned to a reference genome using 

the program BWA-MEM version 0.7.10 (Li, 2013) using default parameters. Currently, a 

high quality wAna genome is unavailable, so we used the reference genome sequence of 

W. pipientis infecting D. simulans strain Riverside (wRi) (Klasson et al. 2009). A 

previous study has shown high nucleotide identity between the genomes of wAna and 

wRi (Salzberg et al. 2005).  The D. ananassae reference mitochondria genome (Genbank 
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accession number BK006336.1; Montooth et al. 2009) was used to extract D. ananassae 

mitochondrial reads. 

Genome wide coverage was calculated by counting the number of reads aligned 

on a given site using the program genomeCoverageBed from the bedtools version 2.17.0 

suite (Quinlan and Hall, 2010). Total number of reads aligning to each reference genome 

was calculated using the program samtools version 1.0 (Li et al. 2009). For all wAna 

samples read coverage per site was normalized against the mean read coverage of the 

longest scaffold assembled from the draft D. ananassae nuclear genome (scaffold 13340; 

Genbank accession number CH902617.1). 

 

4.2.3 wAnaINF copy number variation analysis 

The program CNVnator version 0.3 (Abyzov et al. 2011) was used to detect 

regions with significant changes in the copy number of the wAnaINF aligned BAM files. 

CNVnator divides the whole genome into bins to calculate the mapping density and find 

regions with significantly different read depth. For the wAnaINF sample genome wide 

coverage was equal for most of the regions except for the few candidate regions with 

variation in the copy number (see results section) so that CNVnator was appropriate to 

detect those copy number variations. In contrast, the wAnaITG samples had varying 

genome coverage throughout the genome making CNVnator an unsuitable method; thus 

we used experimental methods to directly quantify the differences in the genome 

coverage (see below). 

 

4.2.4 Quantitative PCR (qPCR) to analyze wAnaITG genome copy number  
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 To verify the variable read coverage observed in the wAnaITG genomes (see 

results section) qPCR was conducted on three D. ananassae strains with the wAnaITG 

genome (BKK13, D38, and TI8). Based on our wAnaITG genome coverage results, a low 

coverage region (LOW) corresponding to gene YP_002726693.1 (coordinate: 40,653 – 

41,915) and high coverage region (HIGH) corresponding to gene YP_002727436.1 

(coordinate: 998,610 – 1,000,511) were selected as candidate regions and compared to 

the D. ananassae rp49 gene. qPCR primers were designed using the online version of the 

program primer3plus (Untergasser et al. 2012; http://primer3plus.com/cgi-

bin/dev/primer3plus.cgi) and primer sequences are provided in Table B.1. qPCR 

reactions were conducted using iTaq Universal SYBR Green Supermix (Biorad) and 

fluorescence was detected using the ViiA7 Real-Time PCR system (Life Technology). 

PCR mixes were denatured at 95°C for 10:00 minutes followed by a 40 cycle 

amplification stage which consisted of 95°C for 15 seconds followed by a data collection 

step of 53°C for 1:00 minute. A melt curve stage was conducted at the end with 95°C for 

15 seconds, then 60°C for 1:00 minute, followed by the data collection step where the 

temperature was raised 0.05°C/second until 95°C. 

 Single females from each of the three examined D. ananassae strains (BKK13, 

D38, and TI8) were combined and extracted for DNA using our previous methods of 

DNA extraction. This master mix was then serially diluted to fit a standard curve for the 

3 genes (LOW, HIGH, and rp49) and estimate the efficiency of the primers.  This 

standard curve was then used to convert the observed Ct values for each sample into its 

relative concentration. Afterwards the HIGH and LOW relative concentrations were 

compared to the relative concentration of rp49. Three biological replicates and three 
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technical replicates were conducted for each D. ananassae strains. All qPCR reactions 

were conducted in the same plate to keep the reaction condition and detection of 

fluorophores consistent. 

 

4.2.5 Detection of nucleotide and structural variations 

BAM files generated from the previous reference genome based raw read 

realignment step were then processed according to the guidelines of GATK’s 

BestPractice version 3.3 for downstream analysis 

(https://www.broadinstitute.org/gatk/guide/best-practices). Briefly, this process involves 

removing duplicate reads using the program Picard version 1.115 

(http://broadinstitute.github.io/picard/), and realigning regions around insertion and 

deletions (INDELs) using the GATK suite version 3.2-2 

(https://www.broadinstitute.org/gatk/). The processed BAM file was then used to call 

INDEL and single nucleotide polymorphism (SNP) variants using the joint genotyping 

method of GATK. The program VariantFiltration from the GATK suite was then used to 

apply hard filters on the raw variant calls (Parameters for INDEL filtering: QD < 2.0, FS 

> 200.0, ReadPosRankSum < -20.0; Parameters for SNP filtering: QD < 2.0, FS > 60.0, 

MQ < 40.0, HaplotypeScore > 13.0, MappingQualityRankSum < -12.5, 

ReadPosRankSum < -8.0). Additionally for the SNP filtering stage, the previous INDEL 

calls were used to mask SNP calls that coincided with the INDEL position as these may 

cause false polymorphism calls because of alignment errors. SNP variants detected 

among our genomes and used for downstream analysis are reported in Supplemental Data 

http://broadinstitute.github.io/picard/
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in a tab-delimited format. Raw VCF files for the SNP and INDELs are available upon 

request. 

To detect small and large sized structural variations, specifically INDELs and 

inversions, we used the program pindel version 0.2.5 (Ye et al. 2009), which uses a 

pattern growth algorithm to detect structural variations at base pair resolution. After the 

structural variations were predicted by pindel the pindel2vcf from the pindel suite was 

used to filter out variants that were predicted with less than 4 reads as well as any 

variants due to homopolymer and microsatellite repeats as these could represent 

sequencing errors (pindel2vcf parameters: -e 4 -ir 2 -il 10 -pr 1 -pl 10).  

The functional effects of each SNPs and INDELs were predicted using the 

program snpEff version 4.0e (Cingolani et al. 2012). 

 

4.2.6 PCR amplification of pindel predicted structural variations 

To verify the large deletions and inversions predicted by pindel, a subset of those 

predicted large structural variations were selected for PCR verification. We designed 

PCR primers that flank the predicted breakpoints of each of the nine large structural 

variant (Primers are listed in Table B.2). Each PCR reaction consisted of 5μl of 5X 

GoTaq Reaction buffer, 0.5 μl of 10mM dNTP, 2.5 μl of 10mM upstream and 

downstream primer each, 0.25 μl of GoTaq DNA polymerase (Promega), and 13.75 μl of 

water. PCR for all primer pairs started with an initial denaturation step with 94°C for 

2:00 minutes for one cycle followed by 35 cycles of 94°C for 30 seconds then a primer 

annealing step for 45 seconds with the following annealing temperatures: 60°C for SV4, 

SV7, SV8, SV9; 63°C for SV1, SV2, SV3; 65°C for SV5, SV6. Annealing was followed 
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by an extension step at 72°C for 1:00 minutes for SV1, SV5, SV6; 1:30 minutes for SV9; 

1:45 minutes for SV2, SV7, SV8; 2:30 minutes for SV4; 3:00 minutes for SV3. PCR 

products were run on a 1% agarose and digital images processed using the program 

ImageJ (http://imagej.nih.gov/ij/). 

 

4.2.7 Phylogenetic analysis 

 Nucleotide variants that were called using above methods were then used for 

phylogenetic analysis. Phylogenetic reconstruction was carried out using the maximum-

likelihood method implemented in PhyML version 3.0 (Guindon et al. 2010), the HKY 

model of DNA substitution (Hasegawa et al. 1985) and substitution rate variation across 

sites modeled with a gamma distribution with 4 rate categories (commonly known as the 

HKY + G model). Confidence of the inferred phylogenetic tree was estimated using 1000 

bootstrap replicates. Trees were plotted and manipulated using FigTree ver 1.4.0 

(http://tree.bio.ed.ac.uk/software/figtree/) and the R package phytools (Revell 2012). 

 

4.2.8 Preparation of wAnaITG genome for phasing heterozygous genotypes  

 We initially assumed that the wAnaITG genome existed in a diploid state in D. 

ananassae strains with evidence of the integration, and thus attempted phasing sites 

called as heterozygotes by first making the cytotype of the wAnaITG genome haploid. 

Male D. ananassae strains with the wAnaITG genome were mated to virgin females of a D. 

ananassae strain that had neither the wAnaINF genome nor wAnaITG genome. Crossing 

males with the wAnaITG genome to females lacking both wAnaINF and wAnaITG genomes 

prevents any maternal factors (i.e. W. pipientis) from being inherited, and only the 

http://imagej.nih.gov/ij/
http://tree.bio.ed.ac.uk/software/figtree/
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paternal nuclear DNA will be transmitted to the next generation. Both males and females 

of the cross were cured of W. pipientis with 200μl/ml tetracycline for 4 generations to 

clear wAnaINF genomes. We collected only the F1 progeny females in case there were 

integrations in both the autosome and X chromosome, thus retaining equal coverage 

between the two different chromosomal backgrounds. Additionally, to keep one copy of 

the haploid wAnaITG genome for downstream phasing analysis, we chose a single virgin 

female for DNA extraction and subsequent genome sequencing.  

 Single female flies were individually homogenized with a clean pestle in a lysis 

buffer (50mM Tris-HCL ph8.2, 100mM EDTA, 100mM NaCl, 1% SDS) then treated 

with Proteinase K and RNase I. DNA extraction was conducted using a standard phenol-

chloroform-isoamyl protocol followed by an overnight ammonium acetate DNA 

precipitation. A detailed protocol is available at request. The purified DNA was then 

prepared for genome sequencing following the same protocol previously described. 

 

4.2.9 In silico prediction of breakpoints between wAnaITG and host nuclear genome 

In an effort to determine breakpoints between the wAna genomic fragments and 

the host genome, we treated those breakpoints as translocation events (i.e. exchange of 

chromosomal DNA between nonhomologous chromosomes) and used the program 

Lumpy ver 0.2.6 (Layer et al. 2014) to detect the breakpoints between the wAna genome 

and the host genome. Lumpy combines multiple signals from read-pair, split-reads, and 

read-depth of a sample to identify structural variations. We realigned our original raw 

reads to a reference genome that included a subset of the reference D. ananassae CAF1 

assembly (Clark et al. 2007) and the wRi genome. Only a subset of scaffolds was selected 
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because the D. ananassae reference genome is largely a draft genome that includes 

thousands of unassembled scaffolds. Further, it is possible that some scaffolds contain W. 

pipientis sequences that were accidently incorporated because the sequenced line of D. 

ananassae contained W. pipientis.  In fact, Salzberg et al. (2005) were able to reassemble 

a draft wAna genome from the raw sequence repository of the D. ananassae reference 

genome. We selected large scaffolds that were identified as syntenic to the D. 

melanogaster Muller elements (Schaeffer et al. 2008) (see Table B.3 for full list of 

scaffolds; Genbank assembly accession number: GCA_000005115.1). Using this custom 

reference genome, paired-end reads that contain both the bacterial and host sequences 

were aligned to their appropriate genome. Next, discordant paired-end and split-end reads 

were extracted from the BAM files using samtools. These reads were then processed 

using the pairend_distro.py script from the Lumpy suite to estimate the library size, mean, 

and standard deviation. The sample statistics of the library were then prepared as a 

configuration file with the following Lumpy parameters to detect translocation events 

using two different libraries: 1) Discordant paired end library analysis: read length = 150; 

min non overlap = 150; discordant z = 4; back distance = 20; weight = 1; id = 1; min 

mapping threshold = 40; and 2) Split reads library analysis: back distance = 20; weight = 

1; id = 2; min mapping threshold = 40. Inferred breakpoints between D. ananassae and 

wAna were only used if they were supported by reads with a minimum mapping quality 

of 40, had evidence from both paired-end and split-end read libraries, and had a minimum 

of six supporting reads. 

Our analysis revealed that Lumpy identified many breakpoints in which the host 

D. ananassae sequence corresponded to potential transposable elements (described 
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further in results). To further characterize these breakpoints, we used the program 

RepeatMasker version open 4.0 (http://www.repeatmasker.org/; developed by Smit, 

A.F.A., Hubley, R. and Green, P.) to identify repetitive DNA and transposable elements 

across the reference D. ananassae genome. The Drosophila RepBase repeat library 

Update 20140131 (http://www.girinst.org/repbase/) was used to identify specific 

transposable element families.  

 

4.3 Results 

 

4.3.1 Raw read alignment statistics 

 Whole adult flies representing each of the 15 strains of D. ananassae that were 

previously screened for the presence of wAnaINF and wAnaITG genomes (Choi and 

Aquadro 2014) were genome sequenced, and all wAna originating reads were 

computationally extracted using the reference wRi genome (alignment statistics are 

shown in Table 4.1). Raw reads from both wAnaINF and wAnaITG genomes comprised on 

average 2% of the total reads. However, the proportion of wAna reads was variable 

between the two genomes; the wAnaINF genomes had more variability among lines, 

ranging from 1.3% of the total reads in strain HNL0501 to 3.8% in strain TBU136. 

Mirroring this result, the average Read Depth (RDavg) of the wAnaINF genomes, 

normalized relative to the RDavg of the D. ananassae nuclear genome, also varied from 

1.7 fold higher in HNL0501 wAnaINF to 5.2 fold higher in TBU136 wAnaINF. For 

wAnaITG, a single genome integration of wAna would be expected to have an RDavg equal 

http://www.repeatmasker.org/
http://www.girinst.org/repbase/
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Table 4.1 Raw read realignment statistics for mtDNA and wAna genomes. 
 

Strain Total Reads wAna 
originating reads 

Proportion of 

wAna reads 
wAna 
aRDavg 

wAna 
bRatio 

mtDNA 
originating reads 

Proportion of 
mtDNA reads 

mtDNA 
aRDavg 

mtDNA 
bRatio 

Raw Reads from wAnaITG Genome 
BKK13 35914931 721253 0.020 74.4 2.5 238401 0.003 2376.8 78.5 

D38 40631930 987102 0.024 101.8 3.1 299310 0.007 2977.6 89.6 
EZ104 29830655 613044 0.021 63.2 2.6 216173 0.007 2150.7 86.7 
PNP1 90416482 1766984 0.020 180.3 2.4 291938 0.003 2681.3 35.1 
TB43 28871004 621913 0.022 64.0 2.7 208458 0.007 2071.6 87.2 
TBU3 39325872 1001506 0.025 103.4 3.2 292405 0.007 2908.0 89.1 

TI8 37948414 853466 0.022 88.0 2.8 265647 0.007 2645.9 83.2 
Median 37948414 853466 0.022 88.0 2.7 265647 0.007 2645.9 86.7 

Raw Reads from wAnaINF Genome 
Cebu 141458302 2971843 0.021 304.7 2.6 528382 0.004 5262.5 44.6 
GB1 33180346 640906 0.019 64.3 2.6 228571 0.007 2121.2 86.7 

HNL0501 19121957 243774 0.013 24.9 1.7 101483 0.005 1008.5 68.3 
KMJ1 76690462 1457894 0.019 149.2 2.3 208845 0.003 1894.7 28.9 

OGS98-K1 30352531 709801 0.023 72.1 3.3 78842 0.003 784.6 35.6 
RC102 82433612 1387896 0.017 141.5 2.1 246883 0.003 2258.8 32.8 

TBU136 20721322 794974 0.038 81.3 5.2 81676 0.004 811.3 51.5 
VAV150 20791631 535975 0.026 54.4 3.5 122822 0.006 1153.5 75.2 
Median 31766439 752388 0.020 76.7 2.6 165834 0.004 1524.1 48.1 

 
aRDavg, average read depth of a sample. bRatio, value obtained by dividing the mean depth of the wAna or mtDNA genome to the mean depth of D. 
ananassae nuclear genome (scaffold 13370). 
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to that of the D. ananassae nuclear genome. However, the RDavg for wAnaITG was 

roughly 2.6 fold higher. 

 Alignment statistics for the mitochondrial genome (mtDNA) indicated 0.3% to 

0.7% of the total raw reads originated from the mtDNA for both D. ananassae strains 

with the wAnaINF and wAnaITG genomes. Deep genome coverage was observed for the 

mtDNA, and compared to the D. ananassae nuclear genome, the D. ananassae strains 

with the wAnaITG genomes had more mitochondrial genome copies than D. ananassae 

strains with the wAnaINF genomes (Table 4.1). However, this difference is probably due 

to the tetracycline treatment of wAnaITG carrying D. ananassae in order to eliminate any 

residual wAnaINF genomes. A previous study has shown that tetracycline increases 

mtDNA copy in Drosophila that was not infected with W. pipientis (Ballard and Melvin 

2007). 

 

4.3.2 Analysis of wAnaINF and wAnaITG genome coverage 

The read coverage for each wAna genome was visualized by plotting the per-site 

read depth normalized against the D. ananassae nuclear genome coverage. Most of the 

regions of the wAnaINF genomes had equal coverage across the genome (Figure 4.1). 

Spikes of increase in coverage across small regions were frequently observed (i.e., region 

around 0.18M bp and 1.28M bp), and these regions mainly corresponded to the ribosomal 

and transfer RNA genes of the wRi genome. Since the extracted DNA were from well-

fed adult flies it is likely that these spikes in coverage were due to additional reads 

originating from the gut microbiota of the host. These regions were ignored for further 

downstream analysis. 
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Figure 4.1 Genome wide read coverage for the 8 wAnaINF genomes. Per site read depth normalized against the D. ananassae nuclear genome 
(scaffold 13340) coverage are shown against the reference wRi genome coordinate. 
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The program CNVnator was used to detect regions with significant changes in the 

copy number among the wAnaINF samples. As expected from the wAnaINF genome 

coverage plots, no regions with significant changes in the copy number were detected for 

D. ananassae strains Cebu, GB1, KMJ1, OGS-98K1, and RC102. In the wAnaINF 

genomes of strains TBU136 and VAV150, regions between coordinates 0.61Mbp – 

0.63Mbp and 1.12Mbp – 1.14Mbp were estimated to have a 0.5 fold decrease (p < 

0.0001) in copy number compared to their genome wide background coverage. In the 

HNL0501 strain, the wAnaINF genome was predicted to have a significant two-fold 

increase in copy number (p < 0.0001) between coordinates 0.57Mbp – 0.63Mbp and 

1.07Mbp – 1.14Mbp. The two regions between 0.61Mbp – 0.63Mbp and 1.12Mbp – 

1.14Mbp that showed copy number variation overlapped among wAnaINF genomes from 

strains HNL0501, TBU136, and VAV150. 

In contrast to the wAnaINF genomes, the wAnaITG genomes showed strikingly 

heterogeneous coverage across the genome (Figure 4.2), with low coverage in the 

beginning of the genome increasing to a maximum coverage around coordinates 1Mbp 

and subsequently decreasing. Regions with low and high coverage were also correlated 

across all seven wAnaITG genomes. The normalized read depth across the wAnaITG 

genomes indicated that the majority of the regions had at least double the read depth 

compared to the D. ananassae nuclear genome.  

We verified that the high and low coverage regions of the wAnaITG segments 

represented actual differences in the genome sequence copy number using qPCR. A 

candidate high copy region (HIGH) at coordinate 998,610 – 1,000,511 and candidate low
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Figure 4.2 Genome wide read coverage for the 7 wAnaITG genomes. Per site read depth normalized against the D. ananassae nuclear genome 
(scaffold 13340) coverage are shown against the reference wRi genome coordinate.
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copy region (LOW) at coordinate 40,653 – 41,915 were each compared to the D. 

ananassae nuclear gene rp49 in 3 representative strains (BKK13, D38, and TI8). Based 

on genome coverage results compared to the D. ananassae rp49 gene, LOW was 

expected to have a 1.5 fold increase while HIGH was expected to have a 3.5 fold increase 

in copy number (Figure 4.3). Qualitatively the qPCR results were concordant with the 

genome coverage results: for all three strains, copy number for LOW was 0.8 fold that of 

the rp49 gene, while HIGH was estimated to be 2.6 fold higher than rp49. Thus the 

difference in read coverage across the wAnaITG genome was due to differences in the 

copy number of wAnaITG integrated into the D. ananassae nuclear genome. 

 

4.3.3 Analysis of wAnaINF genome variants 

Due to the relatively high read depth for both mtDNA and wAna genomes, variant 

detection programs were used to call single nucleotide polymorphisms (SNPs), insertions 

and deletions (INDELs), and inversion variations for wAnaINF both within and among 

strains of D. ananassae. The program HaplotypeCaller from the GATK suite was used to 

call single nucleotide variants. This program assumes diploidy of the organism when 

calling each variants genotype.  However, wAnaINF genomes are expected to be haploid, 

and most of the variants are predicted to be called as homozygous genotypes within a 

strain. Sites called as heterozygotes within a single strain could be due to infection by 

multiple wAna genomes, a duplicated region differing in one duplicate by a mutation, or 

a false variant call from sequencing error. Levels of variation among the eight wAnaINF 

genomes were assessed as follows: a site was considered monomorphic when all eight 

individuals have the same base call and polymorphic when the base calls for at least one
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Figure 4.3 Computational and qPCR estimates of copy number for the LOW and HIGH 
regions of the wAnaITG genome. Relative copy number of LOW and HIGH region is compared 
to D. ananassae rp49. The x-axis represent read depth of LOW and HIGH region divided by read 
depth of rp49. The y-axis represents relative concentration of LOW and HIGH region divided by 
relative concentration of rp49. 
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line differ from the others. Polymorphic sites that had at least one line with a 

heterozygote call were also tabulated and were abbreviated as PSHET. 

From the total 1,445,873 bp reference wRi genome, base calls were made for 

1,194,063 bp (82.6%) for the sample of wAnaINF genomes (Table 4.2). Initially base calls 

from the wAnaINF genomes were compared to the ~7000 bp regions that Choi and 

Aquadro (2014) reported as monomorphic using Sanger sequencing, and we verified 

those regions to be monomorphic in our new data as well. Compared to the reference wRi 

genome from D. simulans, we detected 10 fixed differences for the wAnaINF genomes 

suggesting these are wAnaINF specific mutations. 

Among the eight wAnaINF genomes, PSHET were examined more closely, since 

other symbiotic bacterial reads could align to homologous regions of the reference 

genome and cause false heterozygote calls (as was observed in the ribosomal and transfer 

RNA regions). We conservatively chose to discard PSHET sites that were clustered within 

10 bp windows among the wAnaINF genomes. Among the eight wAnaINF genomes, there 

were 125 polymorphic sites where eight polymorphic sites had at least one line of 

wAnaINF called as a heterozygote. Among these eight PSHET, seven out of the eight 

polymorphic sites had a single line called as a heterozygote while the remaining lines 

were called as the reference allele. This suggested that those lines with the heterozygote 

calls were likely to be false variant calls. A single PSHET had five out of the eight lines 

called as a heterozygote but this was located within a pseudogenized gene (WRi_p10660). 

Thus we infer that heteroplasmy was minimal and that only a single strain of wAna 

infected each D. ananassae strain. The average genome-wide number of pairwise 

nucleotide differences per site (π) was 3.65 × 10-5 among the eight wAnaINF genomes.
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Table 4.2 wAna and mitochondrial genome variation. 
 

 wAna Status N Analyzed sites Fixed STOTAL SSINGL SHET π INDELTotal INDELHOM INDELHET 

wAna Genomes 
wAnaINF 8 1194063 10 125 39 8 3.65E-05 10 6 4 
wAnaITG 7 1228381 42 2259 25 2234 aN.A. 122 8 114 

mtDNA Genomes 
Total 15 14905 5 165 59 11 2.84E-03 0 - - 

wAnaINF 8 14905 5 127 34 11 3.02E-03 0 - - 
wAnaITG 7 14905 25 109 67 0 2.45E-03 0 - - 

 
N, sample size. STOTAL and INDELTotal, total number of polymorphic sites with a single nucleotide and small sized INDEL (< 100 bp) variants 
respectively. SSINGL, total number of singletons. SHET and INDELHET, total number of polymorphic sites with at least one line with a heterozygote 
variant call (PSHET). π, number of pair-wise differences per site. aNot applicable as there were many heterozygous polymorphisms that appear due 
to the mutli-copy nature of the integrated wAna genome (see results).
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The program pindel was used to identify small sized INDELs (< 100 bp) across 

each wAnaINF genomes. Among the eight wAnaINF genomes, we detected a total of 10 

polymorphic sites with small sized INDELs (Table 4.2). Four of these polymorphic sites 

were a PSHET, however, for each PSHET the line with the heterozygote call had an INDEL 

with a single bp deletion. This suggested that sequencing errors could have caused the 

false variant calls in those lines with a site called as a heterozygous INDEL.  

We also used pindel to detect large structural variations, such as large deletions (> 

100 bp) and inversions, that were both polymorphic and fixed (compared to the reference 

wRi genome) among the wAnaINF genomes (Supplemental Table 4 and 5). The sizes of 

these predicted large deletions ranged from 619 bp to 2544 bp. Examining the gene 

annotations of these large deletions, most involved the loss of a Transposable Element 

(TE) that existed in the reference wRi genome. Interestingly some of the inversions had 

predicted breakpoints that coincided with the same genome coordinates as for the large 

deletions. When the program lumpy was used to detect structural variations, no 

significant inversions or large deletions were found.  

We designed PCR primers that flanked the breakpoints found by pindel and used 

PCR amplification to verify the computationally predicted structural variations (see Table 

B.2 for genome coordinates of the PCR primers). Nine of the predicted large structural 

variations were PCR amplified and results are shown in Figure 4.4A. There were seven 

large structural variations (SV1, SV2, SV3, SV4, SV5, SV6, and SV7) that were 

polymorphic among the eight wAnaINF samples. The remaining two large structural 

variations (SV8 and SV9) were deletions of a TE in the reference wRi genome, and this 
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Figure 4.4 PCR amplifications of large structural variations found in A) wAnaINF and B) 
wAnaITG samples. PCR results for the 9 large structural variations are shown according to the 
sample. KMJ1 TET, tetracycline treated KMJ1 strain that is cured of W. pipientis infection and 
does not have evidence of the integration. Negative, negative control using water for the PCR 
reaction. Note SV8 and SV9 are large deletions that exist in all wAnaINF and wAnaITG samples.
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deletion was observed in each of our wAnaINF samples as the PCR product was smaller 

than predicted from the wRi reference genome.  When compared to the computational 

prediction, six of the large deletions detected by pindel (SV2, SV3, SV4, SV7, SV8, and 

SV9) were verified by PCR to be true large deletions. The three inversions 

computationally inferred by pindel (SV1, SV5, and SV6; Table B.2) were examined by 

trying to PCR amplify one side of the predicted breakpoints. Results showed that these 

pindel predicted inversions were not inversions but in fact were insertions of a large 

genetic sequence, likely from a TE.  

 

4.3.4 Analysis of wAnaITG genome variants 

We assumed the wAnaITG genome was due to a single-copy genome integration 

and would thus be a diploid like the D. ananassae host genome. However, in preparation 

of this manuscript, Klasson et al. (2014) reported evidence of extensive duplication of the 

wAnaITG genome. Thus, using HaplotypeCaller to call variant base calls for each 

wAnaITG genome of D. ananassae could result in a site being called as a heterozygote 

either because the two allelic copies of a specific wAnaITG sequence differ, or because the 

two duplicated regions on the same chromosome differ from each other (much like 

paralogs of a single gene might differ). Thus, among the wAnaITG genomes we also 

examined PSHET carefully.  

Analysis of levels of nucleotide variation among the seven wAnaITG genomes 

compared to the eight wAnaINF genomes (Table 4.2) revealed both greater differentiation 

from the wRi reference genome and more variation among wAnaITG genomes. Analyzing 
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a total of 1,228,381 bp (85.0%), the wAnaITG genomes had 42 fixed differences from the 

reference wRi genome (compared to only 10 for wAnaINF).  

Like the variant detection from the wAnaINF genomes, we took a conservative 

approach to filter out potentially false variants called as heterozygotes by examining each 

wAnaITG genome using a 10 bp sliding window, and masking windows with more than 

three variant base calls. These windows were considered as variant clusters likely due to 

misalignments and were thus ignored for downstream analysis. After our hard filtering 

we found 2259 polymorphic sites among the seven wAnaITG genomes, with 2234 (98.9%) 

of these being PSHET (Table 4.2). The remaining 25 polymorphic sites had a singleton 

variant. In contrast to results for 7 kbp of the wAnaITG genome found to be invariant by 

Sanger sequencing (Choi and Aquadro 2014), our whole-genome analysis revealed a 

much higher number of polymorphic sites in other regions of the genome; this contrast 

will be addressed in the discussion section. 

The seven wAnaITG genomes had a higher number of polymorphic sites with small 

sized INDELs (< 100 bp) (Table 4.2) compared to the eight wAnaINF genomes.  Among 

the seven wAnaITG genomes the majority of the INDEL polymorphic sites were a PSHET 

(114 out of 122 polymorphic sites). However, for each PSHET the line with the 

heterozygous INDEL call had a variant of size 13 bp on average. This suggested that in 

contrast to the heterozygous INDEL calls from wAnaINF genomes, those in wAnaITG were 

not false INDEL calls from sequencing errors.  

Among the wAnaITG genomes, a total of 10 large deletions (> 100bp) were 

detected using pindel and all were fixed between the wAnaITG samples and the wRi 

reference genome (Supplemental Table 4). All of these large deletions were the same 
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variants that were predicted in our wAnaINF genome analysis (Figure 4.4A).  We verified 

these large deletions in the wAnaITG samples using the same primers from the PCR 

analysis of the wAnaINF large structural variation. Results showed that unlike the wAnaINF 

genomes, there were no variations in large deletions among the seven wAnaITG genomes 

(Figure 4.4B). Further, PCR results showed no large INDEL that was able to differentiate 

the wAnaINF or wAnaITG genomes and all large INDEL variants among the wAnaITG 

genomes existed within the wAnaINF genomes (Figure 4.4A and 4.4B). 

 

4.3.5 Analysis of mitochondrial genome variants 

For the D. ananassae mitochondrial genomes we analyzed 14,905 bp (99.9%) out 

of the total 14,920 bp of the D. ananassae mtDNA genome (Table 4.2). We discovered a 

total of 165 polymorphic sites, each with a single nucleotide variant among the 

mitochondrial genomes from both D. ananassae with the wAnaINF and wAnaITG genomes. 

We compared our computationally called polymorphic sites to the Sanger sequenced 

mtDNA polymorphic sites of Choi and Aquadro (2014), and were able to verify 34 out of 

the 35 segregating sites suggesting a high true positive rate of variant calling for our new 

results. Out of the total polymorphic sites, there were 11 PSHET where the lines called as a 

heterozygote were all from individuals with the wAnaINF genomes. However, all 11 

PSHET were from only a single line called as a heterozygote suggesting those sites were 

called as heterozygotes due to sequencing errors. Compared to the reference D. 

ananassae mitochondrial genome, individuals with the wAnaITG genomes had 25 fixed 

mtDNA differences while individuals with the wAnaINF genomes had 5 fixed differences; 

thus the reference mitochondrial genome was more similar to the mtDNA haplotypes 
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associated with the wAnaINF genomes. D. ananassae strains with only the wAnaITG 

genomes had twice as many singletons as individuals with only the wAnaINF genomes, 

while the average mitochondrial genome wide π across all D. ananassae strains was 2.84 

× 10-3. No significant small and large sized INDELs or inversions were detected in the 

mtDNA. 

 

4.3.6 Functional classification of polymorphic site variants among wAnaINF and 

wAnaITG genomes 

 We used the program snpEff to infer functional consequences of the single 

nucleotide and small INDEL variants observed among the wAnaINF and wAnaITG 

genomes relative to the reference wRi genome (Table 4.3).  We found 52.8% of the 

polymorphic single nucleotide variant sites among the wAnaINF genomes segregated for 

nonsynonymous variants, all of which resulted in missense mutations. The remaining 

47.2% of the single nucleotide polymorphic sites segregated variants of synonymous or 

intergenic sites. In contrast, among the wAnaITG genomes, 61.1% of polymorphic sites 

segregated for single nucleotide variants resulting in nonsynonymous changes, with 

56.3% of those variants being missense mutations and 4.8% of those variants being 

nonsense mutations.  

For small sized INDELs, we observed 10 polymorphic sites among the wAnaINF 

genomes (Table 4.2) with 9 out of 10 of them occurring in intergenic regions. A single 

polymorphic site occurred in the coding region with a variant that caused an in-frame 

deletion (Table 4.3). Among the wAnaITG genomes there were 122 polymorphic sites with 

small sized INDELs (Table 4.2), 60.5% of which occurred within a coding region. Of 
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Table 4.3. Predicted effects of SNPs and INDELs of the wAnaINF and wAnaITG genomes. 
 

Genome 

 Single Nucleotide Variant   Small sized INDEL (< 100bp) 
 Coding Region Intergenic 

Region 
 Coding Region Intergenic 

Region  NSynMis NSynNon Syn  Frame Shift Codon Δ 
wAnaINF  66 (52.8%) 0 22 (17.6%) 37 (29.6%)  0 1 (10.0%) 9 (90.0%) 
wAnaITG  1271 (56.3%) 108 (4.8%) 408 (18.1%) 472 (20.9%)   67 (54.9%) 19 (15.6%) 36 (29.5%) 

 
NSynMis, number of polymorphic sites segregating on a nonsynonymous site with missense mutations. NSynNon, number of polymorphic sites 
segregating on a nonsynonymous site with nonsense mutations. Syn, number of polymorphic sites segregating on a synonymous site. Codon Δ, 
number of polymorphic sites with in-frame deletions. Proportions are indicated in parenthesis.
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those, 54.9% had a variant resulting in a frame shift mutation and 15.6% had a variant 

causing an in-frame INDEL change (Table 4.3). Thus, the wAnaITG genomes had an 

increased number of polymorphic sites with single nucleotide variants and small sized 

INDELs that were predicted to cause a strongly deleterious effect (i.e. nonsense mutation 

and frame shift mutations) in a functioning wAna genome. 

 

4.3.7 Phylogenomic analysis of mtDNA and wAna genomes 

The single nucleotide variants observed for mtDNA and wAna were used to 

estimate the phylogeny of each genome we sampled, using a maximum-likelihood 

method from the program PhyML. The phylogenies of both the host D. ananassae 

mtDNA genome as well as wAna were examined because, like the W. pipientis genome, 

mtDNA is also maternally inherited yet has a higher mutation rate which provides more 

phylogentically informative mutations for analysis (Richardson et al. 2012; Early and 

Clark 2013; this study). Many methods of phylogenetic reconstruction, however, are not 

suited to deal with heterozygous sites (Sota and Vogler 2003), which is problematic for 

the wAnaITG genomes where we found many sites to be called as heterozygotes within 

each line. Phasing the heterozygote calls using statistical methods was almost impossible 

as 98.9% of the total polymorphic sites among the wAnaITG genomes were a PSHET. Thus, 

only sites that were called as homozygous were examined from each wAnaITG genome, 

assuming those were representative of the variants that existed in the wAna genome 

before integrating into the host genome as wAnaITG.  

Qualitatively the mtDNA genome phylogeny (Figure 4.5A) was concordant with 

the mtDNA phylogeny from the study of Choi and Aquadro (2014), which was estimated 
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Figure 4.5. Maximum-likelihood phylogeny of the A) host D. ananassae mtDNA and B) 
wAna genomes including both infectious integrated genome types. Bootstrap values of greater 
than 95% are shown on the nodes of the phylogeny. D. ananassae strains with wAnaINF are 
indicated with black colored branches while wAnaITG are indicated with red colored branches. 
Both trees are midpoint rooted.
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using the same D. ananassae samples from this study but with Sanger sequences of only 

3 mtDNA genes. No evidence of phylogenetic clustering was observed among the 

mtDNA haplotypes originating from D. ananassae strains with the wAnaINF or wAnaITG 

genomes.  

As expected for maternally inherited organelles and endosymbionts, the branching 

patterns observed among the wAnaINF genomes were congruent with the phylogenetic 

relationship estimated for the mtDNA (Figure 4.5A and 4.5B). Interestingly, the copy 

number analysis of specific wAnaINF genomic regions (Figure 4.1), large structural 

variation analysis (Figure 4.4A), and the wAnaINF nucleotide phylogeny (Figure 4.5B), 

which were inferred independently from one another, gave congruent phylogenetic 

results. For example, wAnaINF genomes from strain TBU136 and VAV150 had a 

significant decrease in copy number in two regions of the genome (Figure 4.1), had 

shared large structural variations (SV6 and SV7; Figure 4.4A), and were phylogenetically 

the most closely related (Figure 4.5B). Additionally, the phylogenetic tree indicated 

wAnaINF genomes from strains Cebu, HNL0501, and KMJ1 as one group; and strains 

GB1 and OGS-98K1 as another group (Figure 4.5B), both of which were also consistent 

with the PCR verified large structural variations (Figure 4.4A).  

The wAna phylogenetic tree showed all of the wAnaITG genomes to be within a 

single monophyletic cluster consistent with a single original host nuclear genome-

integration and subsequent inheritance as a bi-parentally transmitted nuclear gene. In 

contrast, the maternally inherited mtDNA for these wAnaITG strains of D. ananassae 

showed a much different pattern in that they were distributed across the full mtDNA 

phylogeny for all strains (Figure 4.5A and 4.5B). Interestingly the wAna phylogenetic 
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tree indicated that the wAnaINF genome from strains Cebu, HNL0501, and KMJ1 were 

phylogenetically most closely related to the wAnaITG genomes.  This phylogenetic 

relationship showed both similarities and differences from those expected from the 

distribution of the PCR-verified large structural variations (Figure 4.4).  SV1 and SV2 

suggested that the wAnaITG genomes were different from wAnaINF of strains Cebu, 

HNL0501, and KMJ1; while all other large structural variants suggested that the wAnaITG 

genomes were most related to wAnaINF strains from Cebu, HNL0501, and KMJ1. 

 

4.3.8 Analysis of sites called as heterozygotes for each wAnaITG genome 

Among the wAnaITG genomes the majority of the polymorphic sites with a single 

nucleotide variant or small sized INDEL were PSHET (Table 4.2) and filtered out for most 

of our downstream analysis. To analyze these heterozygous sites, for each wAnaITG 

genome we attempted to phase the variation by sequencing a single F1 offspring of each 

wAnaITG containing strain (while absent of wAnaINF) of D. ananassae that had been 

crossed to a strain lacking both integrated and infectious forms of wAna (see Materials 

and Methods for details). We expected these F1 progeny to have only a haploid 

complement of the wAnaITG genome that would have allowed phasing of sites with a 

heterozygote base call. Each site that was called as a heterozygote in the diploid wAnaITG 

genome was then examined in the haploid wAnaITG genome. Surprisingly, the majority of 

the sites initially called as heterozygotes in the diploid wAnaITG genome remained called 

as heterozygotes in the haploid wAnaITG genome F1 offspring (Table 4.4).  

We next investigated whether for each wAnaITG genome the increased number of 

sites called as heterozygotes could be explained by an increase in copy number of 
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Table 4.4 Phasing sites called as heterozygotes from the diploid wAnaITG genomes. 
 

Sample Diploid  Haploid 

 
aHet Variant  

bUnphased cPhased 
BKK13 511  480 (93.9%) 31 (6.1%) 

D38 466  435 (93.3%) 31 (6.7%) 
EZ104 493  441 (89.5%) 52 (10.5%) 
PNP1 374  

cN.A. 
TB43 529  483 (91.3%) 46 (8.7%) 
TBU3 531  508 (95.7%) 23 (4.3%) 

TI8 525  501 (95.4%) 24 (4.6%) 
 
aHet Variant, total number of sites called as heterozygotes in the diploid wAnaITG genome. 
bUnphased, total number of variants that were called heterozygotes in the diploid wAnaITG 

genome and were still called as heterozygotes in the haploid wAnaITG genome. cPhased, total 
number of variants that were called heterozygotes in the diploid wAnaITG genome but 
homozygous as haploid wAnaITG genome. cN.A. Not applicable since the average read coverage 
was too low to reliably call variants. Proportions are indicated in parenthesis. 
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specific regions of the wAnaITG genome (Figure 4.2 and Figure 4.3). Duplication and 

triplication of regions would result in paralogs among which mutations could accumulate 

resulting in what would simply look like a heterozygote among Illumina reads. A sliding 

window analysis was conducted by dividing each wAnaITG genome into non-overlapping 

50,000 bp windows, and for each window the average genome coverage and total number 

of single nucleotide variants were counted. Across all seven wAnaITG genomes results 

showed a significant (p < 0.0001) positive correlation between the average genome 

coverage and the total number of single nucleotide variants in a given window (Figure 

4.6A) as would be expected by varying numbers of paralogs of wAnaITG.  

Next, each site called as a heterozygote was individually examined by counting 

the total read coverage and the total number of reads with the alternative allele supporting 

that heterozygous site. For a diploid genomic region, a site called as a heterozygote from 

next generation sequencing is expected to consist of reads where 50% are from the 

reference allele while the other 50% are from the alternative allele. These reads should 

remain 50:50 in proportion regardless of total read depth.  In contrast to this expectation, 

analysis of our combined results from each of the seven wAnaITG genomes revealed that 

sites called as heterozygotes showed a significant (p < 0.0001) negative correlation 

between total read coverage and their proportion of reads originating from the alternative 

allele (Figure 4.6B). These results also support the hypothesis that variation in the 

number of paralogs of wAnaITG account for the large number of sites called as 

heterozygotes in strains of D. ananassae with the wAnaITG genome. 

 

4.3.9 Investigating the integration site of the wAnaITG genome
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Figure 4.6 Analysis of sites called as heterozygotes in the wAnaITG genomes. A) For each 
wAnaITG genome a non-overlapping sliding window analysis of comparing average read depth 
and the total number of single nucleotide variants. B) Each data point represent a site called as a 
heterozygote within a wAnaITG genome, with x-axis representing the total read coverage and y-
axis representing the proportion of alternative alleles consisting the heterozygote variant. 
Spearman’s rho values are shown in top right corner of each figure and both correlations are 
highly significant (p < 0.0001).



 

108 
 

 

 In an effort to localize the integration site of wAnaITG into the D. ananassae 

nuclear genome, we used the program lumpy to detect chimeric raw paired-end reads 

where one end mapped to the wAnaITG genome while the other end mapped to the D. 

ananassae nuclear genomes. Reads from wAnaINF were also examined as a potential 

negative control for our in silico experiment, expecting no evidence of integration in the 

D. ananassae nuclear genome, as previous PCR screens have not detected any evidence 

of wAnaITG genes for our wAnaINF samples (Choi and Aquadro 2014).  

 Four out of the seven wAnaITG samples had significant evidence of a breakpoint 

existing between the wAnaITG and D. ananassae nuclear genome (Supplemental Table 6). 

There were multiple wAna breakpoints with overlapping genome coordinates among the 

wAnaITG samples, whereas only a single breakpoint was detected at a single location 

around 23,595,400-23,595,600 bp at scaffold_13340 from chromosome 2L (Muller 

element E) of the D. ananassae nuclear genome (Supplemental Table 6). Due to its 

unique localization it was designated as the candidate site for the W. pipientis-D. 

ananassae integration (DanaITG). PCR primers were designed to flank the 

computationally predicted putative DanaITG region and amplified in all 15 D. ananassae 

samples examined in this study plus the reference D. ananassae strain. Surprisingly, PCR 

results showed the same size bands in the wAnaINF and wAnaITG samples, however, the 

reference strain did not show any PCR bands (Figure B.1A). Sanger sequencing the 

putative DanaITG region from strains TB43 (D. ananassae line with wAnaITG) and KMJ1 

(D. ananassae line with wAnaINF) indicated that the reference genome contained a unique 

DNA sequence at this location (Figure B.1B). A BLAST search of this sequence matched 
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the long terminal repeats (LTRs) of a retrotransposon (Figure B.1C) and the breakpoints 

predicted by lumpy spanned this LTR region (Figure B.1B). In fact, the program 

RepeatMasker indicated this region between 23,595,477-23,595,672 at scaffold_13340 

corresponds to the Pao family of LTR retrotransposons (Xiong et al. 1993). Thus, 

multiple regions of the wAnaITG genome had breakpoints matching with the LTR of the 

host D. ananassae retrotransposon, resulting in the localization of the wAnaITG genome 

difficult and more will be discussed in the discussion section.  

The Cebu strain was the only wAnaINF genome-carrying D. ananassae line with a 

lumpy predicted DanaITG region that was different from the wAnaITG genomes. However, 

PCR amplification using primers designed to flank the Cebu wAnaINF-DanaITG region 

could not verify the computational predictions (results not shown). 

Klasson et al. (2014) have recently shown evidence that wAnaITG sequence could 

be detected on chromosome 4 (Muller element F) of D. ananassae by fluorescent in situ 

hybridization (FISH) to mitotic chromosomes. We thus reanalyzed our wAnaITG genome 

sequence data with lumpy to see if we could identify potential breakpoints between the 

wAnaITG genome and D. ananassae scaffolds identified as Muller F from a previous 

study (Bhutkar et al. 2008; see Supplemental Table 7 for names of scaffold). These 

Muller F scaffolds were not part of the reference D. ananassae genome sequence we 

initially used for our lumpy analysis. No significant breakpoints were detected in any of 

the eight wAnaINF genomes. However, all seven wAnaITG genomes had significant 

breakpoints (Supplemental Table 8) with a total of 31 breakpoints found between the 

genomes of wAnaITG and D. ananassae Muller F scaffolds. Results from RepeatMasker 

indicated that for 28 out of the 31 predicted breakpoints, the D. ananassae region of 
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Muller F scaffolds corresponded to a transposable element or a retrotransposon 

(Supplemental Table 8) and not a unique sequence.  

 

4.4 Discussion 

 

We have used next generation sequencing to analyze the molecular evolution and 

phylogenomics of two different forms of W. pipientis associated with D. ananassae: 1) 

the bacterial originating and maternally transmitted infectious wAnaINF genomes and 2) 

the host nuclear genome integrated wAnaITG genome.  The wAnaINF and wAnaITG 

genomes showed distinct biological differences and characteristics. 

 

4.4.1 Genomic diversity within the wAnaINF genomes 

Our previous study of wAnaINF DNA sequence diversity based on Sanger 

sequencing failed to find any variability for 7 kbp sampled from the wAnaINF genomes 

infecting eight geographically diverse strains of D. ananassae (Choi and Aquadro 2014). 

However, full genome sequencing reported here did find single nucleotide, INDEL, and 

copy number variation among these eight wAnaINF genomes, though for nucleotide 

variability at levels a hundred fold lower than those of the host mtDNA genomes.    

Congruent phylogenies for both the wAnaINF genomes and the maternally inherited host 

mtDNA suggest that the main mode of transmission for wAnaINF is via maternal 

transmission, an observation that has also been reported for W. pipientis in other species 

of Drosophila (e.g., Richardson et al. 2012; Early and Clark 2013).  
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Our analyses of copy number variation (Figure 4.1), large structural variation 

(Figure 4.4A), and nucleotide diversity (Figure 4.5) revealed several genomic strains of 

wAnaINF that could potentially differ functionally from each other. For example, wAnaINF 

from D. ananassae strain HNL0501 was the only strain to have a significant increase in 

copy number around a prophage region at genome coordinates 0.57Mbp – 0.61Mbp and 

1.07Mbp – 1.12Mbp (Figure 4.1). This prophage, named wRi-WOB (Klasson et al. 2009), 

exists as two identical duplicates in the wRi genome around genome coordinates 

0.57Mbp – 0.61Mbp and 1.07Mbp – 1.12Mbp, suggesting that the wAnaINF from D. 

ananassae strain HNL0501 has four copies of wRi-WOB. The functions of prophages in 

W. pipientis have not been fully described, but they can transpose and frequently 

horizontally transfer among divergent W. pipientis strains (Masui et al. 2000; Gavotte et 

al. 2007). Due to their lytic ability, the density of prophages has been suggested to control 

the strength of W. pipientis mediated cytoplasmic incompatibility by decreasing the titer 

of W. pipientis infection (Bordenstein et al. 2006). Interestingly, wAnaINF from D. 

ananassae strain HNL0501 had the lowest wAna originating reads and normalized 

average read depth (Table 4.1). Assuming this low read depth reflects a low wAnaINF titer 

in D. ananassae strain HNL0501, then the increased copy number of prophages may 

have caused the lowered bacterial load in this strain.  

Another region with differences in copy number variation (0.61Mbp – 0.63Mbp 

and 1.12Mbp – 1.14Mbp; Figure 4.1) had only half of the typical copy number in 

wAnaINF of D. ananassae strains TBU136 and VAV150 but double the typical copy 

number in D. ananassae strain HNL0501. The two regions are mostly identical in 

sequence and contain coding sequences that are repetitive (Klasson et al. 2009). The 
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functional consequence of this variation in copy number is unknown; however, in W. 

pipientis infecting D. melanogaster (wMel) copy number variation of a 21kbp region has 

been suggested to cause pathogenicity in the virulent Popcorn strain wMelPop (Chrostek 

et al. 2013; Chrostek and Teixeira 2015). Because copy number variation in the W. 

pipientis coding region could lead to physiological responses in the host, future studies 

will be necessary to fully understand the potential host effects caused by the copy number 

variations observed across the wAnaINF genome. 

Since W. pipientis genomes have an unusually high abundance of mobile genetic 

elements compared to other endosymbionts (Moran and Plague 2004), it is not surprising 

that all of the large structural variations we detected in the wAnaINF genome involved 

genes with transposase ability (Figure 4.4; Table B.2 and B.3). This variation can be used 

for genotyping variability within wAnaINF as has been reported in studies of wMel, where 

the absence or presence of these mobile elements has been used as genotyping tools to 

differentiate within wMel strains (Riegler et al. 2005; Woolfit et al. 2013). Here we have 

identified several TE absences or presences that were both polymorphic and fixed among 

the wAnaINF genomes. The presence/absence of polymorphic TE insertions was generally 

consistent with the nucleotide substitution inferred phylogenetic tree, suggesting these TE 

polymorphisms also are phylogentically informative and can be a useful fast way to 

genotype different wAnaINF strains.  

Further, these variants can be used to describe W. pipientis strain variation in 

other hosts infected with strains highly similar to wAna. For example, wRi is not only 

very similar to wAna but also very similar to the W. pipientis infecting D. suzukii 

(wSuzi) (Siozios et al. 2013), suggesting a very recent horizontal transfer of W. pipientis 
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among the three host species (D. ananassae, D. simulans, and D. suzukii). The 

phylogentically informative variants found in our study could be used to characterize the 

W. pipientis diversity among these three host species, and potentially determine the 

coevolutionary history of the W. pipientis infection among those three species. 

Lastly, variation in the proportion of raw reads originating from the wAnaINF 

genomes and average read depth of wAnaINF genomes (Table 4.1) suggest differences in 

bacterial titer among the D. ananassae hosts. The biological significance of this variation 

in wAnaINF load is unknown but previous studies have shown various effects that are W. 

pipientis density dependent including level of cytoplasmic incompatibility (Clark and 

Karr 2002), male killing effect (Unckless et al. 2009), and differences in antiviral 

protection for its host (Osborne et al. 2012; Chrostek and Teixeira 2015). These 

phenotypes are likely to be under selection. Thus the observed differences in bacterial 

titer among D. ananassae strains could have larger biological and evolutionary 

consequences. In addition, as the host genotype can also lead to differences in W. 

pipientis titer (Kondo et al. 2009; Serbus et al. 2011), it is important to understand the 

underlying coevolutionary history between W. pipientis and its host to understand the 

biology of W. pipientis (i.e. Chrostek et al. 2013). The genomic resources and results 

from this study can help advance future studies of the genetic interaction between 

wAnaINF and its host D. ananassae. 

 

4.4.2 Evolution of the wAnaITG genomes 

 In all seven of our D. ananassae samples with evidence of wAnaITG, we not only 

found the whole wAna genome integrated into the host genome but also that specific 
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regions were present in as many as seven copies (Figure 4.2). During the preparation of 

this manuscript, Klasson et al. (2014) independently reported evidence of extensive 

duplication in the wAnaITG genome originating from their Hawaii and India strains of D. 

ananassae. In our study, however, we have genome sequenced D. ananassae samples 

from an even broader geographic range (Africa, southeast Asia, west Asia, and south 

Pacific islands) that encompasses both the ancestral and peripheral range of D. ananassae 

(Das et al. 2004; Schug et al. 2007).  Additional phylogenetic analyses together with 

genotyping using large structural variation allowed us to demonstrate that all wAnaITG 

genomes are closely related to each other (Figure 4.4B and Figure 4.5). These results 

suggest that a single wAna genotype initially integrated into the host genome and 

subsequently dispersed throughout much of the worldwide range of D. ananassae. Based 

on our phylogenetic and large structural variation results, the wAnaITG genomes are most 

closely related to the wAnaINF infecting D. ananassae strains Cebu, HNL0501, and KMJ1, 

suggesting the common ancestor of the wAnaINF infecting these three strains was closely 

related to that which integrated into the host genome. 

The wAnaITG genomes have many characteristics of a pseudogene (Li et al. 1981; 

Miyata and Hayashida 1981) with an elevated proportion of nonsynonymous relative to 

synonymous (and intergenic) variants, and many segregating variants were predicted to 

have strongly deleterious effects if present in a functional wAna genome (Table 4.3). 

These observations lead us to conclude that the wAnaITG genome is becoming (if not 

already has become) a large pseudogenome after integrating into the host D. ananassae 

nuclear genome.  
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Regions with higher copy number in the wAnaITG genome also have more 

mutations (Figure 4.6A) due to the increased number of copies and sites accumulating 

mutations. In addition, our analysis of genome coverage (Figure 4.2 and Figure 4.3) and 

unphasable sites computationally called as heterozygotes in the wAnaITG genome (Table 

4.4), further supports the interpretation that the majority of the wAnaITG genome exists in 

at least two copies in the host genome (Klasson et al 2014). Although copy number is 

variable across wAna genomic regions, the increased and decreased copy number regions 

were correlated across all seven wAnaITG genomes (Figure 4.2). This suggested that after 

the integration, specific regions of the wAnaITG first increased in copy number then 

subsequently dispersed worldwide. A recent study using fluorescent in situ hybridization 

to mitotic chromosomes using the high copy region of the wAnaITG genome as a probe, 

has found evidence of the integration only at a single location on the D. ananassae fourth 

chromosome (Klasson et al. 2014). The presence of only a single site of hybridization 

suggests that the increased copy number is likely to be due to increased tandem 

duplications of the wAnaITG regions. 

wAnaITG regions with multiple copies could have a mutation occurring on one of 

the multiple paralogs, and this would be computationally called as a heterozygote since 

the multiple copies are collapsed into a single copy in the reference wRi genome. 

Compared to regions with low copy number, regions with higher copy number across the 

wAnaITG genome had more sites called as heterozygotes with lower proportions of reads 

from the alternative allele than from the reference allele (Figure 4.6B). This pattern 

would result if the rate of increase in copy number of specific wAnaITG regions is higher 

than the rate of nucleotide mutation.  
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The rapid increase in copy number also explains why our current full genome 

sequencing allowed us to detect numerous polymorphisms while our previous analysis 

which had used Sanger sequencing of 7 kbp from several wAnaITG gene regions, found 

only three segregating sites (Choi and Aquadro 2014). The lower proportion of 

alternative to reference reads for many of the sites called as heterozygotes (Figure 4.6B) 

would be reflected in the Sanger sequencing chromatograms as different sized double 

peaks. We have reexamined the chromatograms of Choi and Aquadro (2014) and verified 

many PSHET identified in this study actually had double peaks in the chromatogram, 

albeit one peak was always much smaller than the other (results not shown), which 

normally would be discarded as noise. Thus we believe many of our computationally 

detected heterozygous base calls in the wAnaITG genome are not due to sequencing errors. 

Using in silico analysis coupled with PCR verification we found no convincing 

evidence of breakpoints between the wAnaITG and D. ananassae nuclear unique sequence 

from the euchromatic chromosomes  X, 2, and 3. The only breakpoints discovered were 

between multiple wAnaITG regions and a long terminal repeat of a D. ananassae 

retrotransposon, suggesting the host retrotransposons were actively integrating into 

various regions of the integrated wAnaITG genome. This has been noted previously 

(Dunning Hotopp et al. 2007) and our further analysis with the D. ananassae fourth 

chromosome scaffolds also corroborated this result. The fourth chromosomal scaffolds 

have a higher frequency of retrotransposons and transposable elements than D. ananassae 

scaffolds from chromosome X, 2, and 3 (personal communication Sarah Elgin). Thus, 

many of the putative predicted breakpoints between the D. ananassae fourth chromosome 

and wAnaITG genome (Supplemental Table 8) are likely artifacts caused by D. ananassae 
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transposable elements that have inserted into the wAnaITG genome. Consistent with the 

results previously reported by Dunning Hotopp et al. (2007), evidence of frequent 

integrations of D. ananassae transposable elements into the wAnaITG genome complicates 

the placement of wAnaITG genomic fragments in the D. ananassae genome. Long-read 

sequencing technology (e.g., Pacific Biosciences) and additional in situ hybridization 

experiments may in the future provide insight into the precise integration site for the 

wAnaITG genome. 

Our analyses of the wAnaITG genomes thus lead to several intriguing conclusions: 

1) while pseudogenes are rare across Drosophila species (Clark et al. 2007), the wAnaITG 

of D. ananassae seems to have become a large pseudogenome after the integration;  2) 

Drosophila shows a strong bias towards deletion of nonfunctional genes (Petrov et al. 

1996) but the wAnaITG genome shows evidence of extensive duplications despite its 

likely lack of functionality; and 3) more than 2% of the genomic reads from D. 

ananassae originated from the pseudogene-like wAnaITG genome (Table 4.1) which we 

infer to have had minimal negative fitness consequences as evidenced by its wide 

geographic distribution (Choi and Aquadro 2014). Thus despite the apparent loss of 

functionality across the wAnaITG genome, some paralogs among the multiple wAnaITG 

copies could be under positive selection leading to the observed pattern of spreading 

across multiple D. ananassae populations. 

 

4.5 Conclusion 
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 The wAnaINF and wAnaITG genomes show drastically different evolutionary and 

population genomics. We discovered diverse nucleotide and structural variants among 

wAnaINF genomes that showed phylogenetic relationships consistent with a strict maternal 

inheritance after an initial single interspecific infection within D. ananassae. Similarly, 

the wAnaITG genome appears to have arisen from a single integration of one wAnaINF 

variant not long after the initial infection of the species. Subsequent to the initial 

integration, majority of the wAnaITG genome had at least doubled its copy number within 

the D. ananassae host genome. Additionally after the integration of the wAnaITG genome, 

it appears to have become a large pseudogenome accumulating substantially more 

mutations than the cytoplasmic wAnaINF genome, including many which would be 

predicted to be strongly deleterious in a functioning wAna genome. Although it is 

possible that the wAnaITG has spread across a wide geographic distribution through 

genetic drift and/or migration alone, further study of the wAnaITG genomes from 

additional geographically diverse strains of D. ananassae is needed to distinguish 

hypotheses as to what has apparently caused the geographically wide-spread distribution 

of wAnaITG despite its apparent loss of functionality. 
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Figure A.1 Polymorphism and divergence statistics of stem cell genes with (dark 
grey) and without (white) a control gene. Significant differences (p-value < 0.05) are 
indicated with a star. 
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Figure A.2 Evolutionary statistics of germline stem cell specific essential factor and 
general cell essential factor (dark grey) and its control genes (white). 
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Figure A.3 Evolutionary statistics of germline stem cell maintenance and 
differentiation factor (dark grey); and its control genes (white). Significant 
differences (p-value < 0.05) are indicated with a star. 



 

124 
 

 
Figure A.4 Tajima’s D, Fay and Wu’s H value for various molecular functions 
within the germline stem cell genes (dark grey) and its control genes (white).
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Table A.1 List of genes with evidence of a selective sweep across the three stem cell 
class as ordered by FBgn name. 
 

Stem cell class FBgn Name Gene Name 
Both Stem Cell (BSC) 

  
 

FBgn0002787 Rpn8 

 
FBgn0003607 Su(var)205 

 
FBgn0010278 Ssrp 

 
FBgn0020306 dom 

 
FBgn0025832 Fen1 

 
FBgn0030086 CG7033 

 
FBgn0259937 Nop60B 

 
FBgn0260399 gwl 

 
FBgn0261617 nej 

 
FBgn0265297 pAbp 

Germline Stem Cell (GSC) 
  

 
FBgn0000562 egl 

 
FBgn0000996 dup 

 
FBgn0001215 Hrb98DE 

 
FBgn0001233 Hsp83 

 
FBgn0002791 mr 

 
FBgn0003676 T-cp1 

 
FBgn0004656 fs(1)h 

 
FBgn0004838 Hrb27C 

 
FBgn0004872 piwi 

 
FBgn0011211 blw 

 
FBgn0011785 BRWD3 

 
FBgn0013984 InR 

 
FBgn0021796 Tor 

 
FBgn0022943 Cbp20 

 
FBgn0025724 beta'COP 

 
FBgn0025830 IntS8 

 
FBgn0026252 msk 

 
FBgn0028411 Nxt1 

 
FBgn0029113 Uba2 

 
FBgn0031493 CG3605 

 
FBgn0031883 CG11266 

 
FBgn0032393 CG12264 

 
FBgn0035854 CG8005 

 
FBgn0039120 Nup98-96 

 
FBgn0053526 PNUTS 

 
FBgn0086899 tlk 

 
FBgn0260934 Par-1 

 
FBgn0260936 scny 

 
FBgn0261797 Dhc64C 

 
FBgn0262647 Nup160 

 
FBgn0262656 dm 
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Neural Stem Cell (NSC) 
  

 
FBgn0000413 da 

 
FBgn0002917 na 

 
FBgn0010328 woc 

 
FBgn0015024 CkIα 

 
FBgn0020653 Trxr-1 

 
FBgn0022238 lolal 

 
FBgn0024921 Trn 

 
FBgn0025463 Bap60 

 
FBgn0025571 SF1 

 
FBgn0025716 Bap55 

 
FBgn0030208 PPP4R2r 

 
FBgn0031456 Trn-SR 

 
FBgn0032388 CG6686 

 
FBgn0035422 RpL28 

 
FBgn0036248 ssp 

 
FBgn0038746 Surf6 

 
FBgn0053100 4EHP 

 
FBgn0061200 Nup153 

 
FBgn0261793 Trf2 

 
FBgn0264962 Inr-a 
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Table A.2 List of genes with significant MK test before FDR correction in BSC, 
GSC, and NSC class. 
 

FBgn Name Gene Name DoSMAF MK test p-val MK test FDR p-val 
Both Stem Cell (BSC) 

FBgn0004391 shtd 0.308 1.48E-12 4.49E-10 
FBgn0053123 CG33123 0.195 4.65E-06 0.000269 
FBgn0020306 dom 0.15 5.82E-06 0.000321 
FBgn0030241 feo 0.259 0.000424 0.0105 
FBgn0015664 Dref 0.178 0.00377 0.055 
FBgn0030500 Ndc80 0.176 0.0159 0.147 
FBgn0002183 dre4 0.0906 0.0192 0.167 
FBgn0085436 Not1 0.135 0.0212 0.174 
FBgn0029672 CG2875 0.187 0.0296 0.223 
FBgn0260789 mxc 0.131 0.032 0.227 
FBgn0024227 ial 0.136 0.0381 0.254 
FBgn0027783 SMC2 0.106 0.0386 0.254 
FBgn0032728 Tango6 -0.304 0.0415 0.263 
FBgn0053554 Nipped-A 0.154 0.0483 0.291 

Germline Stem Cell (GSC) 
FBgn0011230 poe 0.133 5.36E-11 1.09E-08 
FBgn0032006 Pvr 0.295 7.58E-11 1.32E-08 
FBgn0021761 Nup154 0.341 3.09E-09 3.13E-07 
FBgn0028982 Spt6 0.288 3.48E-09 3.26E-07 
FBgn0021796 Tor 0.165 2.57E-06 0.000161 
FBgn0262647 Nup160 0.27 8.28E-06 0.00042 
FBgn0261854 aPKC 0.447 1.35E-05 0.000632 
FBgn0261954 east 0.32 1.95E-05 0.000877 
FBgn0001624 dlg1 0.354 5.46E-05 0.00189 
FBgn0261797 Dhc64C 0.0475 5.67E-05 0.00191 
FBgn0082582 tmod 0.531 0.000149 0.00443 
FBgn0027537 Nup93-1 0.356 0.0001952 0.00566 
FBgn0033762 ZnT49B 0.264 0.0002488 0.00673 
FBgn0040273 Spt5 0.143 0.0009515 0.0206 
FBgn0031119 CG1812 0.277 0.002862 0.0484 
FBgn0038805 TFAM 0.361 0.002978 0.0493 
FBgn0260936 scny 0.243 0.003138 0.0509 
FBgn0039680 Cap-D2 0.125 0.003197 0.0512 
FBgn0031344 CG7420 0.283 0.004135 0.0576 
FBgn0010382 CycE 0.237 0.00414 0.0576 
FBgn0050020 CG30020 0.223 0.004521 0.0604 
FBgn0267350 PI4KIIIalpha 0.0671 0.00604 0.073 
FBgn0000158 bam 0.373 0.007289 0.0821 
FBgn0011802 Gem3 0.131 0.00735 0.0821 
FBgn0039016 Dcr-1 0.0957 0.008248 0.0887 
FBgn0025815 Mcm6 0.13 0.0083 0.0887 
FBgn0015245 Hsp60 0.183 0.0114 0.114 
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FBgn0002174 l(2)tid 0.208 0.01294 0.124 
FBgn0004856 Bx42 0.22 0.01781 0.158 
FBgn0024177 zpg 0.2 0.02133 0.174 
FBgn0053526 PNUTS 0.155 0.02655 0.208 
FBgn0027055 CSN3 -0.857 0.02722 0.211 
FBgn0041164 armi 0.172 0.02817 0.215 
FBgn0052113 CG32113 0.0534 0.03186 0.227 
FBgn0039120 Nup98-96 0.0951 0.0359 0.242 
FBgn0003277 RpII215 0.0825 0.0385 0.254 
FBgn0025455 CycT 0.217 0.04489 0.274 
FBgn0033846 mip120 0.142 0.04827 0.291 
FBgn0029113 Uba2 -0.18 0.04833 0.291 
FBgn0261938 mtRNApol 0.107 0.0491 0.294 

Neural Stem Cell (NSC) 
FBgn0001612 Grip91 0.443 2.75E-11 6.70E-09 
FBgn0005630 lola 0.502 1.43E-10 2.17E-08 
FBgn0030384 CG2577 0.354 2.29E-05 0.00096 
FBgn0263257 Cngl 0.218 2.21E-05 0.00096 
FBgn0061200 Nup153 0.282 2.58E-05 0.00104 
FBgn0250847 CG14034 0.387 3.39E-05 0.00133 
FBgn0264962 Inr-a 0.23 8.60E-05 0.00275 
FBgn0041147 ida 0.196 0.000487 0.0116 
FBgn0001222 Hsf 0.263 0.00157 0.0314 
FBgn0037379 CG10979 -0.451 0.00333 0.0516 
FBgn0032683 kon 0.113 0.00416 0.0576 
FBgn0030706 CG8909 0.0659 0.00673 0.078 
FBgn0040477 cid 0.405 0.00751 0.0831 
FBgn0003044 Pcl 0.188 0.00797 0.0867 
FBgn0031886 Nuf2 0.236 0.0108 0.109 
FBgn0036248 ssp 0.281 0.0118 0.117 
FBgn0259876 Cap-G 0.18 0.0141 0.134 
FBgn0030951 CG6873 0.378 0.0205 0.171 
FBgn0035026 Fcp1 -0.242 0.0265 0.208 
FBgn0053100 4EHP 0.423 0.0307 0.226 
FBgn0039475 CG6277 0.219 0.0322 0.228 
FBgn0039788 Rpt6R 0.138 0.0329 0.231 
FBgn0036643 Syx8 -0.702 0.0346 0.241 
FBgn0250732 gfzf 0.287 0.0395 0.256 
FBgn0011704 RnrS -0.229 0.0445 0.274 

 
DoSMAF, Direction of selection statistics calculated after excluding minor allele 
frequencies of 5%. MK test p-val, McDonald Kreitman test P-values. MK test FDR p-val, 
McDonald Kreitman test P-values after FDR corrections. Note these were from all 
analyzed stem cell gene list (i.e. from both stem cell genes that had and didn’t have an 
assigned control gene). Significant MK test result after FDR correction are bolded. 
 



 

129 
 

Table A.3 Total number of genes with significant McDonald Kreitman (MK) test 
result across the three stem cell class and its control genes. 
 

Class 
Total MK test 

Significant 
Genes 

Total 
Examined 

Genes 

Fisher's Exact 
Test P-value 

Significant MK tests before FDR correction 
BSC control 20 136 0.689 
BSC 12 68 

 GSC control 47 318 0.435 
GSC 29 159 

 NSC control 29 176 1 
NSC 14 88 

 Significant MK tests after FDR correction 
BSC control 5 136 0.721 
BSC 4 68 

 GSC control 21 318 0.849 
GSC 12 159 

 NSC control 9 176 1 
NSC 5 88 
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Table A.4 Synonymous site evolutionary statistics across the three stem cell class 
and its control genes. 
 

Class dS Fop ENC 
BSC 0.26 0.531 49.13 

 (0.242,0.274) (0.526,0.556) (48.09,50.52) 
BSC Control 0.255 0.547 48.41 

 (0.246,0.271) (0.536,0.559) (47.15,49.24) 
GSC 0.252 0.555 47.76 

 (0.236,0.272) (0.534,0.569) (46.57,49.57) 
GSC Control 0.263 0.53 49.42 

 (0.253,0.270) (0.523,0.538) (48.79,49.88) 
NSC 0.248 0.558 47.61 

 (0.233,0.257) (0.534,0.578) (46.47,49.89) 
NSC Control 0.255 0.548 47.99 

 (0.245,0.268) (0.532,0.564) (46.64,49.22) 
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Figure B.1 PCR and sequence analysis of DanaITG region. A) PCR amplification of DanaITG 

region across the 8 wAnaINF, 7 wAnaITG, and D. ananassae reference (Dana ref) strains. B) Sanger 
sequencing result of the DanaITG region in strain KMJ1, and TB43. D. ananassae reference 
sequence corresponds the genome sequence.  Sequences highlighted in red correspond to the 
unique sequence only found in the reference genome. Sequences boxed correspond to the 95% 
confidence interval of where the breakpoint exists between the wAnaITG genome. C) Blast result 
of the red sequence in Figure B.1B.
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Table B.1 qPCR primers for detecting copy number differences in the integrated wAna 
genome. All primer sequences are oriented from 5’ to 3’. 
 
Gene Name Forward primer sequence Reverse Primer Sequence 

rp49 TCGGTTACGGTTCCAACAAG TAGACACGGTTCTGCATCAGC 

HIGH GCAATTTTGCGGTGATCACG ATGCAAAGGGCCCAATGTTG 

LOW GGAGAAAAAGAGGGAGAAGTGC ACTCATTGGGTGGTGAAACG 
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Table B.2 PCR primer sequences for detecting structural variations. All primer sequences 
are oriented from 5’ to 3’. 
 

Identifier Name a. PCR Region Forward primer sequence Reverse Primer Sequence 

SV1 
139424..140359 

ACATTCCAAACTTTCTCTCCACT CGAACGTTACGGGTTTAAGCA 

SV2 
1158924..1160538 

CTCTGCAACATGAATCTCAGCT ACCGTCCAGCCTCTACTTTT 

SV3 
854476..857356 

GCAAACTTTCCTGGATCCCA AGGCTGCTAAGGATCCCAAG 

SV4 
876914..879134 

AAGAGCAATATTAGCTGGAGTGT CTAGCTCACTCAGGCTGGTT 

SV5 
1016350..1017300 

GAAAGCATAGTGGATCGTTGGT GTGGACAGGAAAGAGGCATG 

SV6 
918364..919229 

GTAGTCACGCTGCTTGGATG CTTCGCCAGTCCCCTTATCA 

SV7 
607771..609488 

TTCTTTGGAGGAGTTTGGCC ACTTTATGTCTCATTGGTAGGCA 

SV8 
391558..393212 

GTCCTTGCAACTCCGGAAAG TGGGGCTGCGTATAAGTCAT 

SV9 
766165..767430 

ACCAATCAACGTTTCCTGCG TGAGGGCAAAGCTCATGTTG 

 
awRi genome coordinates the PCR primers are targeted to amplify.
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Table B.3 D. ananassae nuclear genome scaffolds used for analysis. 
 
Scaffold Name Scaffold Size (bp) Chromosomal Arm Muller Element 

scaffold_13117 5790199 XL A 

scaffold_6016 5827 XL A 

scaffold_13335 3335858 XL A 

scaffold_12929 3277472 XL A 

scaffold_13417 6960332 XL A 

scaffold_13165 632140 XL A 

scaffold_13333 940145 XL A 

scaffold_13111 1527837 XL A 

scaffold_12905 569613 XL A 

scaffold_12948 692136 XL A 

scaffold_12926 295132 XL A 

scaffold_13137 1373759 XR A 

scaffold_13260 2125536 XR A 

scaffold_13248 4840945 XR A 

scaffold_12613 519072 XR A 

scaffold_13334 1562580 XR A 

scaffold_12903 802071 XR A 

scaffold_13047 1816235 XR A 

scaffold_13065 48804 XR A 

scaffold_13340 23697760 2L E 

scaffold_13088 569066 2L E 

scaffold_13250 3535662 2L E 
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scaffold_12911 5364042 2L E 

scaffold_13043 509009 2L E 

scaffold_13337 23293914 2R D 

scaffold_13266 19884421 3L C 

scaffold_13258 1584923 3L C 

scaffold_13339 4599533 3L C 

scaffold_12586 637250 3L C 

scaffold_13280 1428709 3L C 

scaffold_12984 754457 3R B 

scaffold_12913 441482 3R B 

scaffold_12943 5039921 3R B 

scaffold_12916 16180835 3R B 

scaffold_12422 160054 3R B 

scaffold_13237 92214 3R B 
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Table B.4 Large Deletions identified across the wAnaINF and wAnaITG genomes using the program pindel. 
 

   wAnaINF  wAnaITG Genome 

Identifier Genome 
Breakpoint 

 GB1 OGS- 
98K1 RC102 TBU136 VAV150 Cebu HNL 

0501 KMJ1  BKK13 D38 EZ104 PNP1 TB43 TBU3 TI8   
SV8 391658  Y Y Y Y Y Y Y Y  Y Y Y Y Y Y Y 

aNo PCR 434714  Y Y Y - - Y NA Y  Y Y Y Y Y Y Y 
SV7 607890  Y Y Y NA NA Y Y Y  - - - - - - - 
SV9 766362  Y Y Y Y Y Y NA Y  Y Y Y Y Y Y Y 

aNo PCR 837758  Y Y Y Y Y Y Y Y  Y Y Y Y Y Y Y 
SV3 855987  - - - - - Y NA Y  Y Y Y Y Y Y Y 
SV4 877143  - - - - - Y Y Y  Y Y Y Y Y Y Y 

aNo PCR 996571  - - - Y Y Y Y Y  Y Y Y Y Y Y Y 
aNo PCR 1038268  - - - Y Y Y Y Y  Y Y Y Y Y Y Y 
aNo PCR 1041426  Y Y Y Y Y Y Y Y  Y Y Y Y Y Y Y 

SV2 1159798  - - - - - Y NA Y  - - - - - - - 
aNo PCR 1192846  Y Y Y Y Y Y NA Y  Y Y Y Y Y Y Y 
 
NA, not applicable since there were not enough reads to confidently predict the structural variation. No PCR, structural variation that was not 
examined by PCR but was predicted from computational analysis.
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 Table B.5 Inversions identified across the wAnaINF and wAnaITG genomes using the program pindel. 
 

   wAnaINF  wAnaITG Genome 

Identifier Genome 
Breakpoint 

 GB1 OGS- 
98K1 RC102 TBU136 VAV150 Cebu HNL 

0501 KMJ1  BKK13 D38 EZ104 PNP1 TB43 TBU3 TI8   
SV1 139969:766359  - - - - - Y Y Y  - - - - - - - 
SV5 766365:1016779  Y Y - - - - - -  - - - - - - - 
SV6 918672:1041425   - - Y Y - - -  - - - - - - - 

aNo PCR 980378:982377  Y Y Y Y Y Y Y Y  Y Y Y Y Y Y Y 
 

aNo PCR, structural variation that was not examined by PCR but was predicted from computational analysis.
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Table B.6 Lumpy results of significant breakpoints detected between W. pipientis genome 
and D. ananassae genome. 
 
D. ananassae 
Strain D. ananassae Nuclear Genome Coordinate wRi Genome Coordinate 
Cebu scaffold_13337:   4,608,320 – 4,608,328 892,230 - 892,240 
PNP1 scaffold_13340:   23,595,451 - 23,595,492 775,286 - 775,323 

 
scaffold_13340:   23,595,685 - 23,595,691 775,291 - 775,299 

TB43 scaffold_13340:   23,595,668 - 23,595,709 539,257 - 539,295 

 
scaffold_13340:   23,595,461 - 23,595,478 662,899 - 662,941 

 
scaffold_13340:   23,595,462 - 23,595,478 934,837 - 934,858 

 
scaffold_13340:   23,595,679 - 23,595,698 1,181,820 - 1,181,837 

 
scaffold_13340:   23,595,674 - 23,595,709 1,406,341 - 1,406,354 

TBU3 scaffold_13340:   23,595,460 - 23,595,479 489,275 - 489,299 

 
scaffold_13340:   23,595,467 - 23,595,475 539,247 - 539,289  

 
scaffold_13340:   23,595,464 - 23,595,476 662,910 - 662,926  

 
scaffold_13340:   23,595,686 - 23,595,692 662,924 - 662,931  

 
scaffold_13340:   23,595,465 - 23,595,477 934,841 - 934,854  

 
scaffold_13340:   23,595,466 - 23,595,476 1,181,816 - 1,181,857 

 
scaffold_13340:   23,595,675 - 23,595,709 1,181,820 - 1,181,835 

 
scaffold_13340:   23,595,463 - 23,595,477 1,406,334 - 1,406,376 

 
scaffold_13340:   23,595,676 - 23,595,709 1,406,340 - 1,406,354 

TI8 scaffold_13340:   23,595,462 - 23,595,477 489,271 - 489,309  

 
scaffold_13340:   23,595,465 - 23,595,476 539,247 - 539,289  

 
scaffold_13340:   23,595,675 - 23,595,705 539,267 - 539,283  

 
scaffold_13340:   23,595,675 - 23,595,709 662,923 - 662,932  

 
scaffold_13340:   23,595,463 - 23,595,478 934,828 - 934,870  

 
scaffold_13340:   23,595,681 - 23,595,697 934,845 - 934,863  

 
scaffold_13340:   23,595,452 - 23,595,493 1,181,818 - 1,181,857  

 
scaffold_13340:   23,595,684 - 23,595,693 1,181,825 - 1,181,834  

 
scaffold_13340:   23,595,460 - 23,595,478 1,406,345 - 1,406,366  

 
scaffold_13340:   23,595,672 - 23,595,709 1,406,343 - 1,406,352  

 
Genome coordinates corresponds to the 95% confidence interval of the breakpoint occurring 
across the chimeric read.
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Table B.7 Name of D. ananassae scaffolds syntenic to Drosophila Muller element F used for 
the lumpy analysis. 
 
Genbank accession Name of Scaffold 

CH902631.1 

CH902633.1 

CH902636.1 

CH902637.1 

CH902639.1 

CH902641.1 

CH902645.1 

CH902646.1 

CH902651.1 

CH902655.1 

CH902659.1 

CH902662.1 

CH902665.1 

CH902676.1 

CH902738.1 
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Table B.8 Lumpy results of significant breakpoints detected between W. pipientis genome 
and D. ananassae genome. 
 
D. ananassae 
Strain aD. ananassae Muller F Genome Coordinate wRi Genome Coordinate 
BKK13 *CH902631.1:   2,596,659 – 2,596,673 758,879 – 758,898 
 CH902636.1:   702,528 – 702,569 1,215,032 – 1,215,068 
 CH902641.1:   920,510 – 920,528 1,036,451 – 1,036,474 
EZ104 CH902637.1:   103,132 – 103,173 187,975 – 188,017 
 CH902637.1:   104,798 – 104,807 187,978 – 188,019 
 CH902651.1:   353,820 – 353,854 739,767 – 739,805 
 CH902665.1:   464,615 – 464,634 534,657 – 534,699 
PNP1 *CH902631.1:   2,597,305 – 2,597,320 383,698 – 383,714 
 CH902631.1:   2,596,665 – 2,596,672 896,373 – 896,380 
 CH902633.1:   1,479,179 – 1,479,193 509,685 – 509,700 
TB43 *CH902631.1:   2,597,305 – 2,597,322 1,293,627 – 1,293,664 
 CH902636.1:   279,476 – 279,506 1,051,606 – 1,051,648 
 CH902641.1:   920,510 – 920,529 1,146,915 – 1,146,938 
 CH902646.1:   253,622 – 253,657 513,665 – 513,682 
 CH902646.1:   253,416 – 253,429 513,663 – 513,701 
 CH902655.1:   242,637 – 242,678 1,192,740 – 1,192,750 
 CH902662.1:   496,626 – 496,667 1,281,009 – 1,281,045 
 CH902665.1:   464,618 – 464,629 1,286,661 – 1,286,695 
TBU3 *CH902631.1:   2,597,294 – 2,597,333 1,293,628 – 1,293,635 
 CH902646.1:   253,419 – 253,427 513,674 – 513,685 
 CH902655.1:   242,637 – 242,678 1,192,739 – 1,192,750 
 CH902665.1:   464,607 – 464,644 1,017,450 – 1,017,492 
 CH902665.1:   464,619 – 464,628 1,286,658 – 1,286,695 
TI8 CH902646.1:   253,630 – 253,645 513,654 – 513,696 
 CH902665.1:   162,345 – 162,381 555,610 – 555,652 
 CH902665.1:   464618 – 464,629 1,197,769 – 1,197,807 
 

aGenbank accession name of the Muller F element and its 95% confidence interval of the 
breakpoint occurring across the chimeric read. *chimeric breakpoints where the D. ananassae 
side corresponded to a transposable element. 
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