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ABSTRACT OF THE DISSERTATION 

DENSITY DYNAMICS OF ENDOSYMBIOTIC WOLBACHIA BACTERIA IN THE 

DROSOPHILA HOST 

by 

Zinat Sharmin 

Florida International University, 2021 

Miami, Florida 

Professor Laura Serbus, Major Professor 

Wolbachia pipientis is one of the most widespread bacterial endosymbionts, 

infecting mites, crustaceans and filarial nematodes as well as about half of all insect 

species. These bacteria cause many neglected human diseases that include African 

river blindness and lymphatic filariasis affecting over 100 million people worldwide. 

Interestingly, Wolbachia also suppress the transmission of viruses such as Dengue, 

Chikungunya and Zika. In most reported cases, Wolbachia antiviral activity is a density-

dependent effect, with high Wolbachia density conferring the strongest viral suppression. 

However, little is currently known about how Wolbachia load is controlled within the 

insect host. A small number of studies have suggested that germline Wolbachia 

abundance is responsive to host dietary signaling and other factors. It remains an open 

question whether the germline mechanisms that affect Wolbachia colonization are also 

shared by the soma.  

The work of my dissertation focuses on identifying the cellular and molecular 

mechanisms that affect the abundance of Wolbachia carried within the insect host. To 

this end, we have optimized a whole body qPCR screening assay to facilitate 

identification of candidate pathways. Employing this technique, we have demonstrated 

that host diet affects Wolbachia abundance in reproductive tissues, but not whole body 
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Wolbachia loads. To identify more generalized mechanisms that affect Wolbachia load, 

we tested candidate cellular pathways for their impact on body-wide Wolbachia 

abundance. The analysis revealed 5 candidate host processes as major regulators of 

Wolbachia abundance in D. melanogaster and D. simulans hosts. Inhibition of the 

ubiquitin-proteasome pathway decreased body-wide Wolbachia loads, whereas, 

inhibition of the IMD pathway, Calcium signaling, the Ras/mTOR pathway and Wnt 

signaling increased body-wide loads. Genetic manipulation further confirmed the impact 

of Ras/mTOR and Wnt pathways on Wolbachia load in vivo. Taken together, these 

findings provide new insight into how bacterial endosymbiont loads are specified by the 

host.  
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CHAPTER I: INTRODUCTION 

1.1 Symbiosis 

Symbiosis is a dynamic association that plays a vital role in the emergence of 

biological diversity (Margulis, 2004; Moran, 2006; Paracer & Ahmadjian, 2000). In its 

simplest form, symbiosis is an intimate long-term association between two distinct 

biological species, such as the relationships between multicellular organisms and 

microorganisms. The microbial associates are known as the symbionts (Archibald, John, 

2014; Moran, 2006). According to the spatial localization of the symbionts involved, 

symbiosis can be classified as ecto- or endosymbiosis (Das & Varma, 2009). In 

ectosymbiosis, the symbiont remains on the exterior of the host’s body, such as on the 

exposed surface of the digestive tract, while in endosymbiosis, the symbiont resides 

inside the tissues and cells of its host (Das & Varma, 2009). Symbiotic associations 

greatly affect ecosystem processes such as carbon cycling, biodiversity, animal 

development, and productivity (Hooper et al., 2005; Wall & Moore, 1999). More than half 

of all animal phyla, particularly in arthropods which account for about 80% of animal 

diversity, have long-term intimate symbiotic associations (McFall-Ngai et al., 2013).  

The consequences of symbiotic interactions differ depending on their 

association, described in terms of mutualism, commensalism, or parasitism (Moran, 

2006). In mutualistic relationships, both species benefit from each other in terms of 

nourishment, survival, protection and/or reproduction. Symbiotic associations in which 

one organism benefits without causing any harm or benefit to the other referred to as 

commensalistic symbiosis. In parasitism, one species is harmed by the other (Leung & 

Poulin, 2008; Moran et al., 2008; Oliver et al., 2006). This series of successive changes 

from mutualism to parasitism cannot be absolute, and the existence of the same 

symbiotic partner can be either good, neutral, or negative, depending on the 
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circumstances. For instance, Salmonella bacteria have a commensalistic association 

with poultry, in contrast to their pathogenic relationship with humans (Jajere, 2019; White 

et al., 1997). 

Symbiotic interactions are widespread and have broad significance in biology. 

Numerous symbiotic associations are facilitated by natural selection (O’Malley, 2015). 

The “endosymbiont hypothesis” is a well-known example of an interaction that began 

more than 1.5 billion years ago, with uptake of free-living alpha-proteobacteria by the 

ancestor eukaryotic cells. The event resulted in the modern-day mitochondria of 

eukaryotes (Dimijian, 2000; Lang et al., 1999; Margulis, 1981). Subsequent uptake of 

cyanobacteria culminated in modern-day chloroplasts, and thus eukaryotic benefit from 

the process of photosynthesis (Margulis, 1981; Raven & Allen, 2003). As science 

progresses, researchers continue to explore novel endosymbiotic relationships between 

bacteria and insects. 

Bacteria-insect endosymbioses are widely prevalent in nature. Many of the 

bacterial endosymbionts are vertically transmitted, and generally distinguished as 

obligate (primary) or facultative (secondary) endosymbionts (Moran et al., 2008). In 

obligate endosymbiosis, neither partner can live independent of the other. For example, 

many plant sap-feeding insects harbor bacterial endosymbionts that provide essential 

nutrients that are lacking in the host diet (Douglas, 1998; Moran et al., 2008). In return, 

the insect body provides the microbes with a stable, habitable niche (Hansen & Moran, 

2011; Mandrioli, 2009). Alternatively, in facultative endosymbiosis, interacting species 

are not exclusively reliant upon each other to survive or reproduction (Baumann, 2005; 

Ferrari & Vavre, 2011; Moran et al., 2008). For instance, the algal and cyanobacterial 

symbionts that comprise lichens can also live independently, classifying their relationship 

as facultative (Armaleo et al., 2019). A broad array of host effects can be elicited by 
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facultative symbionts, ranging from mutualistic to parasitic (Bäckhed et al., 2005; 

Baumann, 2005; Braendle et al., 2003; Hurst & Werren, 2001; Koropatnick et al., 2004; 

Macdonald & Monteleone, 2005). Despite the growing interest in bacteria-insect 

relationships, the basic knowledge of how endosymbionts are maintained within host is 

still lacking. The focal point of my research is to explore the symbiotic interactions 

between insects and microorganisms, particularly, the endosymbiotic relationship 

between Wolbachia and Drosophila.  

1.2 The fascinating endosymbiont, Wolbachia: a brief background 

Wolbachia, a type of gram-negative intracellular bacteria, are among the most 

widespread and well-studied endosymbionts. Wolbachia bacteria were first identified in 

reproductive tissues of the mosquito Culex pipiens by Hertig and Wolbach in 1924. 

These endosymbionts were initially described as a “Rickettsia-like microorganism,” 

because they are most closely related to Ehrlichia, Anaplasma, and Rickettsia species. 

Later renamed Wolbachia pipientis (Hertig, 1936; Hertig & Wolbach, 1924), “Wolbachia” 

bacteria are now regarded as a distinct genus of alpha-proteobacteria under the order of 

Rickettsiales (Werren, 1997). As per field usage, the term “Wolbachia” is used when 

referring to multiple endosymbionts, whereas “Wolbachion” is the singular form of the 

word. 

 Wolbachia infection is widespread in nature. Unlike Rickettsiales relatives, 

Wolbachia do not infect vertebrates directly but are known to be associated with mites, 

crustaceans, and a broad range of arthropods (Bourtzis & Miller, 2003; Serbus et al., 

2008; Weinert et al., 2015; Zug & Hammerstein, 2012). Wolbachia are also carried by 

many filarial nematodes, including, Brugia malayi, Brugia timori, Wuchereria bancrofti, 

Onchocerciasis volvulus (Punkosdy et al., 2003; Saint André et al., 2002) and certain 

plant-parasite nematodes, such as, Pratylenchus and Radopholus (Wasala et al., 2019). 
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Recent studies have estimated that 52%-60% of terrestrial arthropods carry Wolbachia 

(Sazama et al., 2017; Weinert et al., 2015). In most cases however, the infection 

frequency within a given species is below 50% (Sazama et al., 2019). These estimates 

suggest that Wolbachia are widespread among insect species, however, not necessarily 

within the same species (Sazama et al., 2019). An important abiotic factor temperature 

is often correlated with the variation in infection frequencies. High temperature has been 

reported to eliminate Wolbachia from the host (Jia et al., 2009). Another study 

demonstrated how climate change leads to a decline in the prevalence of Wolbachia 

(Charlesworth et al., 2019). In wild communities of the butterfly Zizeeria Maha, 

Wolbachia densities have been shown to vary seasonally (Sumi et al., 2017).  

Wolbachia are genetically diverse, and until recently, the genus Wolbachia was 

taxonomically divided into six supergroups, A through F (Baldo et al., 2006; Casiraghi et 

al., 2005; Lo et al., 2002). The first and most widely identified supergroups are super 

groups A and B. These groups correspond to Wolbachia that infect arthropods 

(Breeuwer et al., 1992; Werren et al., 1995a; Werren et al., 1995b). Three major 

arthropod subphyla under these supergroups are Hexapoda, Chelicerata, and Crustacea 

(Ros et al., 2009). The endosymbionts infecting filarial nematodes belong to the super 

groups C and D (Bandi et al., 1998). These supergroups are restricted only to the 

Nematoda (Ros et al., 2009). Supergroup F Wolbachia exhibit less genetic variation 

compared to the others, and until now, this the only group that is carried by both 

nematodes and arthropod hosts, involving the phylum Nematoda and arthropod 

subphyla Hexapoda and Chelicerata (Casiraghi et al., 2005; Dunn & Stabb, 2005; 

Rasgon & Scott, 2004; Ros et al., 2009; Vaishampayan et al., 2007). Supergroup E is 

less widespread compared to the other supergroups, and includes endosymbionts 

carried by the springtail Folsomia candida (Vandekerckhove et al., 1999). The diversity 
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and geographical distribution of Wolbachia-infected host species is increasingly 

expanding. Currently, sequencing data suggests that there are 16 monophyletic lineage 

groups, with the most recent one being the super group S (Lefoulon et al., 2020). The 

discovery of Wolbachia (or, Wolbachia-like organisms) in plant nematodes is largely 

responsible for the radical expansion of the supergroup range (Brown et al., 2016; 

Wasala et al., 2019).  The basis for assigning species names to these different groups 

and determining where “Wolbachia” stops and other genera begin, is currently under 

discussion by the experts in the field. 

1.3 Wolbachia as a way of examining insect-bacterial symbiosis  

Wolbachia endosymbiosis serves as an excellent model to study host-microbe 

interactions at cellular and molecular levels. Wolbachia are widespread in nature and 

span the range of parasitic, mutualistic, and commensalistic association with the host 

(Min & Benzer, 1997; Serbus et al., 2008; Weeks et al., 2007; Werren et al., 2008; Zug & 

Hammerstein, 2012). For example, Wolbachia are capable of provisioning their host 

filarial nematodes with riboflavin, ATP, and flavin adenine dinucleotide (Foster et al., 

2005; Grote et al., 2017). Wolbachia are also known for their important contributions in 

heme biosynthesis, which place them in an obligate mutualistic relationship with the host 

(Foster et al., 2005; Ghedin et al., 2007; Slatko et al., 2010). Wolbachia within certain 

dipterans is also necessary to facilitate host reproduction (Dedeine et al., 2005; Starr & 

Cline, 2002).  Conversely, Wolbachia serve as reproductive parasites in most of 

arthropod-Wolbachia associations by exploiting host reproduction (Taylor et al., 2005). 

Wolbachia in blue moon butterflies have been reported to skew the sex ratio towards 

female by killing nearly all the males before they even hatch (Charlat et al., 2009; Dyson 

& Hurst, 2004; Hopkins, G. H. E., 1926). In variant scenarios, Wolbachia have also been 

shown to cause tissue degeneration, ultimately shortening the host lifespan (Min & 



 6 

Benzer, 1997). The growing interest in Wolbachia is largely as a result of the diversity of 

their effects on host.  

1.4 Advantage of studying Wolbachia within Drosophila species 

One of the most informative model systems for studying Wolbachia-insect 

endosymbiosis is the well-established research model organism, Drosophila 

melanogaster. Drosophila species have the advantage of a naturally occurring 

Wolbachia infection, referred to as the “wMel” strain (Yamaguchi & Yoshida, 2018). The 

species Drosophila simulans is naturally infected with the “wRi” strain of Wolbachia, 

which shares the supergroup A designation along with wMel (Wu et al., 2004). 

Drosophila melanogaster (fruit flies) have been used as a powerful genetic model 

organism since Thomas Hunt Morgan and his collaborators had made pioneering 

discoveries with them almost 100 years ago. The availability of numerous mutant strains 

of fruit flies allows for the study of diverse pathways relevant in biological and biomedical 

research (Alberts et al., 2002; Jennings, 2011; Lodish et al., 2000; Wangler et al., 2015). 

The advent of fluorescently labeled transgenic fusion proteins (Chalfie et al., 1994; Clyne 

et al., 2003; Morin et al., 2001), inducible expression system (Barwell et al., 2017; 

Nicholson et al., 2008; Osterwalder et al., 2001; Roman et al., 2001) and near genome-

wide availability of specific RNAi knockouts (Hu et al., 2021; Kuttenkeuler, 2004), have 

made Drosophila genetics very powerful. Using these tools, Drosophila research has 

made dramatic strides in explaining genetics, molecular and cell biology, among other 

areas (Hales et al., 2015; Jennings, 2011). Thus, all of these established resources can 

be employed to investigate Wolbachia-host interactions at the cellular, tissue and 

organismal level. 
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1.5 Wolbachia colonization in Drosophila host cells/tissues 

Wolbachia are broadly distributed in specific somatic tissues in Drosophila, as 

demonstrated by recent studies using PCR and fluorescent cytological techniques (Pietri 

et al., 2016). In adult D. melanogaster, Wolbachia were found to localize in central brain, 

retina, optic lobe, ganglia, somatic cyst cells, and somatic stem cells (Albertson et al., 

2013; Casper-Lindley et al., 2011; Strunov et al., 2013; Toomey et al., 2013; Veneti et 

al., 2003). In adult D. simulans, the presence of Wolbachia was documented in head, 

muscle, midgut, Malpighian tubules, wings, and hemolymph (Dobson et al., 1999; 

Osborne et al., 2009). The density of Wolbachia, however, differed depending on the 

type of tissue (Bian et al., 2010; Dobson et al., 1999; Moreira et al., 2009).  

Wolbachia are very well known for their prevalence in germline cells (Clark & 

Karr, 2002; McGraw et al., 2002; Sacchi et al., 2010; Veneti et al., 2004). Abundance of 

Wolbachia within the germline is fundamentally important to support maternal 

transmission of the bacteria through female hosts (Serbus et al., 2008; Werren et al., 

2008). During the transmission process, Wolbachia carried by maternal germline stem 

cells are passed on to differentiating daughter cells, called cystoblasts (Fig 1). Each 

cystoblast divides to create a 16-cell germline cyst that is encapsulated by a layer of 

somatic cells. These encapsulated germline cells are referred to as egg chambers. The 

egg chamber ultimately converts into a single egg cell that carries Wolbachia. Most 

Wolbachia are distributed symmetrically throughout the embryo. A subset of Wolbachia 

localize to the embryo posterior pole, positioning the bacteria for inclusion into the next 

generation of germline cells during cellularization (Fig 1) (Hadfield & Axton, 1999; 

Serbus et al., 2008; Serbus & Sullivan, 2007; Veneti et al., 2004).  

Wolbachia segregation within the sperm is not very well understood. During 

spermatogenesis, the germline stem cells divide asymmetrically to create gonial blast 
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cells, which eventually give rise to 16 interconnected spermatogonial cells with uneven 

distribution of Wolbachia. The spermatagonia soon develop into spermatocytes carrying 

proliferating Wolbachia. During spermiogenesis, the spermatocytes develop into 64 

interconnected spermatids. After spermeiogenesis, Wolbachia are carried by many of 

the resulting spermatids. However, during the individualization process, Wolbachia are 

eliminated from the sperm along with the excess cytoplasmic components in a so-called 

waste bag structure (Riparbelli et al., 2007; Serbus et al., 2008; Zabalou et al., 2004). 

The exclusion of Wolbachia from sperm prevents paternal transmission of Wolbachia. 

Thus, Wolbachia must ensure their abundance in the maternal germline to 

facilitate their transmission at the cellular level in embryogenesis. Once Wolbachia are 

successfully taken up into embryonic cells, it is not clear how the bacteria are maintained 

within the body, nor how their density is regulated. To date, reports informing Wolbachia 

titer control in insects are very limited.  

1.6 Significance of Wolbachia titer (density) for disease management 

Basic understanding of how Wolbachia titer is regulated within insects and 

worms has practical importance for disease suppression strategies. Wolbachia are the 

causative agent of African river blindness (onchocerciasis) (Saint André et al., 2002) and 

a major factor in induction of lymphatic filariasis (Cross et al., 2001; Punkosdy et al., 

2003). More than 150 million people around the world are afflicted by filarial nematodes 

(Daehnel et al., 2007; Slatko et al., 2014). For instance, lymphatic filariasis are caused 

by Brugia malayi and Wuchereria bancrofti, while onchocerciasis is caused by 

Onchocerca volvulus.  Wolbachia are present throughout the nematode life cycle, and 

colonization increases during the host adult stage (Fenn & Blaxter, 2004; McGarry et al., 

2004; Taylor et al., 1999). As an obligate mutualist, Wolbachia are required for various 

aspects of filarial nematode biology (mentioned earlier), including larval development 
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and production of offspring. Efficient survival of these filarial nematodes also depends 

greatly on Wolbachia infection. Reduction of Wolbachia titer by the antibiotics Rifampicin 

and Doxycycline have been found to exert fatal impact on nematodes (Hoerauf et al., 

2001; Townson et al., 2000). Wolbachia as a contributor to the pathogenesis of filariasis 

makes this bacterium an attractive target for treatment of filarial disease (Johnston & 

Taylor, 2007; Slatko et al., 2010; Supali et al., 2008).  

In 2008, it was found that Wolbachia-infected fruit flies were resistant to plus 

strand RNA viruses, including Flock House Virus and Drosophila C Virus (Hedges et al., 

2008; Teixeira et al., 2008). Follow-up work quickly revealed this same viral suppression 

trait carries through to Wolbachia-infected Aedes mosquitoes, suppressing replication 

and transmission of plus-strand RNA viruses including Zika, Dengue, and Chikungunya 

that affect millions of people worldwide every year (Paixão et al., 2018; Xue et al., 2018). 

Importantly, the blocking of virus is usually stronger in insect hosts carrying higher 

Wolbachia titers (Lu et al., 2012; Moreira et al., 2009). Thus, understanding the 

underlying mechanisms that naturally regulate Wolbachia titer in vivo can potentially 

contribute to development of practical tools for disease suppression. The major 

contribution of Wolbachia to the progression of filarial disease, as well as, suppression of 

viral transmission, has given rise to exceptional interest in pursuing host mechanisms 

that regulate Wolbachia titer in vivo. 

1.7 How is Wolbachia titer maintained inside the host? To what extent the density 

regulatory mechanisms are known 

As of today, very limited information is available regarding the mechanisms of 

Wolbachia colonization within host. Symbiont density can be controlled by means of the 

host or the symbiont (intrinsic factors). Symbionts may alter their growth or development 

by altering their replication rate. Hosts can also regulate the growth of symbionts by 
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limiting nutrients, producing toxins, as well as redirecting the microbes to lysosome 

inducing their destruction (Scherr et al., 2007). Environmental factors (extrinsic factors) 

have also been shown to influence Wolbachia titer (Bordenstein & Bordenstein, 2011; 

Hughes et al., 2014; Serbus et al., 2015). Here we discussed the factors reported to date 

as affecting Wolbachia titer within insect hosts. 

1.7.1 Extrinsic factors 

 Temperature: Environmental factors, such as temperature, have a great 

influence on Wolbachia titer. For instance, embryos from both D. bifasciata and D. 

simulans have been shown to carry fewer bacteria at elevated temperature than at lower 

temperature (Clancy & Hoffmann, 1998; Hurst et al., 2000). The wasp Nasonia 

vitripennis has also been reported to have reduced bacterial load at higher temperature 

compared to cold temperature, as a consequence of increased densities of its 

endogenous phage (Bordenstein & Bordenstein, 2011). Conversely, in D. melanogaster, 

higher temperature was shown to elevate Wolbachia titer in adult brain tissue (Strunov et 

al., 2013). A further variation on this outcome was reported in a study of Drosophila 

sechellia, and Drosophila teissieri. Male flies had an elevated Wolbachia titer at 

temperature cooler than 23°C and 31°C, whereas females did not exhibit any titer 

variation with the temperature shift (Hague et al., 2020). Host background might be 

contributing to this differential effect. These data suggest that there is an ideal middle 

range for Wolbachia replication and/or survival. Any deviation in optimal conditions may 

alter that range. 

Host microbiota: Wolbachia titer has been reported to be influenced by the host 

microbiome. Since Wolbachia inhabit a within-host niche, co-infection of multiple 

bacterial lineages is a possible outcome, which would have resulted in a fight for 

resources among bacterial groups (Caragata et al., 2014; Geoghegan et al., 2017; 
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Jiménez et al., 2019). Co-infection with Spiroplasma, for example, was shown to reduce 

Wolbachia load in Drosophila (Goto et al., 2006). The gut microbiome of Anopheles 

mosquitoes have been shown to hinder vertical transmission of a transinfected 

Wolbachia strain (Hughes et al., 2014). The mechanisms that drive the gut microbiota-

mediated impact on Wolbachia is unclear, but their continued existence is perhaps one 

explanation for why certain mosquito populations cannot be stably infected with 

Wolbachia strains (Hughes et al., 2014; Rossi et al., 2015). Alternatively, the presence of 

Wolbachia has shown to reduce the abundance of gut microbe Acetobacter in 

Drosophila melanogaster (Simhadri et al., 2017). The mosquito Aedes aegypti has also 

shown a dramatic alteration in resident bacterial abundance when transinfected with 

Wolbachia (Audsley et al., 2018). These findings suggest a complex interaction between 

the endosymbiont Wolbachia and the resident microbiome. 

Host diet: Most recently, cytological assessments have stipulated that germline 

Wolbachia titer in Drosophila is responsive to host diet. For instance, certain forms of 

sugars, such as, lactose, maltose, trehalose, and sucrose, increase Wolbachia load in 

developing oocytes (Camacho et al., 2017). On the contrary, exposure of flies to yeast-

enriched diet causes a dramatic reduction of bacterial load in the oocytes (Serbus et al., 

2015). However, whether the impact of yeast-enriched diet is tissue-dependent or, 

generalized to the whole body is not known.  

1.7.2 Intrinsic factors 

Our knowledge on the nature and function of different intrinsic elements in 

regulating Wolbachia colonization is rudimentary. Transinfection-based approaches 

(transfer of Wolbachia into heterologous host) have demonstrated the importance of host 

genetic background on Wolbachia titer (Chafee et al., 2011; Christensen et al., 2016; 

Poinsot et al., 1998). Host developmental dynamics have also been reported to influence 
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Wolbachia load. For instance, during oogenesis, Wolbachia appears to concentrate at 

the polar follicle cells, although not in the lateral follicle cells (Kamath et al., 2018). The 

ovarian somatic stem cell niche also contributes to Wolbachia abundance in germline 

cells (Toomey et al., 2013). To date, the undestanding of Wolbachia titer regulations are 

limited mostly to germlines and cell-culture studies. Here we discussed a few intrinsic 

host factors that are known to have an impact on Wolbachia abundance. 

1.7.2.1 Germline based studies 

The majority of studies informing the molecular basis for Wolbachia titer control 

to date have been conducted in Drosophila maternal germline cells. Mutations in the 

host germline cells, such as disruption of the Drosophila gurken (grk) gene, have been 

shown to significantly reduce Wolbachia titer in the oocytes (Serbus et al., 2011). 

Because grk is important to reorganize the oocyte cytoskeleton, the impact of grk on 

Wolbachia titer invokes a connection between cytoskeletal proteins and germline 

Wolbachia titer, which has been supported by other studies. Chemical disruption of 

microtubule stability has been shown to disrupt Wolbachia localization as well as titer 

regulation (Ferree et al., 2005; Russell et al., 2018; Serbus et al., 2011; Serbus & 

Sullivan, 2007). Disruption of the actin cytoskeleton with mutant actin-binding proteins, 

chickadee, and quail, also led to reduction of Wolbachia titer in fly germaria and early 

egg chambers, followed ultimately by loss of Wolbachia from the mutant lines (Newton et 

al., 2015). 

A separate set of factors central to prototeostasis have also been found to affect 

germline Wolbachia titers. Knockdowns of the Ubc6 gene, which encodes the E2 

conjugating enzyme of the ubiquitin pathway reduced bacterial load in oocytes (White et 

al., 2017a). Another study carried out by Grobler and colleagues in 2018, however, have 

reported a different outcome. They showed that RNAi inhibition of proteasome core 
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components increases Wolbachia titer in Drosophila germline (Grobler et al., 2018). 

Because the Grobler study did not assess the impact of ubiquitin-mediated components 

on germline Wolbachia titer, the final interpretation on the discrepancy regarding the 

impact of ubiquitin-proteasome pathway cannot be made at this time.  

Host ribosomal components have also been shown to affect germline Wolbachia 

titer. RNAi mediated disruption of host ribosome complex increased Wolbachia titer in 

the ovary (Grobler et al., 2018). This suggests that reducing protein loads within the cell 

benefits Wolbachia to some extent. Wolbachia are thought to rely upon amino acid 

metabolism as an energy source (Foster et al., 2005; Wu et al., 2004), so one possibility 

is that Wolbachia access these resources more easily when host protein abundance is 

reduced.  Another possibility is that reduced host protein loads also mean lower amounts 

of factors that are suppressive or toxic to Wolbachia.  It remains further unclear whether 

these and other mechanisms that affect germline Wolbachia titers represent 

developmentally specific or generalized impacts. 

1.7.2.2 RNAi-based cell culture studies 

Host mechanisms that drive Wolbachia colonization within somatic tissues are 

less well known. The very first comprehensive screens conducted by White et al. 2017 

and Grobler et al. 2018 have shed light onto host genes that might be relevant for 

somatic titer regulation. Both studies used RNAi to screen Wolbachia-infected somatic 

tissue culture cells for host pathways implicated in titer regulation. In 2017, White and 

colleagues demonstrated an association between host metabolic pathways and 

Wolbachia density. The importance of host lipid metabolism and mitochondrial 

components was implicated in controlling Wolbachia titer in cells. Most strikingly, the 

study demonstrated that RNAi knockdown of ubiquitin related genes from the ERAD 

ubiquitin ligase (endoplasmic reticulum associated protein degradation pathways), 
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reduced bacterial load. This suggests that Wolbachia require a functioning ERAD 

pathway to uphold a regular number of bacteria within the cells. The results also more 

generally support the expectation that Wolbachia depend on their host cells for energy 

and other metabolic factors (White et al., 2017a).  

Another high-throughput RNAi screen, carried out by Grobler et al. 2018, showed 

a wide array of host systems and complexes that affected Wolbachia titer in Drosophila 

cells (Grobler et al., 2018). The major finding by Grobler and colleagues was that host 

ribosomal factors, specifically the translation initiation complex, are essential to 

Wolbachia infections. It was shown that host translation is directly hindered by the 

presence of Wolbachia, which possibly occurs at the post-translational level. They also 

showed effects for the cytoskeleton components on somatic Wolbachia titer that were 

consistent with prior germline Wolbachia studies (Ferree et al., 2005; Serbus et al., 

2011; Serbus & Sullivan, 2007), suggesting that somatic and germline Wolbachia titer 

may be regulated similarly. Another finding from the study was that knockdown of 

proteasomal core components increase titer in cell culture. However, knockdown of 

several ubiquitin related components was shown to reduce titer consistent with the 

ubiquitin-proteasome related arguments from White et al. 2017a. Additional somatic titer 

effects were identified for host factors involved in cell adhesion & extracellular matrix, 

metabolism & transporters, cell signaling, membrane dynamics and vesicular trafficking 

(Grobler et al., 2018). The involvement of multiple host factors suggests that a wide 

range of host processes may affect Wolbachia titer. It is also notable that the success of 

both RNAi screens demonstrates that RNAi effects are visible within the timescale of 

such knockdowns. This opens the possibility of pursuing future RNAi knockdowns in 

whole fly systems that fall within the same time range.  
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1.7.2.3 Biological concerns about quantification of Wolbachia titer in cell cultures  

As explained above, the knowledge we have so far about somatic titer regulation 

is mainly extrapolated from tissue culture studies. The limitations with tissue culture 

studies leaves open whether the observed titer shift in cell cultures is caused by altered 

bacterial life cycle dynamics, or by a change in invasion dynamics. It has been shown 

that Wolbachia can be horizontally transmitted from infected to uninfected tissue culture 

cells, without the requirements of direct cell-to-cell contact. Wolbachia horizontal 

transmission is accomplished through a host endocytic mechanism resembling 

phagocytosis (White et al., 2017b). In tissue culture format, many bacteria are floating on 

the medium as a result of cell death (egress), which might cause horizontal invasion of 

the remaining viable cells. Therefore, the basis for Wolbachia titer changes in response 

to certain treatment/RNAi manipulations remains unclear. Because of the possible 

concerns associated with the interpretations from tissue culture studies, the molecular 

mechanisms of how hosts regulate the density of their resident endosymbionts overall 

remain elusive. 

1.8 What is known about density regulation of other microbes? 

There are hints from other systems that consensus host mechanisms may 

significantly affect Wolbachia colonization of somatic cells. The presence of bacteria, 

and their density within host cells, has been extensively studied for many disease-

related microbes, including Ehrlichia chaffeensis, Listeria monocytogenes, Chlamydia 

caviae, Mycobacterium fortuitum and Francisella tularensis (Agaisse et al., 2005; Derré 

et al., 2007; Levenhagen et al., 2012; Philips et al., 2005; Rikihisa et al., 1994). It has 

been reported that the restriction of host signaling pathways, such as the MAP kinase 

signaling pathway, significantly decreases the number of Anaplasma and Coxiella 

carried by infected host cells (Czyż et al., 2014; Xiong et al., 2009). The ubiquitin 
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pathway has been shown to regulate survival and replication of Ehrlichia and Anaplasma 

(Severo et al., 2013; Zhu et al., 2017). The cytoskeleton has also been documented by 

several studies to maintain the density of Ehrlichia, Listeria monocytogenes, Chlamydia 

caviae, Mycobacterium fortuitum (Agaisse et al., 2005; Derré et al., 2007; Levenhagen et 

al., 2012; Philips et al., 2005; Rikihisa et al., 1994).   

Studies of bacterial titer control in other systems are not entirely free of 

complications. Some host processes, such as mTOR signaling, have been reported to 

have conflicting effects. An RNAi screen for host genes that affect Chlamydia and 

Listeria showed that knockdown of Tor from the mTOR signaling suppress the infection 

(Derré et al., 2007), whereas, another study reported an increase in Anaplasma growth 

upon mTOR inhibition (Niu et al., 2008). A more generalized concern about such studies 

is that many of those were also conducted in tissue culture. Therefore, the concerns 

regarding the inability to distinguish replication from invasion apply to these other 

systems as well. However, since some of the host mechanisms implicated in titer control 

for bacterial pathogens are consistent with results from germline Wolbachia studies, it 

remains possible that processes affecting colonization in other systems are also 

applicable to Wolbachia. We will use literature as a guide to identify possible density-

regulating mechanisms that affect Wolbachia loads carried within whole host organisms. 

1.9 Objective of this dissertation and organization 

Despite growing evidence of host-symbiont interplay, knowledge of how bacterial 

density is regulated within the host is limited, for nearly all endosymbionts including 

Wolbachia. My overall research goal is to inform the cellular basis of endosymbiont-host 

interactions, pursuing the Wolbachia-Drosophila endosymbiotic system as a model. I am 

particularly interested in systematic identification of host pathways and processes that 

affect Wolbachia titer at the level of whole host organisms.  
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To elucidate Wolbachia colonization, my Chapter II describes how a whole fly 

model system was used to search for prospective pathways of endosymbiont density 

regulation. The study was built upon the as-yet unconventional use of adult insects in a 

validated, plate-format assays to substantiate results using high statistical power. Here, I 

addressed the lack of empirical tools to elucidate the biology of titer regulation. We 

developed a qPCR-based protocol that determines the absolute count of the Wolbachia 

surface protein (wsp) gene as a proxy for whole body Wolbachia titers. With thorough 

optimization, we maximized detection of Wolbachia within whole host organisms, which 

was not possible earlier with conventional methods. 

Chapter III demonstrates how the optimized protocol can efficiently be used to 

detect titer changes within the whole organism. Using the optimized protocol, we have 

illustrated whether germline titer control mechanisms serve as a proxy for body-wide 

effects. Previous studies have revealed the dramatic effect of yeast-rich diets on 

germline Wolbachia titer (Serbus et al., 2015). Here we show what is required to reliably 

detect differences by absolute qPCR counts, and test whether the impact of dietary 

yeast extrapolates to the whole organism. The results indicated that dietary yeast drives 

Wolbachia depletion in oogenesis, but not in whole body samples. The yeast is also an 

excellent illustration of how relative qPCR can distort outputs. The absolute count 

method also showed that the non-antibiotic compound bortezomib reduces ovarian, as 

well as, whole-body titers, indicating that generalized effects are possible. 

In Chapter IV, I explored host-endosymbiont interactions by analyzing various 

host processes that might be relevant to the maintenance of Wolbachia. We conducted a 

candidate drug screen to identify host factors that either support or suppress Wolbachia 

titer within whole organism. To our knowledge, this is the first study to systematically 

assess titer controlling mechanisms using the whole organism. The outcomes from the 
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drug screen were further supported by genetic analyses. Results from Chapter IV begin 

to fill the knowledge gap regarding the influence of hosts on whole body colonization by 

Wolbachia endosymbionts.  

This dissertation is intended to contribute to the understanding of Wolbachia-host 

interactions by using validated approaches that are rooted in empirical data. The thesis 

bridges important holes in understanding Wolbachia regulation within the host and offers 

new insights and methods from which future studies can be designed.  

The data/findings derived from chapter IV are combined efforts of myself and my 

mentee Hani Samarah, who worked very closely with me carrying out the experiments.  
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Figure 1: Maternal transmission of Wolbachia. Green: germline. 
White: soma. Grey dots: Wolbachia. 
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CHAPTER II: QUANTITATIVE APPROACH FOR ASSESSING WOLBACHIA TITER 

WITHIN WHOLE INSECTS 

2.1 Abstract 

Endosymbiotic Wolbachia bacteria are associated with a wide range of 

arthropods and filarial nematodes. The occurrence of these vertically transmitted 

endosymbiont is linked to a variety of reproductive manipulations, including cytoplasmic 

incompatibility, parthenogenesis, male killing, and feminization. Wolbachia abundance 

plays a significant role in maintaining the Wolbachia-host relationship by influencing the 

success of vertical transmission of Wolbachia and induction of host reproductive 

phenotypes. However, our understanding of Wolbachia density dynamics of Wolbachia 

within the host is limited. The lack of agreed-upon methods for quantifying abundance 

within whole organisms has created challenges in data interpretation to date. Chapter II 

showcases a standardized absolute count approach, using real-time PCR to quantify 

Wolbachia within whole insects. Using Wolbachia-infected Drosophila melanogaster as a 

model, we demonstrate the accuracy and precision of the protocol in determining 

Wolbachia abundance. By maximizing resolution of Wolbachia, this approach may shed 

new insight into the relationship between Wolbachia endosymbionts and their hosts, by 

informing bacterial distribution and abundance within whole organisms. 

2.2 Introduction 

Symbiotic relationships exist among different types of organisms (Margulis et al., 

1991), including noteworthy examples of symbiosis between insect and microbes 

(Bourtzis & Miller, 2003). Symbiotic microorganisms are found in the gut, body cavity 

and/or cells of most insects. Some symbionts are mutually beneficial and contribute to 

their host's fitness, while others are parasitic and detrimental to their hosts (Bourtzis & 

Miller, 2003; Zchori-Fein & Bourtzis, 2011). The term symbiont is applied to bacterial 
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species which form symbiotic association with other organisms. Endosymbionts are 

distinctive in that they physically occupy the cells and tissues of their host organism 

(Kikuchi, 2009).  

Wolbachia are intracellular, gram-negative alpha-proteobacteria. These bacterial 

endosymbionts  are prevalent in nature (Saridaki & Bourtzis, 2010). Wolbachia were first 

detected in mosquitoes (Hertig, 1936; Hertig & Wolbach, 1924), and since then, have 

been found in a myriad of arthropods including the research model organism Drosophila 

melanogaster (Werren et al., 2008). Recent estimates report the prevalence of 

Wolbachia infection in terrestrial arthropods to be between 52% to 60% (Sazama et al., 

2017; Weinert et al., 2015). The frequency of infected individuals within species may 

range widely from one species to the next (Sazama et al., 2019). 

The ability of Wolbachia to persist and spread within the host population is 

dependent on vertical transmission from one generation to next, specifically by female 

hosts (Landmann, 2019; Werren et al., 2008). As such, Wolbachia actively manipulate 

the host reproductive system to enhance maternal transmission efficacy. Four widely-

discussed reproductive phenotypes caused by Wolbachia are parthenogenesis, (female 

reproduction without males) (Stouthamer et al., 1999), male killing (death of infected 

male embryos) (Hurst et al., 1999), feminization (conversion of genetic males into 

functional females) (Rousset et al., 1992) and cytoplasmic incompatibility (elimination of 

uninfected embryos) (Yen & Barr, 1971). Wolbachia need to maintain an increased 

density to induce these reproductive manipulations (Boyle et al., 1993; Unckless et al., 

2009). Interaction with the host cytoskeleton also ensures high concentrations of 

Wolbachia at the posterior pole of an egg during late oogenesis, which results in a 

heavily infected germline, assuring the successful transmission of Wolbachia in the next 

generations (Hadfield & Axton, 1999; Serbus & Sullivan, 2007; Veneti et al., 2004).  
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The abundance of Wolbachia within the host has biomedical implications. 

Wolbachia have gained much interest in recent years because of their potential role to 

suppress vector-borne disease. Introduction of Wolbachia in the mosquito Aedes 

aegypti, a vector for the Dengue fever virus (DENV), has been shown to dramatically 

reduce DENV load (Moreira et al., 2009; Walker et al., 2011), as well as Yellow fever, 

Chikungunya and Zika (Caragata et al., 2016; Hurk et al., 2012; Moreira et al., 2009). In 

Drosophila, Wolbachia was shown to provide protection from Drosophila C virus and 

Flock House virus (Hedges et al., 2008; Teixeira et al., 2008). Furthermore, many filarial 

nematodes host Wolbachia, including Onchocerca volvulus, which causes river 

blindness and Wuchereria bancrofti and Brugia malayi, which cause lymphatic filariasis 

(Taylor & Hoerauf, 1999). These nematodes are dependent on their obligate mutualist 

Wolbachia for survival and reproduction (Makepeace et al., 2006; Townson et al., 2000). 

Tissue pathology associated with these diseases have been demonstrated as 

responsive to the presence of Wolbachia  (Punkosdy et al., 2003; Saint André et al., 

2002). Despite the tremendous biological and biomedical implications of Wolbachia 

abundance, it is not yet well understood how Wolbachia are regulated and distributed 

within the host. 

 Precise quantification of Wolbachia titer is a fundamental prerequisite to analyze 

bacterial replication and distribution within the body. Quantification may reveal critical 

aspects of host-microbe interactions. Previous experiments addressing Wolbachia 

colonization have employed an array of techniques across arthropods and nematode 

host systems. Cytology-based approaches have been widely used to quantify Wolbachia 

within germline cells (Casper-Lindley et al., 2011; Christensen et al., 2019; Newton et 

al., 2015; Serbus & Sullivan, 2007). Tissue culture-based RNAi screens have also been 

carried out, which were coupled with fluorescent DNA stains (White et al., 2017a) and 
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fluorescence in situ hybridization techniques (Grobler et al., 2018) to quantify Wolbachia 

in somatic cells. As the significance of bacterial abundance is becoming more evident, 

researchers are also employing quantitative PCR (qPCR) to estimate Wolbachia 

abundance in whole insects or nematodes (Simoncini et al., 2001). Researchers have 

predominantly used relative qPCR to quantify Wolbachia in different biological contexts 

(Chrostek et al., 2013; Duarte et al., 2020; Mee et al., 2015; Moreira et al., 2009; Voronin 

et al., 2012; Zha et al., 2014). The absolute qPCR approach has also been used in many 

studies to quantify Wolbachia titer (Ant & Sinkins, 2018; Frentiu et al., 2010; Lu et al., 

2019; Zhou & Li, 2016). Absolute qPCR determines the copy number of a candidate 

Wolbachia gene by comparing the data against standard curves of known DNA 

concentration. The candidate Wolbachia gene is interpreted as a proxy for absolute 

bacterial chromosome abundance, and thus bacterial titer within the sample. The 

diversity of techniques used to measure Wolbachia quantity in vivo has hindered 

comparative data interpretation up until now. 

 Chapter II presents a standardized and validated Wolbachia quantification assay, 

that can be used as a valuable tool in Wolbachia research community as well as for our 

own work. Utilizing the Drosophila model system, we optimized sample preparation for 

amplification by qPCR, enabling efficiently quantification of Wolbachia titer within whole 

host organisms. With thorough optimization and validation, the results showed maximum 

sensitivity and accuracy of the protocol in determining Wolbachia titer. Our approach is 

unique in that whole body counts allow us to inform bacterial abundance and distribution 

patterns within the host system, as well as how genetic and environmental factors 

specify such patterns. 
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2.3 Methods and materials 

2.3.1 Fly stocks & maintenance 

All the flies were maintained with standard fly food. The recipe is derived from 

Bloomington Drosophila stock center (http://flystocks.bio.indiana.edu/Fly_Work/media-

recipes/bloomfood.htm) (Camacho et al., 2017; Christensen et al., 2016). Briefly, the 

food is cooked in large batches that contain vital nutrients, for example, 337 grams of 

yeast, 96 grams of agar, 1325 grams of yellow corn meal, 190 grams of soy flour, 1.5 

liters of Karo light corn syrup, 94 ml of propionic acid and 20 liters of water. The food is 

typically stored at 4 degrees and melted before use. 

The study was performed using fruit flies (Drosophila melanogaster) of 

genotype w; Sp/Cyo; Sb/Tm6B carrying the wMel Wolbachia strain (Christensen et al., 

2016). Uninfected control flies of this same genotype represent the original parental 

strain, prior to addition of wMel. All the flies were raised in plastic bottles containing 

~25ml of standard fly food and were maintained in 12h:12h light-dark cycles at a 

constant 25 °C temperature. The stock bottles, containing both male and female flies, 

were seeded for 3-days under this environment and then were discarded. The new 

progeny starts eclosing after 10- to 12-days. Progeny were collected within 0 hr to 24 hrs 

post eclosure. Newly eclosed, adult flies were aged for 5 days in the controlled, 25 °C 

environment. The first 2 days of rearing is done on standard food. For the next 3-days of 

rearing, adult flies were exposed to appropriate food conditions for the experiment. 

2.3.2 Optimizing plate assay format  

A 24-well plate format (Corning 24-well plates (Cat# 3738) was used to raise 2-

day old fruit flies. The amount of food and the number of flies that can go in each well 

were systematically optimized. To determine the appropriate amount of food, 12 wells of 

the screening plate were filled with 1.5 mL and the other 12-wells were filled with 1 mL of 

http://flystocks.bio.indiana.edu/Fly_Work/media-recipes/bloomfood.htm
http://flystocks.bio.indiana.edu/Fly_Work/media-recipes/bloomfood.htm
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melted standard food. Because of the space restrictions, we could not add a higher 

amount. The food is usually melted in a small glass beaker and dispensed quickly before 

cooling and solidifying. After transferring food into each well, the whole plate is solidified 

under a fume hood with proper covering to prevent condensation.  

To determine the survival rate of the flies, 9 females and 3 males or (7 females 

and 3 males) were transferred in each well with the varying amount of food (1 mL and 

1.5 mL). Flies were put to sleep using CO2 gas and transferred into a perfusion-friendly 

empty 24-well plate. The feeding plate was then carefully placed on top of the perfusion-

friendly lid. Bench tape was applied to seal the 2 sides of the plates, which help securing 

the perfusion-friendly lid onto the feeding plate. The plate was then flipped over once the 

flies are awake, in order to prevent flies from getting stuck in the food. The flies were 

then incubated in this plate set up for 3- to 5-days, during which their survival rate was 

recorded. 

2.3.3 Primer efficiency test  

Primer efficiency tests were conducted on serially diluted DNA samples. The 

DNA was extracted using the optimized protocol, so that it could be used as a template 

to generate standard curves. The undiluted DNA was the reference point from where a 

series of 10-fold dilution was created: undiluted, 1/10, 1/100, 1/1000, 1/10000, 1/100000, 

1/1000000. We performed qPCR on these serially diluted samples using 5 μM of wsp 

primers as used for the other experiments. Samples were amplified in triplicate and the 

average Ct (Cycle threshold) values of the technical replicates was determined. Log 

concentration of each sample dilution was calculated using the log formula in excel and 

then plotted against the average Ct values followed by generation of a linear regression 

curve. The slope of the trendline was obtained, which was used to calculate primer 

efficiency using a qPCR efficiency calculator available on the ThermoFisher website. 

https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html?ef_id=CjwKCAiAiML-BRAAEiwAuWVggo7VdUgCEp-_DP8B2n3JHp4J2tY0qxIqmCDp5TnRKJjh1cYm6P2o_xoCxD4QAvD_BwE:G:s&s_kwcid=AL!3652!3!394297685907!b!!g!!&cid=bid_mol_eps_r01_co_cp1358_pjt0000_bid00000_0se_gaw_dy_pur_con&gclid=CjwKCAiAiML-BRAAEiwAuWVggo7VdUgCEp-_DP8B2n3JHp4J2tY0qxIqmCDp5TnRKJjh1cYm6P2o_xoCxD4QAvD_BwE
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2.3.4 DNA extraction and body-wide qPCR of Wolbachia titer 

For total body-wide counts from each sample, a group of 5 female flies was 

homogenized together in 200 μL of buffer containing 10 mM Tris HCl (pH 8.0), 1 mM 

EDTA and 25 mM NaCl, with or without 1% SDS. Additionally, samples were processed 

with or without the addition of 2 μL of 20 mg/ml of proteinase K, followed by incubation at 

either 56°C or 70°C. After incubation for 1 h, samples treated with proteinase K were 

inactivated by heating the samples at 95°C for 3 min. Samples were then centrifuged at 

17,970 x g for 15 minutes at 4°C Avoiding the pellet, 100 μL of supernatant was 

collected and DNA was either used directly for qPCR, diluted in TE, or was concentrated 

by ethanol precipitation. For precipitation, 1/10 volume of 3 M Na-acetate and 250 μL of 

absolute ethanol was added to 100 μL of the supernatant. Samples were mixed gently 

and kept at − 20°C for > 2 h, then centrifuged at 17,970 x g for 15 minutes at 4°C. 

Resulting pellets were washed with 500 μL of 70% ethanol, and re-centrifuged at 17,970 

x g for 15 minutes at 4°C. The DNA pellet was air dried and re-suspended in 100 μL of 

TE buffer. The DNA samples were then used directly, or serially diluted for qPCR. 

The absolute quantification of Wolbachia was determined using the standard 

curves of known DNA concentrations. Here, a PGEMT plasmid vector carrying 160bp of 

PCR-amplified wsp fragment was used as a reference. A QIAprep Miniprep package 

was used to purify the cloned plasmid carrying the wsp sequence. The concentration of 

plasmids was then determined using Qubit® 2.0 Fluorometer. A 10-fold serial dilution 

series of the purified plasmid, ranging from 1 × 10^3 to 1 × 108^ copies/2 μL, was used 

to construct the standard curves. Cycle threshold (Ct) values for each dilution were 

assessed in triplicates utilizing the real-time QPCR (Bio-Rad CFX96 Connect Optics 

Module Real-Time System). Absolute copy number of Wolbachia in the unknown 

samples were then obtained by relating the Ct values to the standard curves generated 
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in real time qPCR. The primers used to target wsp gene were: Forward 5’ 

CATTGGTGTTGGTGTTGGTG 3’, reverse 5’ ACCGAAATAACGAGCTCCAG 3’ primers 

with a concentration of 5 μM. 

An additional plasmid standard was also prepared in parallel, from D. 

melanogaster ribosomal protein L32 (rpl32) to standardize sample loading in Wolbachia 

(−) samples. These plasmids were prepared by cloning a 194 bp fragment of rpl32 using 

forward (5′-CCGCTTCAAGGGACAGTATC) and reverse (5′- 

CAATCTCCTTGCGCTTCTTG) primers. 

2.3.5 Spike-in control to test extraction yield and presence of qPCR inhibitor in 

samples 

A spike-in control was used to test the efficiency of our DNA extraction protocol. 

To test for DNA retention (or material loss) during the extraction process, 4979pg of 

lambda DNA was added to 200 μL of squishing buffer along with the flies prior DNA 

extraction. The nucleic acid was extracted and purified together with the lambda spiking 

DNA, using our protocol optimized as described above. It is important to note here that 

half of the original volume was collected during the extraction process to obtain the final 

amount of DNA for qPCR. For control samples, 4979pg of lambda DNA was added to 

TE buffer (pH 8.0), where the total volume was equivalent to amount of buffer used for 

DNA extraction. The samples were then mixed well, followed by transfer of 100 μL of the 

mixture to a different tube, to match handling of the control with experimental samples 

that used half of the original volume. qPCR was then performed on experimental 

samples and control samples using lambda DNA specific primers: forward (5’-

CAGGTAGCGCAGATCATCAA 3’) and reverse (5’-GCGTTAACCTGTTCCATCGT 3’). 

Once the Ct values of lambda DNA were obtained for both experimental and control 
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samples, the percent of yield (DNA retention) was calculated using the following formula: 

Yield (%) = (½^(Ct of experimental sample-Ct of control sample)) * 100.  

2.3.6 Statistical analyses 

All primary data collected in this study were matched with appropriate statistical 

analyses, as per a standard decision tree (Fig 2.1). Data were analyzed for consistency 

with a normal distribution using the Shapiro-Wilk test, and for homogeneity of variances 

using Levene’s test (Lim & Loh, 1996; Mohd Razali & Yap, 2011; Shapiro & Wilk, 1965). 

For normal data, distributions showing homogenous variances were compared by T-test. 

Distributions with unequal variances were compared by Welch’s T-test (Vargha & 

Delaney, 1998; Wasserman, 1994). For non-normal data, distributions with 

homogeneous variances were compared using the Mann-Whitney U test (Rietveld & van 

Hout, 2015; Vargha & Delaney, 1998). For non-normal distributions with unequal 

variances, significance was estimated using randomization based T-tests with 

bootstrapping, as recommended by field literature (de Cuevas & Spradling, 1998; Lim & 

Loh, 1996; Rietveld & van Hout, 2015; Shapiro & Wilk, 1965; Wasserman, 1994). The 

IBM SPSS v.23 analysis package was used for all statistical tests performed in this study 

(Field, 2013).  

We were unsure how many samples would suffice to reliably identify 

Wolbachia titer differences across conditions. Having collected 18 samples per subject 

group, we conducted power analysis to determine the smallest number of samples that 

would likely be needed to reveal a significant difference. To assess the power of different 

sample sizes, we used a procedure programmed by Dr. Philip K. Stoddard in MATLAB™ 

(Mathworks, Natick MA) that sampled randomly with replacement from Wolbachia titer 

datasets being compared. The script (Wol_power) tested for titer differences between 

the control and treatment conditions for each sub-sample set. Sub-samples ranged from 
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2 to 18 data points, with 10,000 sample iterations per sample size. Significance was 

assessed in accordance with the normality of data being analyzed, using T-tests (ttest2, 

with variance settings adjusted to match the data) and Mann-Whitney U (ranksum) 

(Plonsky, 2015; Preacher & Hayes, 2004). The α-value was set at 0.01, 2-tailed. A 

summary graphic for each analysis indicates the proportion of significant results 

obtained for each sub-sample size. This power analysis of reduced datasets informs the 

level of certainty associated with observed Wolbachia titer differences.                           

2.4 Results 

2.4.1 Assay development to detect body-wide Wolbachia titer differences in 

Drosophila species 

A broad technical goal of this work is to identify treatments that alter whole-body 

titers, which involves exposing replicate populations of flies to specific feeding conditions 

for a limited period of time. Standardizing rearing conditions is a prerequisite to carry out 

large scale screening of whole flies. To this end, we first established a fly rearing 

protocol in a 24-well plate format. We then tested the optimal number of flies that can 

survive in each well with minimal food by measuring fly survival time. Two different 

volumes of food were tested, either 1 mL or 1.5 mL, with wells each carrying 12 flies in 

these initial tests. These conditions balance the possible benefit of stabilizing food 

hydration for the larger volumes vs. having more space for movement in the case of 

lesser food volumes. We found that for both food amounts, at least 6 flies survived in 

100% of the wells, at least 7 or more survived in 92% of the wells after 3 days of feeding 

(Table 2.1). The data suggested that fly survival was somewhat more variable in the 1.5 

mL-containing food wells, with an average survival per well of 10.6 flies in the first 

replicate, and 9.75 flies in the second replicate. By comparison, the average survival per 

well for the 1.0 mL food condition was 10.25 for the first replicate, and 10.5 for the 
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second replicate (Table 2.1). In the interest of consistency across experiments, we 

proceeded with the standard food volume of 1 mL per well, giving the flies ample room to 

travel within the well. 

To determine whether the survival rate improves any further with fewer flies, we 

placed 10 flies in wells containing 1 mL of food and monitored fly survival rates for up to 

5 days. At least nine or more flies survived in 100% of the wells at day 3, while at least 

seven or more flies survived at day 5 (Table 2.2). The data exhibited an average survival 

rate per well of 9.58 flies after 3 days of feeding in both replicates. The average survival 

rate reduced to 8.25 flies per well after 5 days of feeding (Table 2.2). It is noticeable here 

that many of the flies that died were trapped in the food at the end of the 5-day 

incubation because larval offspring had gradually made the food media stickier. The 

outcome from this test indicates certainty that we can get at least 5 flies from each well 

up to a 5-day range of time as needed. This would be sufficient for qPCR sample 

preparation. Subsequent experiments were carried out using 3-days feedings in accord 

with past germline-based feeding assays (Camacho et al., 2017; Serbus et al., 2015). It 

can be concluded from here that the empirically optimized plate-rearing conditions 

enable harvest of enough flies to sustain qPCR-based analyses in a consistent, 

reproducible manner. 

2.4.2 Successful amplifications of template DNA as indicated by efficiency testing 

Determining qPCR amplification efficiency is crucial when setting up a qPCR 

assay. Suboptimal quality of template and primers contributes to lower amplification 

efficiencies, leading to inaccurate data interpretations (Beckmann & Fallon, 2012; 

Falckenhayn et al., 2016; Sreedharan et al., 2018). To evaluate the extent to which 

template DNA can accurately be amplified, we conducted a primer efficiency test.  The 

Wolbachia surface protein gene (wsp), a reference gene for Wolbachia, was selected as 
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a template for the assessment (Chrostek et al., 2013). The primer efficiency test was 

carried out by diluting the target in series and then obtaining the Ct (Cycle threshold) 

values through qPCR. The resulting Ct values of the dilution series were 2.9-3.8 cycles 

apart, which produced a linear regression over the 7 orders of magnitude from undiluted 

DNA to 1/10^6 dilution (n= 2 experimental replicates r2 = 0.995-0.999). This resulted in a 

qPCR efficiency of 98.92%-99.01% (−3.346 ≥ slope ≥ −3.348), regarded as an indicator 

of accuracy (Robledo et al., 2014) (Fig 2.2). The findings combined indicate that the 

active amplification of wsp gene at various concentrations support the wsp quantification 

as a proxy for Wolbachia abundance. 

2.4.3 Optimized methodology increases the quality of wsp absolute counts 

As detection of whole-body titer differences is central to this project, it is 

imperative to maximize the sensitivity of wsp detection by qPCR, which serves as a 

proxy for Wolbachia titer in vivo. The absolute quantification method was used in this 

assay, in which wsp copy number amplified from experimental samples is compared 

against known concentrations of a plasmid standard (Fig 2.3) (Ant & Sinkins, 2018; 

Christensen et al., 2016; Frentiu et al., 2010; Specht et al., 2018; Whelan et al., 2003; 

Zhou & Li, 2016). 

To obtain quality-controlled absolute quantification, sample preparation was 

empirically optimized to maximize resolution of wsp abundance. Use of detergent, 

proteinase K, specific temperatures, ethanol precipitation and a range of sample 

dilutions were systematically tested (see method for details). Briefly, the data indicated 

that SDS/Proteinase K based extraction (Goldenberger et al., 1995) is more efficient 

compared to non-SDS/non-Proteinase K–based extraction (Fig 2.4). Incubation of 

homogenized fly samples, in combination with SDS and proteinase K, at 56°C resulted 

in median 3-8-fold increase in wsp detection. Ethanol-based precipitation further 
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increased the wsp abundance 1.14-1.28-fold compared to the non-precipitated samples. 

Combining all these conditions, we were able to amplify wsp from non-diluted DNA 

samples, which was previously unattainable due to sample contaminants and thus, 

obtain significantly higher wsp absolute count compared to serially diluted DNA samples. 

The outcome indicates that the optimized methodology substantially improved DNA 

quality, formalized by increased sensitivity of wsp detection. Consequently, this 

increased resolution enhances our ability to identify future treatments that alter wsp 

counts as a reflection of Wolbachia titer change in vivo (Fig 2.3). 

2.4.4 Evaluation of the optimized qPCR assay to facilitate correct interpretation of 

system-wide analysis.  

Although the methodology for sample preparation is now well optimized, testing 

for material loss during DNA isolation is also critical for accurate data interpretation. To 

test the extent of DNA retention during sample preparation, we used spike-in controls for 

the assay. For that, fly samples were spiked with bacteriophage lambda DNA prior to 

extraction, along with a set of controls in parallel. Technically, if DNA was accurately 

retained throughout the extraction process, both the control and experimental samples 

should have similar Ct values. Loss of DNA would be indicated by higher Ct values. Our 

first replicate produced an average Ct values of 15.15 for the experimental samples, 

which was not significantly distinct from the controls with an average Ct of 15.25 (t-test p 

= 0.335, n = 9) (Fig 2.5A). Comparable finding was obtained for the second replicate as 

well (t-test p = 0.749, n = 9) (Fig 2.5A). Both replicates achieve an efficiency of 100%-

107% for DNA retention. As such, the data suggest that we do not inadvertently lose 

sample content during the extraction process.  
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2.4.5 Specificity of wsp amplification has been confirmed through the optimized 

absolute qPCR methods.  

Having optimized detection of the Wolbachia wsp gene by qPCR, we next turned 

to direct demonstration of Wolbachia detection by qPCR. Though uncommon for qPCR 

experiments, demonstration of positive and negative controls is a standard for publishing 

Western blots in scientific literature (Sheehan et al., 2016; Tamarozzi et al., 2014). To 

validate the fact that body-wide wsp amplification by qPCR corresponds 

to Wolbachia infection, specificity of template amplification was tested by examining the 

abundance of wsp from fly stocks previously confirmed as Wolbachia (−) and Wolbachia 

(+) through staining and microbiome profiling (Christensen et al., 2019). Real-time qPCR 

was able to amplify wsp gene only from the Wolbachia (+) samples. No wsp signal was 

detected from Wolbachia (−) control samples (n = 18, p ≤ 0.001 with appropriate 

statistics based on each experimental data type) (Fig 2.6A). To verify that the DNA was 

not unintentionally lost from Wolbachia (−) samples, we performed qPCR on the host 

fruit fly gene rpl32, as a loading control for the assay. We detected successful 

amplifications of rpl32 from both Wolbachia (−) and Wolbachia (+) samples (Fig 2.6A).  

Sub-sampling of the data further supports the certainty of these interpretations. 

For sub-sampling comparisons of wsp abundance between uninfected and Wolbachia- 

infected conditions (Fig 2.6B), significance was achieved at an α-value of 0.01 by 

analyzing as few as 3 samples. This outcome confirms that the differential abundance of 

wsp across conditions shown is not an artifact of technical handling errors, but instead 

provides accurate as well as sensitive detection of Wolbachia infection from whole insect 

samples. 
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2.5 Discussion 

The development of an assay to determine absolute Wolbachia count is a 

reasonable initial step towards investigating Wolbachia colonization in insect hosts. 

Technical limits on resolution of Wolbachia titer have impeded comparative analyses of 

body-wide colonization to date. The methods presented here represent a major advance 

in providing clear detection of Wolbachia abundance from whole body samples. We 

believe that this methodology provides systematic internal controls for consistent and 

accurate Wolbachia quantification across a range of conditions, including dietary 

manipulations, drug treatments and genetic function disruption experiments. In enabling 

pursuit of mechanistic hypotheses, this methodology opens the possibility of modeling 

host colonization as an integrated process. 

In this report, we have described development of a plate-based platform to raise 

flies with the ultimate goal of unraveling body-wide Wolbachia abundance, and further 

validating it as an effective and economical tool for large-scale fly screening in future. 

While plate-based assays are still not commonly reported for adult insects, a few 

researchers have taken a similar approach to raise flies for various purposes (Markstein 

et al., 2014; Seong et al., 2020; Willoughby et al., 2013). Our approach was somewhat 

distinct in that our assay involves manual distribution of food and flies in individual wells, 

and the female flies are collected from each well after a certain period followed by 

processing for qPCR. Therefore, the time required to sort and disperse Drosophila 

manually in 24 well plate format is the first and minor limiting factor for our method. This 

can be quickly circumvented with adequate practice. Secondly, manual homogenization 

of flies from individual wells takes time and can trigger technical errors, although regular 

practice and future use of an automatic homogenizer can solve this bottleneck.  



 50 

This study also documented the use of absolute qPCR to quantify body-wide 

Wolbachia. Relative qPCR has been used during the past decade to determine 

Wolbachia amount in this field (Chrostek et al., 2013; Herran et al., 2020; Voronin et al., 

2012). This approach describes Wolbachia density in terms of a ratio of a Wolbachia-

specific gene, such as wsp, versus a host reference gene. The method assumes that the 

abundance of host gene remains stable. The reason for this assumption is likely 

because after insect growth during larval stages, adult body size does not change much 

afterwards (Church & Robertson, 1966). However, the external appearance of constancy 

prevents visibility of dynamic processes ongoing in the host that could potentially change 

abundance measurements of reference genes that occur during such analyses. An 

example of how host reference gene abundance changes across conditions is described 

in Chapter III. The absolute-count methodology we present can be generalized to any 

treatment condition in future studies. 

It is well known in microbial research that the quality of DNA extraction is closely 

linked to the efficiency of microorganism detection. In low biomass samples, such as fruit 

fly collections, requirements for higher DNA concentrations and DNA quality are 

especially important. In this regard, selecting the appropriate protocol for DNA extraction 

ensures the consistency of DNA quality as well as efficient retrieval of Wolbachia-

derived template present in the sample. In accord with prior studies, we infer that the 

best practice to improve identification of Wolbachia by absolute qPCR is to apply sodium 

dodecyl sulfate (SDS) and proteinase K to fly samples (Goldenberger et al., 1995; 

Natarajan et al., 2016; Qamar et al., 2017), further enhanced with ethanol precipitation 

(Lever et al., 2015). The empirical data yielded by these procedural modifications speak 

to the benefit of improved Wolbachia detection. 
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It is important to note that DNA extraction and amplification can differ 

considerably between host taxa, tissue and endosymbiont type (Thonar et al., 2012; 

Tkacz et al., 2018). The results may also be affected by the degradation of DNA during 

sampling, transportation and other processes as well as by inhibitory contaminants in the 

samples. The presence of PCR inhibitors in tissues has previously been reported to 

hinder Wolbachia detection in mosquito Culex pipientis, for example (Beckmann & 

Fallon, 2012). It is therefore crucial to test for DNA retention of the experimental 

samples. We attempted to use a bacteriophage lambda spike-in control to assess DNA 

extraction efficiency with the optimized protocol. Our initial attempt resulted in DNA 

retention yield of 100%-107%, as indicated by the comparable Ct values of the 

experimental samples (with fly tissue) compared to the control (without fly tissue). This 

supports the efficacy of the validated protocol to obtain maximum resolution of 

Wolbachia and therefore, provides the ability to accurately interpret data in comparative 

analyses. For example, the data presented in Fig 2.6, when extrapolated back to source 

material, would appear to imply that individual flies raised on control food carry 

approximately 36 million Wolbachia. 

Altogether, our optimized sample preparation approach maximized the detection 

of Wolbachia by real-time qPCR. Successful amplification of the wsp gene in Wolbachia-

infected samples over uninfected samples demonstrated the target-specific sensitivity of 

the optimized protocol. The average absolute wsp copy numbers per fly notably varies 

somewhat across replicates. This is in agreement with published findings that body-

wide Wolbachia titer can vary up to 180,000-fold and 20,000-fold in mosquitoes and 

wild-caught Drosophila innubila, respectively (Ahantarig et al., 2008; Unckless et al., 

2009). Environmental as well as internal factors might drive such titer variation, and the 

mechanistic basis for this variation is not yet understood.  
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This experimental methodology was also presented here with a thorough and 

systematic approach to statistical analysis. Experimental data has been traditionally 

accompanied by power analysis, informing the sufficiency of sample size. As our 

datasets are frequently non-parametric, existing power analysis approaches would not 

yield accurate results. We outlined a methodology for selecting appropriate statistical 

tests and then applying sub-sampling analyses to empirically determine appropriate 

sample sizes. An α-value of 0.05 is considered standard in many disciplines as sufficient 

to reject the null hypothesis and conclude that there is a statistically meaningful 

difference between comparison groups (Morrison & Henkel, 2006; Skipper et al., 1967). 

However, sub-sampling data to identify the “n” required for significance at α = 0.01 

further informs the scale of the differences observed between conditions, such as 

between Wolbachia-infected vs. uninfected samples. This analysis showed that a 

minimum sample size of 3 is required for significance in comparing those groups. 

However, going forward, sub-sampling analyses need to be repeated to determine 

appropriate sample size when testing the effects of host diet, specific small molecules, 

and host genetic changes. This will help ensure that interpretations are based on reliable 

and repeatable effects of host processes on Wolbachia titer, and avoid artifacts due to 

misinterpretation of statistical certainty. 

To summarize, the sample preparation methods presented here can be generally 

applied to other fundamental studies of Wolbachia titer control in vivo. One area of 

interest is determining the absolute number of Wolbachia retained by other 

Wolbachia/host strain combinations, and testing for conserved sensitivity to candidate 

host mechanisms. This method can also be used to process data from drug- and RNAi-

based screens that investigate host effects on Wolbachia titer, as well as to investigate 

the basis for generalized variation in Wolbachia levels in vivo. We believe that our 
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methodology will translate readily across Wolbachia/host combinations and may be 

adapted to other insect tissues or possibly endosymbiont/host models. 

  



 54 

Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 2.1. Selection of statistical methods for pairwise data comparisons. Data normality 
was assessed by the Shapiro-Wilk test, and homogeneity of variance was assessed by 
Levene’s test. Statistical analyses were subsequently performed were directed by the 
outcome of those tests as outlined here. 
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Fig 2.2. Primer efficiency test. Data shows wsp amplification of serially diluted 
samples, as obtained by qPCR. Cycle threshold (Ct) values of DNA samples, 
which had 1:10 dilution covering 7 dilution points are plotted. The X-axis 
represents the log concentration of those diluted DNA samples. The Y-axis 
represents the Ct values of each serial dilutions. Each dot represents the 
average of 3 amplifications per dilution. This test was run in 2 separate 
biological replicates. 
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Fig. 2.3. Approach used for real-time quantitative PCR analysis of Wolbachia titer 
in whole D. melanogaster flies. The workflow used for fly preparation, sample 
preparation and qPCR analysis are shown. See Methods for further details. 
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Fig 2.4. Optimization of sample prep for determining absolute counts by real-time 
qPCR. Systematic testing was performed to optimize A) use of SDS, B) proteinase K 
and incubation temperature, C) ethanol precipitation, and D) sample dilution. n = 18 
for each boxplot shown, representing 6 technical replicates from each of 3 sample 
tubes. 
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Fig. 2.5. Evaluation of qPCR assay using bacteriophage lambda spiking DNA. 
Lambda DNA amplifications as indicated by cycle threshold (Ct) values. Data 
represents λ-DNA amplifications from control samples and experimental 
samples A) DNA retention test: spiked samples pre-extraction. “n” represents 9 
technical replicates from each of 3 sample tubes. 
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Fig. 2.6. Absolute wsp abundance as indicated by real-time qPCR. Data from each 
sample/well represent 5 female flies. A.) Validation that body-wide wsp amplification 
by qPCR corresponds to Wolbachia infection. “n” represents 6 technical replicates 
from each of 3 sample tubes. B) Comparisons of randomly sub-sampled data 
from Wolbachia (−) and Wolbachia (+) conditions when performing analysis of wsp 
copy number, with alpha set at 0.01, n = 18. Power analyses represent copy numbers 
from experimental replicate 2, test used Welch’s T-test. Data from replicate 1 could not 
be analyzed due to the requirement of Independent bootstrap t-test.  
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Table 2.1 Testing the amount of food and number of flies that survive in a 
24-well plate format: 12 wells were prepared per food amount, with each 
carrying 12 flies. The survival rate was recorded after 3-days of feeding in 
the plate assay format. The experiment was run in 2 biological plate 
replicates. The average number of surviving flies, and the standard 
deviation per food amount are displayed at the bottom of each column. 
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Table 2.2 Monitoring fly survival rate up to 5 days in a 24-well plate 
format: Each well contains 1 mL of standard food each carrying 10 
flies. The survival rate was recorded for 5 days in the plate-based 
assay. The experiment was run in 2 biological plate replicates. The 
average number of flies survived and standard deviation per day are 
indicated at the bottom of each column. 
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CHAPTER III: CHARACTERIZING LOCAL VERSUS BODY-WIDE WOLBACHIA 

ABUNDANCE IN DROSOPHILA MELANOGASTER 

3.1 Abstract 

The bacterial endosymbiont Wolbachia can have varying impact on the host, 

ranging from mutualistic to parasitic. Because of their infection dynamics, Wolbachia-

insect associations are considered as a great model for investigating molecular 

mechanisms that regulate endosymbiont density. While the host factors governing 

germline Wolbachia colonization have been investigated in recent years, little is known 

about how Wolbachia are regulated within somatic tissues. Here we examined whether 

germline titer controlling mechanisms contribute to body-wide response. By making use 

of absolute qPCR to quantify bacterial abundance within whole body, we demonstrated 

that germline titer control mechanisms do not necessarily correspond to the whole 

insect. We found that nutrient-altered host diets, which reduced Wolbachia titer in 

germline, exerted no significant effect on body-wide Wolbachia titer. Notably, relative 

qPCR methods distorted apparent Wolbachia abundance, due to altered host DNA copy 

number in nutrient-altered conditions. This highlights the importance of absolute 

quantification data for formulating and testing mechanistic hypotheses. Another major 

outcome from this study is that non-antibiotic, host-targeting compounds alter Wolbachia 

abundance, with a candidate drug depleting Wolbachia from both whole body and 

ovarian tissue samples. This finding suggests that some host functions affect Wolbachia 

in a tissue-specific manner, whereas other functions exert a more generalized impact on 

Wolbachia abundance in vivo. 

3.2 Introduction 

Heritable symbiosis is widespread in nature and is particularly associated with 

the insect community (Bennett & Moran, 2015). Many endosymbiotic relationships have 
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been illustrated as part of insect symbiosis. The interactions between bacteria and insect 

cells have a significant influence on different physiological functions of the host 

(Eleftherianos et al., 2013). Wolbachia are obligate, intracellular endosymbionts. These 

gram negative alpha-proteobacteria are pervasive, carried by 52%-60% of terrestrial 

arthropods, including Drosophila melanogaster (Sazama et al., 2017; Weinert et al., 

2015). Wolbachia live in host cell cytoplasm and are thought to rely upon nutrients from 

host cells for proliferation and replication (Serbus et al., 2017; Voronin et al., 2019; Wu 

et al., 2004).  

Wolbachia occupy a wide range of the symbiotic spectrum in arthropods, 

spanning from parasitism to mutualism. Wolbachia are commonly referred to as 

reproductive parasites. Because Wolbachia are maternally transmitted, it is in the 

interest of the bacteria to favor infected females. Wolbachia achieve this by inducing 

cytoplasmic incompatibility, feminization, parthenogenesis and male killing, all of which 

favor Wolbachia-infected females. In other cases, Wolbachia are necessary for viability 

and fertility of the host organisms (Dedeine et al., 2005; Townson et al., 2000). In most 

host insect types, Wolbachia are assumed to act as commensals. The bacteria colonize 

a diverse set of cells and tissues in Drosophila, representing somatic as well as 

reproductive organs, but the infection shows no obvious adverse effects on the host. The 

D. melanogaster model has the further advantage of a naturally occurring Wolbachia 

infection (Yamaguchi & Yoshida, 2018), positioning it as a prime system for modeling 

endosymbiont infection (Frydman et al., 2006; Newton & Sheehan, 2015; Pietri et al., 

2016; Serbus & Sullivan, 2007; Sheehan et al., 2016). 

Wolbachia are transmitted maternally. Their persistence in the germline is crucial 

for successful propagation. In certain systems, like D. melanogaster, Wolbachia utilizes 

host microtubules and pole plasm to enrich the posterior pole of a late stage oocytes 
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(Ferree et al., 2005; Serbus & Sullivan, 2007). This concentration gradient at the 

posterior pole ensures their efficient transmission to the next generation of germline 

cells, which are destined to form at that same posterior site (Lasko & Ashburner, 1990). 

Interestingly, Wolbachia have also been reported to show horizontal transmission 

within and between species (Baldo et al., 2008; Cordaux et al., 2011; Huigens et al., 

2000; Raychoudhury et al., 2009; Werren et al., 1995a). Microinjection of Drosophila 

with Wolbachia-infected hemolymph demonstrated the propensity of Wolbachia to 

penetrate the somatic stem cell niche and eventually germline cells as well (Frydman et 

al., 2006). Other examples of horizontal transmission include late-stage invasion of 

Drosophila simulans egg chambers by variant Wolbachia strains, as well as Wolbachia 

invasion of uninfected tissue culture cells when cocultured (Casper-Lindley et al., 2011; 

White et al., 2017b). Once Wolbachia are successfully transmitted through these 

mechanisms, it is not clear how the bacteria are maintained within the body, nor how 

bacterial density is regulated.  

Several studies have documented the importance of different intrinsic host 

factors on germline Wolbachia titer. For instance, disruption of the fly axis determinant 

gene gurken, reduced bacterial load during Drosophila oogenesis (Serbus et al., 2011). 

Cytoskeletal components, such as, actin and microtubules, have also been reported to 

positively regulate germline titer (Ferree et al., 2005; Newton et al., 2015; Serbus et al., 

2011). The significance of host ubiqutin-proteasome pathway has been documented 

recently in maintaining germline titer. RNAi knockdown of several ubiquitin related genes 

decreased titer (Grobler et al., 2018; White et al., 2017a), where as, knockdown of 

proteasomal core components increased titer (Grobler et al., 2018). Host ribosomal 

components have also been reported to restrict Wolbachia titer in the germline (Grobler 

et al., 2018).  
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Recent studies have demontrated that external factors, such as host diet, can 

influence germline Wolbachia titer (Serbus et al., 2015). Drosophila melanogaster fed 

with sugars, such as lactose, galactose, trehalose, and maltose, exhibited higher 

Wolbachia titer in germline (Camacho et al., 2017). In contrast, yeast-enriched diets 

induced a remarkable depletion of oocyte Wolbachia titer. Yeast-rich diets are known to 

trigger release of insulin-like peptides from neural insulin-producing cells (Géminard et 

al., 2009). Notably, ablation of these insulin-producing cells eliminates yeast-based 

suppression of germline Wolbachia titer (Serbus et al., 2015). Because of this, the 

current model is that insulin release, triggered by dietary yeast, is responsible for 

suppressing germline colonization. As insulin release is a systemic response, it is 

unclear whether a systemic Wolbachia titer response also occurred.  

Many questions about Wolbachia titer regulation remain open: How is Wolbachia 

infection maintained within the whole organism? Is it possible to detect a titer change 

within a specified time frame? To what extent does germline Wolbachia titer represent 

titer of the entire body? The systematic analyses presented in this chapter address those 

questions. Here we demonstrated with antibiotic rifampicin, that body-wide Wolbachia 

titer changes are detectable in D. melanogaster within a 3-day time frame, using the 

absolute qPCR assay optimized in Chapter II. Furthermore, absolute quantification of 

Wolbachia enabled tracking of Wolbachia titers across whole fly and ovarian samples. 

The data demonstrated that ovarian Wolbachia titers are diet-sensitive, whereas whole-

body Wolbachia titers are not. Notably, we also found that body-wide as well as germline 

Wolbachia titer changes are responsive to the non-antibiotic compound bortezomib, a 

known inhibitor of ubiquitin-proteasome system. Technical and statistical validation 

support the mechanistic insights yielded by this study: the interpretation that host 

mechanisms affecting germline titer can act locally and/or systemically. 



 74 

3.3 Methods and materials: 

3.3.1 Drosophila stocks and maintenance 

The study was conducted using Drosophila melanogaster of the genotype 

w; Sp/Cyo; Sb/TM6B carrying endogenous wMel strain (Christensen et al., 2016). The 

flies were maintained in the Invictus Drosophila incubator at 25°C, under a standard 

12/12h light-dark cycle. To collect progeny for each experiment, bottles carrying 

standard food were seeded by parent flies (a mix of both male and female) for 3-days. 

The adults were then discarded to prevent overcrowding of embryos. After 10 to 12 

days, the new offspring emerge, and the “0-day-old” flies are collected. These flies were 

aged for 2 days on standard food until they were used for experiments.  

3.3.2 Fly food preparation 

Flies are usually maintained in plastic bottles/vials containing standard fly food 

media. The recipe is derived from Bloomington stock center as described previously 

(Christensen et al., 2016) (also see Chapter II).  

3.3.2.1 For diet-related experiments:  

Each well of “yeast-enriched” food wells in the 24-well plate format represented 

0.3 mL heat-inactivated yeast paste stirred into 0.7 μL melted standard food, stirred until 

homogeneous and smooth. The “un-enriched” food used in parallel represents 0.7 mL 

melted standard food mixed with 0.3 mL water (Camacho et al., 2017). These food 

mixtures were prepared in bulk each time, then dispensed into individual wells. The 

nutritional profile associated with these foods was determined by Medallion labs 

(Minneapolis, MN) (Christensen et al., 2019). There were 12-wells allocated for “yeast-

enriched” food, while the other 12 wells were for “un-enriched” food in the 24-well plate. 

Once the food is solidified, 7 female flies and 3 males flies were transferred in each well. 
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3.3.2.2 Chemical food preparation: Plate assay experiments contained 1 mL of 

fly food per well. For control antibiotic experiments in the plate assay format, 200 μL of 

DMSO or 10 mM rifampicin-DMSO stock solution were stirred into 20 mL of melted 

standard food and dispensed into plate wells. This resulted in a final background DMSO 

concentration of 1% in all wells, and a 100 μM rifampicin in the antibiotic condition. To 

prepare food with a 1 μM final concentration of bortezomib, 2 μL of a 10 mM bortezomib 

stock were added in 20 mL of melted standard food. For the standard dose of 100 μM, 

100 μL of 10 mM stock were added in 20 mL of food. For the controls, an equivalent 

amount of DMSO was applied to make the control with similar final concentrations. 

3.3.3 DNA extraction and qPCR for whole body Wolbachia quantification 

For whole body titer measurements, a group of 5 female flies was homogenized 

in 200 μL of squishing buffer, with addition of 2 μL of 20 mg/mL of proteinase K. The 

squishing buffer contains 10 mM Tris HCl (pH 8.0), 1 mM EDTA, 25 mM NaCl, and 1% 

SDS (Christensen et al., 2019). The homogenized mixtures were subsequently 

incubated in a water bath for 1 hour at 56 °C and heated at 95 °C for 3 mins to inactivate 

the proteinase K. Samples were then centrifuged at 17,970 x g for 15 minutes at 4°C 

(Beckman Microfuge 22R). 100 μL of supernatant was collected for ethanol precipitation 

while carefully avoiding the pellet. For the ethanol-based precipitation, 1/10 volume of 

3M Na-acetate and 250 μL of absolute ethanol was added to the 100 μL of supernatant. 

The mixtures were gently mixed and incubated at -20°C for minimum 1-hour (or, 

overnight) and centrifuged afterwards at 17,970 x g for 15 minutes at 4°C. The 

supernatant was discarded very carefully from each tube, and the pellets were washed 

with 500 μL of 70% ethanol. Samples were re-centrifuged for 15 mins at 4°C using the 

same settings. Supernatants were removed and the DNA pellets were air dried followed 
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by resuspension in 100 μL of TE buffer (pH 8.0). DNA suspensions were then directly 

used for qPCR.  

Absolute quantification of Wolbachia was carried out using reference plasmid 

standards that carry a 160 bp PCR-amplified fragment of the Wolbachia surface 

protein (wsp) gene (Christensen et al., 2016). Real-time PCR was carried out on a Bio-

Rad CFX96 Connect Optics Module Real-Time System and absolute copy numbers 

for Wolbachia were obtained by comparing threshold cycle (Ct) values from wsp 

amplification against a standard curve generated from the plasmid standard, as in 

(Christensen et al., 2016). The primers used to target wsp gene were: Forward 5’ 

CATTGGTGTTGGTGTTGGTG 3’, reverse 5’ ACCGAAATAACGAGCTCCAG 3’, each at 

a concentration of 5 μM.  

To obtain absolute host DNA copy numbers, a separate plasmid standard 

carrying insert of the ribosomal protein L32 (rpl32) gene sequence was prepared. These 

plasmids were prepared by cloning a 194 bp fragment of rpl32 using forward (5′-

CCGCTTCAAGGGACAGTATC) and reverse (5′- CAATCTCCTTGCGCTTCTTG) 

primers. rpl32 serves as a proxy of D. melanogaster host DNA copy number. rpl32 copy 

numbers were used to generate the relative Wolbachia titer by calculating the ratio of 

wsp/rpl32 per condition. 

3.3.4 Statistical analysis 

Statistical analyses were conducted on all the primary data collect from this 

study. Appropriate statistics were chosen per data set based on several parameters as 

described in Chapter II. Briefly, the Shapiro Wilk test was used to check for normality 

distribution and Levene’s test was used to test for homogeneity variance. For normal 

data showing equal variance, an Independent t-test was used. Welch's t-test was used 

for data showing equal variance in the absence of a normally distribution. For non-
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normal data showing unequal variance, the Mann-Whitney U test was used for statistical 

comparisons. 

To determine sufficient sample size required to detect titer changes, we used the 

sub-sampling MATLAB program described in Chapter II. After selecting the appropriate 

type of statistical analysis above, the program performs 10,000 iterations of that analysis 

on random sub-samplings of the data for each “n” value, starting at n = 2, and ending at 

the maximal n for the experiment. The proportion of sub-samples meeting the set alpha 

value is displayed graphically, ultimately showing the sample size required to reach 

99.5% certainty or higher for given p-values. For this, analysis, the alpha value was set 

at 0.01. 

3.4 Results 

3.4.1 Antibiotic-induced changes in body-wide Wolbachia titer are detected by our 

qPCR amplification approach. 

The focal point of this study is to detect Wolbachia titer changes in whole host 

organisms in response to varying treatment conditions. A possible caveat of such 

analyses is that even if the host is exposed to a bactericidal treatment, endosymbiont 

loads may be a lagging indicator of that, as it takes time for the host to clear out dead 

bacteria. To determine whether body-wide qPCR can detect Wolbachia titer changes 

within the time frame of a 3-day feeding assay, we tested whether rifampicin, an 

antibiotic drug previously shown to target Wolbachia (Hermans et al., 2001; Specht et 

al., 2008; Townson et al., 2000), would reduce wsp abundance in Wolbachia-infected 

flies. Female flies were exposed to food supplemented with control DMSO or 100 μM 

DMSO-solubilized rifampicin in a 24-well plate (Fig 3.1). Absolute wsp counts were then 

determined for 5 female flies per well. The rifampicin-treated condition exhibited 29% of 
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the wsp abundance detected from DMSO control flies (p ≤ 0.001 as per statistical tests 

appropriate to each plate replicate) (Fig 3.2A).  

To determine whether adequate replication supported this conclusion, data 

subsets were selected at random and tested for significance. This analysis indicated 

that wsp absolute counts from 4 samples were sufficient to show a significant difference 

between rifampicin and control conditions (Fig 3.2B). The results show that rifampicin 

suppresses body-wide Wolbachia titer, verifying that the optimized qPCR assay is able 

to detect body-wide titer changes within the same 3-day treatment timespan used for 

previous cytological analyses of germline Wolbachia titer (Camacho et al., 2017; 

Christensen et al., 2019; Serbus et al., 2015). 

3.4.2 Mechanisms that affect germline Wolbachia titer do not necessarily exert 

comparable effects on whole body Wolbachia titer. 

Since body-wide titer changes were detectable with antibiotics, we asked 

whether other treatments, such as, nutrient-altered host diets, can also elicit a whole 

body titer response. Cytological analyses previously indicated that yeast-enriched host 

diets dramatically deplete germline Wolbachia titer in Drosophila (Camacho et al., 2017; 

Christensen et al., 2019). However, it is unclear whether this represents a local or 

systemic Wolbachia titer response to dietary yeast. To investigate this, we tested the 

effect of yeast-enriched host diets on body-wide Wolbachia titer. Female flies were fed 

un-enriched or yeast-enriched diets in a 24-well format for 3 days, then 

absolute wsp counts were measured via qPCR. This analysis found no significant 

difference in wsp abundance between un-enriched and yeast-enriched conditions (n = 12 

wells per condition, 3 technical replicates per well) (Fig 3.3 A). Sub-sampling analyses 

indicated less than 25% likelihood of significance, with the α-value set conservatively at 

0.01 (Fig 3.3B) (Efron, 1992; Rietveld & van Hout, 2015). Overall, the qPCR data 
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indicate that dietary yeast does not significantly affect body-wide Wolbachia titer. This 

suggests that the molecular mechanisms governing systemic Wolbachia loads are 

distinct from those that determine Wolbachia titer in maternal germline cells. 

3.4.3 Absolute quantification of wsp by real-time qPCR shows that host diet 

affects Wolbachia distribution within the body 

The results described above raise a critical mechanistic question: Why do 

cytological studies of germline titer show sensitivity to dietary yeast (Christensen et al., 

2016), if absolute counts of Wolbachia from whole body samples do not? It is known that 

dietary yeast greatly increases ovary size (Camacho et al., 2017; Géminard et al., 2009; 

LaFever & Drummond-Barbosa, 2005). Is ovarian Wolbachia depletion an artifact of 

ovary size, with the same number of bacteria spread out within a greater volume?  Or 

does Wolbachia depletion from maternal germline cells cause an overall reduction in 

ovarian titer? To distinguish between these possibilities, we quantified Wolbachia titer in 

whole flies and in dissected ovaries, prepared in parallel from shared populations of flies. 

To first identify what represents a sufficient sample size for measuring ovarian 

Wolbachia loads, qPCR analyses were performed on rifampicin-treated ovarian 

samples. These results were consistent with the plate assay validation experiments 

performed above. Absolute quantification of wsp showed that rifampicin reduced whole 

body Wolbachia titers to 33–41% of the DMSO control (T-test, p < 0.001, n = 18) (Fig 3.4 

A). Rifampicin effects on ovarian Wolbachia titer were even more exaggerated. 

Rifampicin-treated ovaries, dissected from the same population of flies, showed 

Wolbachia titers at 7–17% of control levels (Welch’s T-test, p < 0.001, n = 18) (Fig 3.4A). 

This demonstrates that qPCR analyses of ovarian samples can show Wolbachia titer 

responses to feeding treatments within the 3-day time period of the assay. To confirm 

how many ovarian sample measurements are required to detect significant differences 
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across conditions, we carried out the sub-sampling analyses. With α set conservatively 

at 0.01, the data indicated that absolute wsp counts from 8 or more ovarian samples are 

sufficient to differentiate between rifampicin and control conditions (Fig 3.4B).  

To determine how ovarian Wolbachia titers respond to a nutrient-altered diet, we 

next used qPCR to assay Wolbachia titer in yeast-fed flies. Consistent with the data 

above, absolute quantification of wsp from whole body samples showed no significant 

difference between un-enriched and yeast-enriched food conditions (various 

tests, p = 0.203–0.265, n = 18) (Fig 3.4C). Sub-sampling analyses confirmed that these 

conditions had only an 11% to 20% chance of satisfying statistical significance, using the 

criterion of p < 0.01. By contrast, absolute quantification of wsp from ovary samples 

indicated a marked Wolbachia depletion in response to dietary yeast. Ovary tissues from 

yeast-fed flies exhibited 31% to 43% of the Wolbachia titer detected in the un-enriched 

controls (various tests, p < 0.001, n = 18) (Fig 3.4C). Sub-sampling analyses revealed 

this outcome as robust, as n = 6 would have been sufficient to satisfy the criterion 

of p < 0.01 (Fig 3.4D). Thus, absolute counts indicate that Wolbachia titers are low in 

ovarian tissues of yeast-fed flies, even though whole body Wolbachia titers are stable. 

This suggests that yeast affects Wolbachia distribution within the body, through tissue-

specific regulation of invasion or bacterial replication, and not by system-wide regulation.  

3.4.4 Relative qPCR yields misleading results when assessing host dietary 

impacts on Wolbachia titer  

Relative quantification using qPCR has been used to assess Wolbachia densities 

across diverse host systems (Chrostek et al., 2013; LePage et al., 2017; McGarry et al., 

2004; Moreira et al., 2009; K. M. Richardson et al., 2019; Serbus et al., 2015). In this 

approach, Wolbachia titer is reported as a ratio of wsp versus a host reference gene, 
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such as rpl32. This method implicitly assumes that host DNA copy number remains 

stable across the conditions being tested. To date, studies using the relative 

quantification method to assess Wolbachia titers in vivo have not directly measured host 

DNA copy number over time, nor in response to varying experimental conditions. Thus, 

the assumption of host copy number as a stable baseline in such experiments is 

unverified. 

To test the accuracy of relative quantification in assessment of Wolbachia 

titer, we measured the absolute copy number of the host rpl32 gene in parallel 

with wsp, then calculated wsp/rpl32 ratios from the absolute counts. In rifampicin control 

tests, wsp/rpl32 ratios from rifampicin conditions were 30–36% of the ratios seen for 

control DMSO in whole body samples (various tests, p < 0.001–0.043, n = 18) and 9–

15% of control DMSO in ovarian samples (various tests, p < 0.001–0.001, n = 18) (Fig. 

3.5A). Thus, for rifampicin-related tests, the results from relative quantification paralleled 

those from the absolute quantification method (compare Figs 3.4A and 3.5A). 

Next, we determined relative Wolbachia titer in ovarian samples under nutrient 

altered conditions. wsp/rpl32 ratios were analyzed from fly ovaries exposed to either a 

yeast-enriched diet or an un-enriched diet. wsp/rpl32 values were significantly lower in 

yeast-fed ovaries, exhibiting 31– 43% of the ratios observed in control ovaries (Welch’s 

T-test, p < 0.001, n = 18) (Fig 3.5B). Thus, relative and absolute quantification methods 

so far indicated similar titer-reducing effects at the ovary level upon yeast treatment 

(compare Figs 3.4C and 3.5B). Sub-sampling analyses further supported this outcome, 

showing the requirement of n= 4 or 5 to meet significance (compare Figs 3.6 B & D). 

To test the accuracy of relative quantification with respect to body-wide 

Wolbachia titer in response to yeast-enriched host diets, we measured the ratio of 
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wsp/rpl32 from whole body samples. Surprisingly, relative Wolbachia titers differed from 

the results yielded by absolute counts (compare Figs 3.4C and 3.5B). The 

wsp/rpl32 values were significantly lower in yeast-fed flies at the level of the whole body, 

showing 54– 68% of the ratios observed in control whole body samples (T-

test, p < 0.001, n = 18) (Fig 3.5B). Sub-sampling analyses were consistent with this 

outcome, indicating 4–18 samples as sufficient to satisfy p < 0.01 in 98.5–100% of cases 

(compare Figs 3.6 A & C). 

Thus, outcomes using ratios (relative counts) suggest that dietary yeast 

suppresses body-wide Wolbachia titers, though absolute counts consistently show that 

body-wide titers are not yeast-sensitive. Ratios are misleading with respect to body-

wide Wolbachia abundance because yeast-feeding induces a 1.5 to 1.9 fold median 

increase in absolute counts of rpl32 in ovarian tissues, contradicting any assumption that 

host gene counts remain constant. Therefore, to avoid potential artifacts of host 

response to treatment conditions, the data indicate that the absolute quantification qPCR 

method must be used going forward, for accurate quantification of Wolbachia.  

3.4.5 The non-antibiotic drug, bortezomib, suppresses whole-body Wolbachia titer  

It has become evident that, unlike host antibiotic treatments, yeast-enriched host 

diets do not affect body-wide Wolbachia abundance in D. melanogaster. This raises an 

intriguing question: Can non-antibiotic compounds elicit a body-wide titer response? A 

comprehensive RNAi screen has recently reported that inhibition of ubiquitin-proteasome 

pathway decreases Wolbachia titer in tissue culture cells (Grobler et al., 2018; White et 

al., 2017a), as well as in Drosophila germlines (White et al., 2017a). A separate set of 

studies has shown that the drug bortezomib (also named as PS-341), acts as an 

inhibitor of ubiquitin proteasome pathway, specifically by targeting the eukaryotic 20S 
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proteasomal subunit (Adams et al., 1999; Richardson et al., 2003). We decided to test 

the impact of bortezomib on body-wide Wolbachia titer. In initial tests, flies were treated 

with a conservative 1 µM dose of bortezomib for 3 days, and absolute wsp counts were 

measured using real-time qPCR (n= 18, 6 wells per condition, 3 technical replicates 

each). The bortezomib treated flies exhibited 60% – 63% of wsp absolute counts 

detected in the DMSO control flies (p < 0.001; with appropriate statistics) (Fig 3.7A).  

To test whether adequate samples were analyzed to support this interpretation, 

we compared and evaluated randomly sub-sampled data from DMSO and bortezomib 

treatments in MatLab. The first analysis included all the technical replicates in our 

analyses (n= 18; 6 wells with 3 technical replicates each), which showed the 

requirements of 6 or more data points for significance with the alpha set at 0.01 (Fig 

3.8A). The analyses were repeated for different combinations of well replicates versus, 

technical replicates. All data samplings yielded comparable findings indicating 

requirement of 6 or more data points for significance (Fig 3.8 B-C). Thus, subsequent 

body-wide titer measurements after this point were collected from 3 wells, 2 technical 

replicates each.  

To determine whether the impact of bortezomib will persist at an increased 

concentration, we exposed the flies to 100 µM bortezomib, a dose used in many fly and 

cell culture screen (Kim et al., 2008; Markstein et al., 2014; Serbus et al., 2012). After 3-

days of feeding, the bortezomib reduced whole body wsp counts to 48% –50% of the 

DMSO controls (n= 6, p <0.001) (Fig 3.7B). Subsampling analyses further confirmed that 

6 samples per condition are sufficient at alpha 0.01 (Fig 3.8D). The confirmation that 

bortezomib decreases body-wide Wolbachia titer demonstrates the potential for non-

antibiotic compounds to induce whole body titer response. 
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3.4.6 Bortezomib suppresses Wolbachia colonization of the Drosophila germline 

We have seen above that yeast-enriched diets reduce ovarian Wolbachia titer, 

whereas the whole body remains unaffected. Since the drug bortezomib reduces 

Wolbachia titer in whole body samples, that raises questions about whether the impact 

of bortezomib is generalized. To test whether bortezomib affects ovarian Wolbachia titer, 

we measured Wolbachia absolute counts in whole fly extracts and ovarian samples, 

derived from populations raised in parallel. Flies were exposed to 100 µM bortezomib 

over a 3-day feeding period. Consistent with the data above, flies treated with 100 µM 

bortezomib for 3-days, showed a 49% to 52% of wsp counts observed in the whole body 

of DMSO control flies (Welch’s t-test, p < 0.001, n = 18) (Fig. 3.9A). Sub-sampling 

analyses support these statistical interpretations, indicating that as few as 6 samples 

were sufficient to satisfy an alpha value of 0.01, regardless of what data analysis method 

was used (Fig. 3.10). Dissected ovary tissue from the same fly population also exhibited 

Wolbachia depletion. Ovary tissues from bortezomib-treated flies exhibited a 44-53% of 

wsp abundance observed in DMSO treated ovaries (various tests, p < 0.001, n = 18) 

(Fig. 3.9B). Sub-sampling analyses further support this outcome, showing the 

requirement of 8 or more samples for a consistent readout (Fig. 3.11).  

To summarize, absolute counts indicate that the host proteasome inhibitor, 

bortezomib, exerts a generalized suppressive effect on body-wide Wolbachia titer. This 

is consistent with Wolbachia reliance upon the host ubiquitin-proteasome system as 

previously observed (White et al., 2017a). This work demonstrates that adult drug 

feedings can provide insight into host pathways that specify systemwide as well as 

tissue-level Wolbachia titers in vivo. 
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3.5 Discussion 

Wolbachia endosymbionts must overcome difficulties shared by bacterial 

pathogens when colonizing host cells. The fundamental challenges are associated with 

circumventing host defense mechanisms, as well as replicating inside the host 

(Hentschel et al., 2000). Direct observation of bacterial titer carried by host cells over 

time, and under different treatment conditions, is critical to inform the mechanisms of 

colonization. Studies have been carried out to understand germline colonization by 

Wolbachia. However, it is not known how somatic Wolbachia titer is regulated in vivo. 

Technical limitations on determining Wolbachia titer have further impeded understanding 

of systemwide colonization to date. This chapter applied the DNA extraction and 

absolute quantification methods optimized in Chapter II to assess whole-body Wolbachia 

titer in response to different host treatment conditions. This chapter also demonstrated 

how to confirm Wolbachia titer responses to experimental conditions, with statistical 

certainty, at the scale of a whole insect and reproductive tissues. 

The quantitative analyses showed the capacity of optimized sample preparation 

and qPCR techniques to detect body-wide titer changes within the time frame of a 

feeding assay. Utilizing the same strategies, the data showed that yeast-enriched diets 

reduced ovarian Wolbachia titer, which is in accordance with previous cytological studies 

of D. melanogaster maternal germline cells (Christensen et al., 2019; Serbus et al., 

2015). The whole body titer, by comparison, did not change upon yeast treatment. One 

possible interpretation of these results is that yeast-driven insulin signaling triggers 

redistribution of Wolbachia within the body. This is in agreement with published findings 

that ovarectomized females exhibit higher somatic Wolbachia titers in yeast-enriched 

conditions (Serbus et al., 2015). A caveat of that study is its use of the relative count 

qPCR method, which leaves abundance comparisons ultimately unclear. An alternate 
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possibility is that insulin favors somatic replication while suppressing Wolbachia 

replication in the germline. A limitation of the current qPCR assay is that it does not 

inform replication or binary fission rates. We are currently trying to understand 

Wolbachia replication patterns at different Drosophila developmental stages as part of a 

separate study. Therefore, as of now, the question of how body-wide Wolbachia 

abundance is specified remains unanswered.  

A major outcome from this study was that absolute counts showed equivalent 

Wolbachia titers across nutrient-altered diets, whereas relative quantification did not. 

The basis for this effect was an increase in baseline rpl32 levels in yeast-fed flies. This 

makes sense considering the biology of reproduction. Advanced arthropods like 

Drosophila have meroistic, polytrophic ovaries, in which each oocyte has a dedicated set 

of 15 nurse cells that load the oocyte with all content needed for embryogenesis 

(Klowden, 2008). To support mass production, Drosophila nurse cell nuclei 

endoreplicate their DNA. This yields ploidy on the order of 2000+ for any given nurse cell 

(Dej & Spradling, 1999), and intrinsically increases rpl32 copy number per host. As such, 

any treatment that affects nurse cell ploidy or ovary productivity will also affect rpl32 

abundance as a consequence. Relative measurements do not yield inherently "incorrect” 

numbers, but interpretations that can be made from such data are limited. This work 

makes clear: relative counts do not uniformly represent absolute Wolbachia abundance 

across experimental conditions. Thus, absolute quantification approaches are important 

to acquire data that support sound, testable models in complex biological systems. 

 Another notable outcome from this study was that bortezomib, a proteasome 

inhibitor, dramatically reduced Wolbachia titer in both whole body and ovary tissues. 

This finding is in line with previous study that disruption of ubiquitin-proteasome pathway 

depletes germline Wolbachia titer, in tissue culture cells as well as germline tissues 
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analyzed by confocal microscopy (White et al., 2017a). The hypothesis presented by 

that study was that Wolbachia requires amino acids derived from this protein 

degradation pathway for survival. In such case, blockage of this system would hinder the 

essential resources coming from it. Another possibility is that host proteins toxic to 

Wolbachia are normally eliminated by the proteasome, so loss of this enzymatic function 

adversely affects the bacteria. A second RNAi screen showed that knockdown of the 

proteasome complex increased titer in cell cultures, and in ovarian tissue (Grobler et al., 

2018). The basis for this inconsistency between is not clear, because knockdown of 

several other ubiquitin related genes was shown to decrease titer in the same study, 

consistent with the White et al 2017 results. Perhaps each cell screening assay was 

differentially sensitized to aspects of proteasome function due to differences in cell 

rearing, experimental conditions and/or divergence of the cell lines themselves.   

In summary, absolute qPCR technique enables accurate, reproducible and 

statistically rigorous measurement of endosymbiotic Wolbachia bacteria across tissue 

type. The study of nutrient-altered host diets demonstrates that somatic and germline 

Wolbachia titers are regulated differently to some extent. However, Wolbachia 

responses to ubiquitin pathway inhibition, in the whole body as well as reproductive 

tissue, indicates that some host processes do exert a generalized impact on Wolbachia 

titer in vivo. This work opens up the possibility to further explore the effect of other host 

processes on Wolbachia titer in vivo, thus, informing the mechanisms of endosymbiosis 

within a natural, physiological context. 

  



 88 

Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 3.1. Approach used for real-time quantitative PCR analysis of Wolbachia titer in 
whole D. melanogaster flies. The workflow used for fly preparation, drug treatment, 
sample preparation and qPCR analysis is shown. See Methods for further details. 
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Fig. 3.2. Absolute wsp abundance of DMSO versus rifampicin-treated whole 
body samples as indicated by real-time qPCR. Data from each sample/well 
represent 5 female flies. A) Test for body-wide wsp abundance changes within 
assayed timespan. Carrier DMSO and rifampicin conditions are shown. Data 
from 3 plate replicates are shown in pairs, in terms of 3 technical replicates from 
each of 12 wells. B) Comparisons of randomly sub-sampled data from DMSO 
and rifampicin conditions, with alpha set at 0.01. n = 3 technical replicates from 
each of 12 wells. Tests used per replicate: Plate 2 (grey): Welch’s T-test. Plate 
3 (black): Mann-Whitney U. * indicates p < 0.01. 
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Fig. 3.3. Absolute wsp abundance in whole body samples from hosts subjected 
to yeast-enriched versus un-enriched dietary conditions. Data from each 
sample/well represent 5 female flies. A) Comparisons of body-wide wsp 
abundance in un-enriched versus yeast-enriched conditions. n = 3 technical 
replicates from 12 wells. B) Comparing randomly sub-sampled data from un-
enriched and yeast-enriched conditions, with alpha set at 0.01.  n = 3 technical 
replicates from 12 wells. Tests used per replicate: Plate 1 (white): Mann-Whitney 
U. Plate 2 (grey): Mann-Whitney U. Plate 3 (black): Welch’s T-test. 
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Fig. 3.4. wsp absolute counts as indicated by real-time qPCR. Whole fly extracts 
and ovarian extracts are compared in each experiment. Panels show data from 2 
independent plate replicates. “n” represents 3 technical replicates from 6 sample 
tubes. Data from each sample/well represent material from 5 female flies. A) 
wsp abundance was compared in control DMSO vs. rifampicin treatment conditions. 
B) Sub-sampling analyses from DMSO vs Rifampicin ovary data, alpha=0.01. Plate 
replicate1: white diamonds, Plate replicate 2: grey diamonds. Statistics used: 
Welch’s T-test. C) wsp abundance was compared in un-enriched vs. yeast-enriched 
treatment conditions. D) Sub-sampling analyses, comparing ovary data from un-
enriched verses yeast-enriched dietary conditions. * indicates p < 0.01. 
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Fig. 3.5. Relative counts, showing a ratio of wsp/rpl32 abundance in A) control 
DMSO vs. rifampicin treatment conditions, and B) un-enriched vs. yeast-enriched 
treatment conditions. Statistical tests were applied as appropriate to each dataset. 
* indicates p < 0.05. 
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Fig. 3.6. Comparisons of randomly sub-sampled data for whole body versus 
ovarian samples under different dietary conditions. Un-enriched and yeast-
enriched conditions are compared. Two different experimental replicates of each 
experiment were performed, overlaid in white and grey. All graphs display the 
likelihood of seeing a significant difference at p < 0.01 between food types when 
performing analysis of wsp copy number in A) whole body samples, and B) ovary 
samples, as well as relative quantification ratios of wsp/rpl32 counts from C) whole 
body samples, and D) ovary samples.  
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Figure 3.7 wsp abundance in whole body as indicated by real-time qPCR. 
Data shows DMSO versus bortezomib at 1 µM and 100 µM doses. A) 
Showing data for the conservative dose of 1 µM. n=18 amplifications, 6 
wells with 3 technical replicates each; p < 0.001. B) Showing data for the 
standard dose of 100 µM. n=6 amplification, 3 wells 2 technical replicates 
each. Each experiment was run in 2 separate biological replicates.  
* indicates p < 0.01. 
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Figure 3.8 Comparisons of randomly sub-sampled data for DMSO versus 
bortezomib samples under 1 µM and 100 µM doses, with alpha set at 0.01. Each 
experiment was conducted in two separate biological replicates as overlapped in 
diamond and circle shapes. (A-C) Represent sub-sampling of data using a 1 µM 
dose of bortezomib. A) all technical replicates: 3 replicates in 6 wells, total n = 18. 
B) 3 randomly selected wells with 2 technical replicates each, n=6. C) 2 randomly 
selected wells with 3 technical replicates each, n=6. Five different combinations 
were used for sub-sampling in fig B and C. Blue: combination 1. Grey: combination 
2. Green: combination 3. Red: combination 4. Purple: combination 5. (D) Sub-
sampling of data using 100 µM dose of bortezomib, showing 3 wells with 2 
technical each, n=6. 
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Figure 3.9 wsp abundance as indicated by real-time qPCR. Whole body and 
ovary samples are compared in parallel upon bortezomib treatment with a 
dose of 100 µM. Panels show data from 2 independent plate replicates. “n” 
represents 18 technical replicates from 6 wells. A) wsp abundance in whole 
body B) wsp abundance in ovarian samples. * indicates p < 0.01. 
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Figure 3.10 Comparisons of randomly sub-sampled data for DMSO versus 
bortezomib whole body samples, at the 100 µM dose, with alpha set at 0.01. Each 
experiment was conducted in two separate biological replicates as overlapped in 
diamond and circle shape. Figures represent sub-sampling of data using a 100 µM 
dose of bortezomib. A) All the technical replicates, n=18, consisting of 6 wells with 
3 technical replicates each. B) 3 randomly selected wells with 2 technical replicates 
each, n=6. C) 2 random wells with 3 technical replicates each, n=6. Five different 
combinations were used for sub-sampling in fig B and C. Blue: combination 1. 
Grey: combination 2. Green: combination 3. Red: combination 4. Purple: 
combination 5. 
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Figure 3.11 Comparisons of randomly sub-sampled data for DMSO versus 
bortezomib ovarian samples, at a 100 µM dose, with alpha set at 0.01. Each 
experiment was conducted in two separate biological replicates as overlapped in 
diamond and circle shape. Figures represent sub-sampling of data using a 100 µM 
dose of bortezomib. A) All the technical replicates, n=18, consisting of 6 wells with 
3 technical replicates each. B) 3 randomly selected wells with 2 technical replicates 
each, n=6. C) 2 random wells with 3 technical replicates each, n=6. Five different 
combinations were used for sub-sampling in fig B and C. Blue: combination 1. 
Grey: combination 2. Green: combination 3. Red: combination 4. Purple: 
combination 5. 
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CHAPTER IV: MECHANISMS OF WHOLE BODY COLONIZATION BY WOLBACHIA, 

AS INDICATED BY CHEMICAL AND GENETIC MANIPULATION OF THE 

DROSOPHILA HOST 

4.1 Abstract 

Wolbachia endosymbionts are widely prevalent in nature, infecting a diverse 

group of insect hosts. The density and distribution of Wolbachia have been considered 

to play a critical role for maintaining their symbiotic relationships. However, the cellular 

and molecular basis of Wolbachia titer control within the host is yet to be uncovered. To 

investigate host processes that control Wolbachia colonization and proliferation, we 

carried out a pilot drug screen, using 37 chemicals to target 14 consensus host 

processes implicated in titer control for other microbes. Absolute qPCR measurements 

indicated that 6 candidate compounds altered Wolbachia titer in both D. melanogaster 

and D. simulans. Drugs that increased titer spanned a wide array of biological functions, 

including the IMD pathway, Calcium signaling, the Ras/mTOR pathway, and the Wnt 

pathway. By contrast, the only drug to suppress titer was a Ubiquitin-proteasome 

pathway inhibitor. The implicated titer-altering host processes were retested using an 

inducible RNAi expression system. Genetic disruption of the mTOR and Wnt pathways 

resulted in increased bodywide Wolbachia titer, consistent with the drug treatment 

results. This work suggests that mTOR and Wnt pathways normally restrict Wolbachia 

abundance within the body, thus, moderating the Wolbachia-host endosymbiosis.  

4.2 Introduction 

Many insect species carry maternally transmitted bacterial endosymbionts that 

can greatly affect host's physiology (Duron et al., 2008; Hilgenboecker et al., 2008). 

Relying on their hosts for survival, some symbionts act as mutualists and confer fitness 

benefits, such as enhancing the fecundity and survival of their host (Turelli, 1994). 
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Alternatively, as parasites, many symbionts exploit host reproduction for their own 

transmission (Ehrman, 1998; Moran et al., 2008). Examples of such reproductive 

manipulation involves arresting the production of viable offspring, killing of males, 

parthenogenesis, and feminization of males (Moran et al., 2008). A vertically inherited 

symbiont must be able to proliferate in the host and be continuously passed across host 

generations for maintenance in the host population (Jaenike, 2009). Therefore, infection 

density and fitness effects are closely intertwined in the dynamics of vertical 

transmission. Reduced bacterial load, for instance, may lead to inefficient vertical 

transmission and subsequent loss of infection (McGraw et al., 2002; Newton et al., 

2015). Excessive density may result in adverse impact on host fitness (Min & Benzer, 

1997; Mouton et al., 2004). Given the selective pressure on both host and symbiont, the 

host cellular pathways would be expected to affect the maintenance of endosymbiont 

colonization. 

Endosymbiotic Wolbachia bacteria are widespread in nature. This infection is 

known to be associated with mites, crustaceans and filarial nematodes, as well as about 

half of all insect species, including Drosophila melanogaster (Sazama et al., 2017; 

Weinert et al., 2015). Wolbachia are one of the most common intracellular 

endosymbionts, spanning the range of parasitic, mutualistic and commensalistic 

association with the host (Min & Benzer, 1997; Serbus et al., 2008; Weeks et al., 2007; 

Werren et al., 2008; Zug & Hammerstein, 2012). There is a growing interest in studying 

the biology of Wolbachia-host interactions. Analyses of Wolbachia in the Drosophila 

melanogaster research model organism has the advantage of a natural infection 

(Yamaguchi & Yoshida, 2018). Besides, the advancements of Drosophila genetics 

enable researchers to systematically examine cellular mechanisms within the host 

(Allocca et al., 2018; Jennings, 2011).  
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There is limited information on how insect hosts maintain Wolbachia within the 

body. To date, reports suggest that the density of Wolbachia is responsive to an array of 

intrinsic and extrinsic cues. The host cytoskeletal system (Ferree et al., 2005; Newton et 

al., 2015; Serbus et al., 2011), autophagy (Deehan et al., 2021; Voronin et al., 2012), 

host miRNAs, such as, aae-miR-2940 in mosquito (Hussain et al., 2011; Zhang et al., 

2013), Insulin signaling (Serbus et al., 2015), the IMD pathway (Pan et al., 2018) have 

been documented to interact with Wolbachia. Host environmental factors, such as 

temperature, crowding (Wiwatanaratanabutr & Kittayapong, 2009), host diet (Camacho 

et al., 2017; Serbus et al., 2015), and host microbiota (Goto et al., 2006), have been 

shown to exert varying impact on Wolbachia titer. Recently, two comprehensive studies 

were carried out to identify host pathways implicated in titer control within somatic tissue 

culture cells (Grobler et al., 2018; White et al., 2017a). Using RNA interference, the 

screens demonstrated the importance of host lipid metabolism, mitochondrial 

components, vesicular trafficking, cytoskeletal components, cell signaling in controlling 

Wolbachia titer (Grobler et al., 2018; White et al., 2017a). Most importantly, significance 

was illustrated for the host endoplasmic reticulum (ER)-associated protein degradation 

pathway in supporting Wolbachia titer (White et al., 2017a), and host ribosomal 

components in restricting titer (Grobler et al., 2018). 

The basis for interpretating Wolbachia infection levels from tissue culture studies 

is not very clear. In tissue culture wells, many bacteria can be floating on the medium 

due to cell death (egress), which might then horizontally re-invade other cells (White et 

al., 2017b). Furthermore, any treatment condition that alters Wolbachia titer in tissue 

culture cells could also do so by affecting the bacterial life cycle (replication vs. death). 

Cultured bacteria like E. coli are known to undergo rapid replication by binary fission 

during the exponential growth phase. Eventually, the bacteria shift over to a different 
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(non-replicative) stress management program when the population reaches the 

stationary phase. The implication is that replication cycles don’t automatically occur at 

timed intervals, as much as they are a response to nutrient availability. Prolonged 

nutrient deprivation and toxin build up in the cultured bacterial population are responsible 

for bacterial death (Monod, 1949; Zwietering et al., 1990). Thus, bacterial population 

growth within tissue culture cells could exhibit titer changes as a reflection of an altered 

life cycle, positional effects, or some combination of the two. Therefore, detailed 

analyses to identify key processes of systemwide Wolbachia regulation are still required. 

The cellular and molecular basis of titer control has been well-studied for 

disease-related microbes. Research studies over past decades have implicated a range 

of host processes in controlling density of other microbes. Disruption of the host 

cytoskeleton, for instance, has been shown to decrease the density of Ehrlichia risticii 

(Rikihisa et al., 1994), Listeria monocytogenes (Derré et al., 2007; Kühbacher et al., 

2015), and Mycobacterium fortuitum (Philips et al., 2005), suggesting a requirement of 

cytoskeletal components for survival and replication of these microbes. Calcium and Wnt 

signaling have also been reported to facilitate growth of certain pathogenic bacteria 

(Czyż et al., 2014; Kessler et al., 2012; Luo et al., 2016; Rikihisa et al., 1995). 

Interestingly, the mTOR/autophagy pathway has a differential impact on density 

depending on the bacterial strain. Functional disruption of the mTOR pathway reduced 

load of Ehrlichia chaffeensis (Luo et al., 2017), Chlamydia trachomatis, Listeria 

monocytogenes (Derré et al., 2007), and Salmonella typhimurium (Birmingham et al., 

2006). By contrast, inhibition of the same pathway elevated the titer of Anaplasma 

phagocytophilum, and Rickettsia australis infection within host cells (Bechelli et al., 

2018; Niu et al., 2008). Redundant host effects on different bacterial species imply that a 

core set of host processes may exert generalized effects on bacterial colonization. 
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Because the best understood intracellular infection models involve pathogenic bacteria, 

however, it remains unclear to what extent host-side analyses are confounded by the 

stress of imminent mortality. It would be of interesting to understand how host cellular 

and molecular processes interact with mutualistic or commensalistic intracellular 

bacteria, like Wolbachia. 

To identify host genes and processes that regulate Wolbachia, we carried out a 

candidate drug screen, targeting factors that affect host colonization by commonly 

studied microbes, and then examined the impact on systemwide Wolbachia titer. The 

use of adult flies avoids the limitations of tissue culture studies described above. By 

using optimized DNA extraction methods and absolute quantification by real-time qPCR 

(Christensen et al., 2019) (see also Chapter II), we screened 37 compounds for their 

impact on body-wide titer. 6 candidate drugs were identified that altered Wolbachia titer 

in both Drosophila melanogaster and Drosophila simulans. These drugs correspond to 5 

different host cellular processes, including the host Ubiquitin-proteasome system, the 

IMD pathway, Calcium channel function, the mTOR/Ras pathway, and Wnt signaling. 

Follow up genetic tests confirmed a function for mTOR and Wnt signaling pathways in 

specifying whole-body Wolbachia load. To our knowledge, this is the first study to 

systematically test, identify and inform generalized mechanisms for Wolbachia titer 

control in adult insects. Future research on whether these processes are conserved 

across other Wolbachia-host combinations, and other endosymbiotic systems, may shed 

light on the molecular mechanisms of endosymbiont titer control as a core aspect of 

endosymbiosis in general.  
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4.3 Methods and materials: 

4.3.1 Drosophila stocks and maintenance  

Two fly strains were used in this study. Preliminary screening was performed 

using Drosophila melanogaster of the genotype w; Sp/Cyo; Sb/TM6B carrying the 

endogenous wMel strain (Christensen et al., 2016). Drosophila simulans infected with 

the endogenous Wolbachia riverside (wRi) strain was used for further analyses 

(Hoffmann et al., 1986). Flies are usually maintained in plastic bottles/vials containing 

standard fly food media. The recipe is derived from Bloomington stock center as 

described previously (Christensen et al., 2016). The flies were raised in the Invictus 

Drosophila incubator at 25°C, under standard 12/12h light-dark cycle. For the 

experiments, “0-day old” flies were collected and kept on standard fly food medium for 2 

days. 2-days old flies were then used for drug screening. Only female flies were used for 

the screen, to reduce possible variation in population behavior per well.  

4.3.2 Chemicals used for the whole-body screening 

At least 2 chemicals were used to alter the functionality of each of the candidate 

host processes, comprising a total of 37 chemicals. The chemicals were purchased from 

different vendors (Table 4.1). All the drugs were dissolved in DMSO. Stock solutions 

were prepared in advance with a concentration of 10 mM and stored in -20°C. Light-

sensitive drugs were kept in the dark. Rifampicin and DMSO were used as controls, with 

the concentration of DMSO capped at 1%. 

4.3.3 Chemical screening in a plate-based format 

The entire screening was performed in a 24-well plate format (Corning cat# 

3738). 3 wells were assigned to DMSO controls, 3 wells were for rifampicin controls and 

the rest of the wells were used for testing unknown drug treatments with 3 wells each. 

To prepare the screening plate, first the standard food was melted in a regular glass 
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beaker. 10 mL of the warm food was transferred into a plastic vial and stirred to 

decrease the temperature. 100 μL of 10 mM chemical stock was then added into the 

food and stirred thoroughly. This resulted in a final drug concentration of 100 μM with 1% 

of DMSO. Rifampicin controls were prepared analogously with 100 μL of 10 mM 

rifampicin added to 10 mL of food. For the DMSO controls, equivalent amounts of DMSO 

was added to the food so that the final concentration does not exceed 1%. 1 mL of each 

the mixture was transferred into the respective wells, and the plate was loosely wrapped 

and stored under the fume hood. After the food cooled and solidified, 10 female flies 

were transferred to each well. Owing to the light sensitivity of certain drugs, the plate 

was coated with foil and incubated at 25°C. After 3-days of feeding, 5 female flies per 

well were processed for wsp quantification using body-wide qPCR. 

4.3.4 Wolbachia infected GAL4 driver generation and genetic knockdown of genes 

GAL4:UAS system was used in this study for gene knockdown by RNAi. The 

Actin5C-GAL4 driver of the genotype: w; P{Act5C-GAL4-w}E1/Cyo (stock# 25374) and 

the daughterless-GAL4 driver of the genotype: w; P{w+, GMR12B08-GAL4}attP2 (stock# 

48489) were used for body-wide expression. The original stocks were ordered from the 

Bloomington Drosophila stock center and later infected with Wolbachia from Drosophila 

melanogaster of the double balanced genotype w; Sp/Cyo; Sb/TM6B (White et al., 

2017a), hereafter referred to as DB wMel. To generate Wolbachia-infected driver lines, 

the males from each driver were crossed with virgin DB wMel females. This process 

eventually established Wolbachia-infected Act5C-GAL4 and da-GAL4 lines. 

Infected virgin females from each driver stocks were crossed to males from 

responder UAS (upstream activating sequence) RNAi lines listed in Table 4.2. The 

parent flies were removed from the vials after 3-4 days of mating. The F1 generation 

flies started eclosing after 10 days, and collected flies were aged for 5 days. Female flies 
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expressing dsRNA were identified by checking fly phenotypes. Non-expressing siblings 

were considered as a control group. A separate control set was also prepared in parallel 

with Wolbachia-infected virgin females from the driver stocks outcrossed to Oregon R 

(OreR) male flies. The RNAi-expressed group, the non-expressing controls, and OreR 

controls were then processed for wsp quantification. 

4.3.5 DNA extraction and qPCR for whole body Wolbachia quantification 

To quantify body-wide Wolbachia titer, DNA was extracted by homogenizing a 

group of 5 female flies in 200 μL of squishing buffer, with addition of 2 μL of 20 mg/ml of 

proteinase K. The squishing buffer is composed of 10 mM Tris HCl (pH 8.0), 1 mM 

EDTA, 25 mM NaCl, and 1% SDS (as per Chapter II) (Christensen et al., 2019). The 

homogenized mixtures were then incubated for 1 hour at 56°C. Afterwards, the 

proteinase K was inactivated by heating the samples at 95°C for 3 mins. Samples were 

then centrifuged at 17,970 x g for 15 minutes at 4°C (Beckman Microfuge 22R). 100 μL 

of supernatant was collected for ethanol precipitation while carefully avoiding the pellet. 

For the ethanol-based precipitation, 1/10 volume of 3 M Na-acetate and 250 μL of 

absolute ethanol was added to the 100 μL of supernatant. The mixtures were gently 

mixed and incubated at -20°C for minimum 1 hour (or, overnight) and centrifuged 

afterwards at 14,000 RPM and 18,000 RCF (G-force) for 15 minutes at 4°C, allowing the 

DNA to precipitate out at the bottom of the tubes as pellet. The supernatant was 

discarded very carefully from each tube and then pellets were washed with 500 μL of 

70% ethanol. Samples were re-centrifuged for 15 mins at 4°C using the same settings. 

Supernatants were removed, and the DNA pellets were air dried followed by 

resuspension in 100 μL of TE buffer (pH 8.0). DNA suspensions were then directly used 

for qPCR.  
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To generate absolute count measurements of Wolbachia from the extracted DNA 

samples, absolute quantification of the wolbachia surface protein (wsp) gene was carried 

out using reference plasmid standards. PGEM-T vector carrying a 160 bp PCR-amplified 

fragment of the Wolbachia surface protein (wsp) gene was used as the reference 

(Christensen et al., 2016). Real-time PCR was carried out on a Bio-Rad CFX96 Connect 

Optics Module Real-Time System and absolute copy numbers for Wolbachia were 

obtained by comparing threshold cycle (Ct) values with a standard curve generated from 

the plasmid standard, as in (Christensen et al., 2016). The primers used to target the 

wsp gene were: Forward 5’ CATTGGTGTTGGTGTTGGTG 3’, reverse 5’ 

ACCGAAATAACGAGCTCCAG 3’ primers with a concentration of 5 μM.  

4.3.6 Data Display for the drug screens and statistical analysis 

Average wsp counts per drug treatment were normalized against their respective 

DMSO control and presented as scattered plot (White et al., 2017a). Statistical analyses 

were conducted on raw data. Appropriate statistics were used to compare data sets and 

make final interpretations. Suitable statistical tests were identified for each data set as 

per the decision tree outline in Chapter II (Fig. 2.1). Briefly, the normality distribution and 

homogeneity of variance for each dataset were evaluated by using the Shapiro Wilk test 

and by determining Levene’s p-value, respectively. Data sets with normal distribution 

and homogeneous variation were compared using an Independent T-test. Data sets 

which are normally distributed, but have unequal variance, were compared by Welch’s 

T-test. Non-normal data with homogeneous variation were compared using Mann-

Whitney U test. For non-normal data with unequal variance, Independent T-test with 

bootstrapping was utilized (de Cuevas & Spradling, 1998; Lim & Loh, 1996; Rietveld & 

van Hout, 2015; Shapiro & Wilk, 1965; Wasserman, 1994). The IBM SPSS program was 

used to perform all statistical analyses. 
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4.4 Results 

4.4.1 Selecting candidate drugs from cell-based screen to define Wolbachia 

density regulatory mechanisms 

Our overall goal is to identify host pathways and processes that affect Wolbachia 

titer in vivo. We opted for a chemical disruption approach because chemicals can be 

retested for conserved effects across diverse Wolbachia-host systems, most of which 

involve study of non-model organisms. As this type of pilot screen has not been done 

before, we first faced the question of which small molecule inhibitors to test. One route is 

to take chemicals that previously altered Wolbachia infection in the context of tissue 

culture cells and retest their effects in vivo.  A high-throughput, cell-based drug screen 

has previously identified compounds that significantly reduced Wolbachia infection in 

immortalized primary tissue culture cell lines (Serbus et al., 2012). The screen was 

rigorous and identified 270 different chemicals that reduced infection in 3/3 plate 

replicates, hereafter referred to as “hits”. The risk of pursuing these hits is the potential 

for bias in compound selection, as the chemical library used for the past tissue culture 

screen does not target host pathways equally or comprehensively (Serbus et al., 2012).   

To assess the extent to which the profile of Wolbachia-suppressing chemicals 

reflects a possible chemical library bias, we classified the compounds by the function of 

their targets. This analysis partitioned the library into 48 categories of distinctive 

biological function, with antibacterial, cardiovascular agent, antineoplastic agent, and 

anti-inflammatory classifications including the largest numbers of compounds (Fig 4.1A). 

Then we asked how the Wolbachia-suppressing compounds associated with this library 

compare to the functional profile associated with the library. Of the chemical hits that 

suppressed Wolbachia infection across 3 plate replicates, the functional classes 

antineoplastic, antifungal, anthelmintic and antiparasitic, were somewhat 
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overrepresented as compared to the library composition overall (Fig 4.1B). However, the 

collective functional profile of the Wolbachia-suppressing hits generally resembled the 

category profile of the chemical library (Fig 4.1A-B). This outcome is consistent with the 

hit list as a reflection of library composition, and not as an indicator of biological 

functions with the highest relevance.   

A further aspect of revisiting compounds from the prior cell screen is that it would 

be important to avoid toxic compounds. Our goal is to pursue biological foundations of 

endosymbiont titer control, not how impending host cell mortality affects endosymbiosis. 

To address this issue, we checked the toxicity of Wolbachia-suppressing hit compounds 

as individually reported per compound in the National Library of Medicine “PubChem” 

website. Our search data indicated that 25% of the library compounds were reported as 

toxic or moderately toxic (n = 2000) (Fig. 4.2A). By comparison, 51% of the Wolbachia-

suppressing hit compounds were identified as similarly toxic (n = 270) (Fig. 4.2B). 

Therefore, it is possible that many of the compounds suppressed Wolbachia infection in 

tissue culture cells as an indirect effect of damaging the cells. 26% of the compounds 

identified as hits in the cell culture screen were classified as nontoxic, for a total of 70 

candidate drugs. Considering the timeline of the PhD dissertation, as well as the issue of 

bias introduced by the library itself, we concluded that it would be best not to pursue this 

set of compounds for in vivo screening at this time. 

4.4.2 Literature mining for candidate host processes to test against Wolbachia 

An alternate route for a candidate chemical screen is to select compounds based 

upon the function of their molecular targets. The major strength of this approach is that 

the screen will be designed around biological predictions, based on existing mechanistic 

data. Host effects on the density of intracellular bacteria have been studied for a number 
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of bacterial pathogens. It is unclear whether host factors that influence the density of 

bacterial pathogens also generally affect bacterial colonization of eukaryotic cells.   

To identify potentially conserved host effects on intracellular bacteria titer, we 

searched the literature for host factors that affect load/ survival of commonly studied 

microbes. After investigating 52 species from 17 genera, we found 26 bacterial species 

under all these genera for which involvement of host genes/pathways on density 

regulation has been discussed (Table 4.3). 12 organisms from our initial list were found 

to be under the class of alpha-proteobacteria (Table 4.3), because it is one of the largest 

and most widely studied groups of bacteria (Dworkin et al., 2006). The initial literature 

search with all the 26 bacterial strains, highlighted 14 host mechanisms as relevant to 

intracellular titer control for multiple bacterial endosymbionts (Table 4.4). Given 

heterogeneity in the approaches used to identify these pathways, a lack of reported 

redundancy for titer-altering pathways across prior studies is inconclusive. However, 

redundant reporting of pathway involvement across multiple host-microbe systems 

implies consensus host effects on intracellular bacteria. To determine whether a broad 

playbook for intracellular titer control extends to Wolbachia, host pathways highlighted 

by other systems were prioritized for pursuit. 

To test the candidate host processes for Wolbachia titer effects, we identified 

candidate compounds that specifically target those. For each of the 14 redundant 

mechanisms (Table 4.4), the strategy was to test 2 or more compounds per host 

pathway/process, since compounds can fail outright for many reasons. When possible, 

compounds with opposite effects on the process of interest were included, such as the 

microtubule-depolymerizing drug, colchicine, and the microtubule-stabilizing drug, taxol, 

or, phospholipase C (PLC) inhibitor, U73122, and the PLC activator, 3-m3mfbs. This 

culminated in selection of 37 total candidate compounds (Table 4.1). 
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4.4.3 Host-directed drug screens revealed possible host factors that influence the 

density of Wolbachia within the body 

The screening approach employed absolute quantification by real-time PCR 

(Christensen et al., 2019) to assess the impact of the candidate drugs on body-wide 

Wolbachia titer. Drosophila melanogaster flies, carrying the endogenous wMel 

Wolbachia strain, were used for primary screening. Female flies were exposed to food 

supplemented with a 100 μM dose of DMSO-solubilized drugs or control food that 

carried equivalent amounts of DMSO. A DMSO-solubilized rifampicin control was also 

run on every qPCR plate to confirm ongoing susceptibility of Wolbachia titer to 

compound treatments.  

In the initial screen, treatments showing a significant change in body-wide 

Wolbachia titer in both plate replicates, as compared to control DMSO, were classified 

as preliminary hits. Of 37 chemicals tested, the primary screen identified 16 compounds 

that met these criteria (Fig 4.3). The preliminary hit compounds were then re-tested for 

their reproducibility in a third plate replicate. Of the 16 chemicals retested, 11 of them 

were reconfirmed as hits during this step, representing a total of 9 host processes (Fig 

4.4). The control rifampicin condition was shown to decrease titer throughout the screen, 

as well as the proteasome inhibitor bortezomib. By contrast, all other drugs classified as 

hits elicited an increase in body-wide Wolbachia titer, ranging from a 9-68% increase (p 

< 0.001-0.047, with appropriate statistics based on each data type, n=6 amplifications 

per condition) (Table 4.5). This suggests that the corresponding host pathways normally 

have a limiting impact on Wolbachia; and when these host factors are disrupted by the 

drugs, restrictions on whole body Wolbachia titer are diminished.  
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4.4.4 Testing candidate titer-altering processes in Wolbachia-infected D. simulans 

If host mechanisms that affect intracellular bacteria exert conserved effects 

across species, we would expect for Wolbachia density regulation to be shared across 

Wolbachia-host combinations as well. To investigate a role for candidate processes 

across systems, we retested all the 11 compounds that affect titer in DB wMel against D. 

simulans (Dsim) flies that carry the endogenous wRi Wolbachia strain. The Dsim wRi 

secondary screen yielded 6 treatments that significantly affected body-wide titer (Figure 

4.5) (Table 4.4). In all cases, the observed effects for Dsim wRi were consistent with that 

seen for DB wMel. Bortezomib depleted body-wide titer, whereas cay10512, nicardipine 

hcl, erlotinib, rapamycin and iwr-1 induced a consistent increase in body-wide wRi titer, 

(p-value range < 0.001-0.041, using appropriate statistics, n=6 amplifications per 

condition) (Figure 4.5) (Table 4.4). These findings implicate the Ubiquitin-proteasome 

system, IMD signaling, calcium channel function, Ras/mTOR signaling, and Wnt 

signaling as generalized contributors to Wolbachia titer control across systems. 

4.4.5 Genetic validation of the consensus host processes using GAL4-UAS 

system 

To retest the involvement of processes implicated in body-wide titer regulation, 

we conducted directed genetic tests, using the GAL4:UAS system. GAL4 is a yeast-

derived transcription factor, which activates transcription of upstream genes upon 

binding to the upstream activation sequence (UAS) (Brand & Perrimon, 1993). This 

system can be used to drive expression of an RNAi construct that can activate an RNAi 

response by introducing double stranded RNA (dsRNA). This dsRNA targets the 

corresponding RNA in vivo, and thus, effectively knocks down the expression of the 

target gene (Perrimon et al., 2010).  
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To drive dsRNA expression in D. melanogaster, we initially used a Wolbachia-

infected Actin5c-GAL4 stock. This line is expected to show strong expression (Fig 4.6), 

and thus has the potential to best mimic the effect of high-dose small molecule inhibitor 

treatments. However, after crossing Actin5C-GAL4 to several UAS-RNAi lines, targeting 

essential components of the candidate processes, we found that that we were usually 

unable to retrieve the Actin5C-GAL4: UAS-RNAi progeny (Table 4.7). This indicates that 

the majority of those genetic combinations were lethal. For those crosses that did yield 

progeny, these were usually “escaper” (physiologically sick) organisms. Unlike the 

predicted progeny ratio of about 25% of the genotype, the escaper crosses yielded 5% 

or less of the expected genotype. It is possible that the low yield is due to the extended 

high expression level of Actin5C-GAL4 earlier in development (Fig 4.6), which may 

disrupt core developmental processes through extended expression of our selected 

RNAi constructs. Given the concerns about Wolbachia titer artifacts in escaper flies, use 

of the Actin5C-GAL4 driver was discontinued for RNAi function disruption tests. 

To achieve efficient RNAi knockdown of critical genes and yet healthy progeny, 

we crossed the UAS-RNAi lines with daughterless-GAL4 (da-GAL4) driver stock that 

was already infected with wMel (Serbus et al., 2015). The da-GAL4 driver is expected to 

be ubiquitously expressed in the soma, though with a milder expression level than the 

Actin5C driver, as per the endogenous daughterless gene (Fig. 4.6). As was expected, 

all of the crosses yielded viable offspring, and we were able to retrieve enough progeny 

of the da-GAL4: UAS-RNAi progeny class for subsequent titer analyses.  

To experimentally assess the effect of da-GAL4: UAS-RNAi expression on body-

wide Wolbachia titer, we performed absolute quantification by real-time qPCR. Offspring 

expressing the transgenic RNAi construct were analyzed in parallel with non-expressing 

siblings, as well as F1s created by outcrossing the da-GAL4 driver to OreR males. Using 
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this strategy, we tested the functional impact of 5 different host processes that had been 

implicated by drug screening as Wolbachia-altering pathways. We found that 3 of these 

processes did not alter body-wide titer upon disruption by da-GAL4: UAS-RNAi 

expression. These include the Ubiquitin-proteasome system, the IMD pathway and 

Calcium signaling. The genes chosen for Ubiquitin-proteasome system were Ubc6, a 

substrate for the proteasomal degradation pathway, and Prosalpha6, a 20S proteasomal 

subunit. Knockdown of these genes resulted in inconsistent impact on body-wide 

Wolbachia titer (Table 4.8). For the IMD pathway, knockdown of Relish, a culminating 

element of IMD cascade, and Tak1, involved in Relish activation, also led to inconsistent 

body-wide impact (Table 4.8). Functional disruption of Calcium signaling by knockdown 

of Ca1alphaD, an α subunit of an L-type voltage-gated Ca[2+], and Cacophony, a 

member of type II voltage gated calcium channel, did not change body-wide Wolbachia 

abundance (Table 4.8). Thought it remains possible that these host mechanisms have 

an important impact on Wolbachia titer in vivo, this experimental setup does not provide 

genetic support for such functions at this time.   

The RNAi knockdown tests revealed 2 processes as contributors to body-wide 

titer control in vivo. One of these was Ras/mTOR signaling. Knockdown of Tor, a key 

component of the mTOR pathway, increased Wolbachia titer in the whole body across 

all replicates. Flies of the genotype da-GAL4: UAS-tor RNAi exhibited 12-37% higher 

Wolbachia titer compared to both non-expressed and OreR controls (p < 0.001- 0.028, 

Independent T-test, n=6 amplifications per condition) (Fig. 4.7) (Table 4.8). It is notable 

that knockdown of EGFR, the receptor that leads to activation of downstream kinases, 

such as, PI3, Akt, mTOR, showed an inconsistent titer impact. EGFR RNAi flies 

exhibited consistent titer increase of 31-44% when compared against the non-

expressing sibling controls (p < 0.001-0.002, with appropriate statistics, n=6). However, 



 121 

comparison with the OreR controls indicated an inconsistent change of titer, with 18% 

increase in one biological replicate but not in the other (p < 0.001-0.258, with appropriate 

statistics, n=6) (Table 4.8).  

The RNAi knockdown tests suggested that Wnt signaling also moderates body-

wide Wolbachia titer in vivo. Knockdown of armadillo gene, the fly homologue of β-

catenin, increased Wolbachia titer. Flies of the genotype da-GAL4: UAS-arm RNAi 

exhibited a 7-22% increase in body-wide titer as compared to the controls (p < 0.001-

0.034, Independent T-test, n=6) (Fig. 4.7) (Table 4.8). In a complementary test for Wnt 

pathway impact on body-wide Wolbachia titer, we also knocked down shaggy gene, a 

GSK-3, which is known to prevent induction of Wnt signaling by stabilizing β-catenin (Wu 

& Pan, 2010). In line with our observation with armadillo RNAi, we expected that a 

successful knockdown of sgg should result in either reduction or no change in Wolbachia 

titer. The results indicated inconsistent titer effects for shaggy RNAi flies (Table 4.8). 

Taken together, these data suggest that RNAi disruption of Ras/mTOR and Wnt 

signaling, even when driven by the mild da-GAL4 driver, can significantly affect 

Wolbachia load carried by whole insects.  

A notable aspect of all RNAi knockdown tests conducted thus far is that the 

drivers used are specific to the soma. Thus, we would not expect to see significant 

changes to ovarian Wolbachia titer in response to da-GAL4 induced RNAi expression.  

As a control, we monitored Wolbachia abundance in ovary tissues in response to the 

same da-GAL4-induced RNAi knockdown conditions described above. The data showed 

that no stable change in ovary titer was elicited by the somatic RNAi knockdowns (Table 

4.9). Thus, the primary, detectable effects at the whole-body level are somatic effects.  
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4.5 Discussion 

In this study, we explored the relationships between Wolbachia and the 

Drosophila host by investigating the role of different host processes in maintaining 

Wolbachia titer. We performed a pilot drug screen coupled with absolute Wolbachia 

quantification from whole insect samples using real-time qPCR. We initially used drugs 

to screen for candidate titer-altering functions because of the advantages that we can 

retest immediately in other non-model organisms, as well as follow up with directed 

genetic tests of the same functions in D. melanogaster.   

Our initial approach was to screen the spectrum drug library hits from a previous 

cell-based screening study (Serbus et al., 2012). However, it is evident that the chemical 

screening in cell culture had a few structural issues. The hit list strongly resembled the 

overall composition of the library, and half of the hits were toxic. This suggests that hits 

represent compound availability/toxicity more than indicating the most highly relevant 

pathways. To avoid these issues, we pursued host mechanisms that reportedly affect 

density of bacterial pathogens. Using these processes as a guide, we carried out a pilot 

drug screen to check if similar host pathways and processes generally affect Wolbachia 

titer. We cannot rule out the possibility that a drug can affect invasion patterns within the 

body. However, screening for Wolbachia titer changes at a whole body level provides a 

focused set of results to broadly inform the biology of titer control. 

Our pilot screen successfully reported 6 compounds that substantially altered 

body-wide Wolbachia titer in both D. melanogaster and D. simulans hosts. Based upon 

the literature, these “hit” compounds are expected to correspond to 5 different biological 

processes, which are the Ubiquitin-proteasome pathway, the IMD pathway, Calcium 

signaling, the Ras/mTOR pathway, and the Wnt pathway (Table 4.6). Out of an initial 37 

compounds tested, the hits retested positively across all 3 plate replicates in D. 
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melanogaster as well as D. simulans, indicating that the results are robust. Given the 

number and functional diversity of host mechanisms implicated in specifying body-wide 

bacterial loads, we expect that more host contributions remain to be discovered. The 

results presented here indicate that our pilot screen was nowhere near saturation on 

pathway identification.  

As for any drug-based screen, there are some limits to data interpretation. Any 

instance of negative results could be due to a basic incompatibility of the experimental 

system with the drug, rather than the lack of target involvement in the process of 

interest. For positive hits, it remains possible that additional functional targets were 

affected, referred to as “off-target effects” (MacDonald et al., 2006). Though we cannot 

do anything about compound incompatibility with the host, it is possible to use genetics 

to test the efficacy of host pathway(s) that affect Wolbachia titer, as discussed below. 

Genetic function-disruption tests have supported Wolbachia titer effects for a 

subset of host functions. The processes that were supported by chemical disruption 

tests, as well as da-GAL4: UAS-RNAi expression tests, are the Ras/mTOR and Wnt 

signaling pathways. The consistent Wolbachia titer response to these conditions, even 

when RNAi is expressed with the mild da-GAL4 driver, supports an in-vivo effect for 

these pathways. It is important to note that the current genetic analyses do not include 

robust power analyses for accurate sample size. Our preliminary sub-sampling tests of 

the RNAi data suggest that a sufficient "n" for high certainty of interpretation is likely to 

be in the range of 6-20 replicates. It is notable that statistical certainty for host RNAi 

effects on Wolbachia titer relies upon different sampling than used for the drug feeding 

experiments. Demonstrating statistical certainty remains an important aspect of 

developing a field standard for this work. 
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The literary context of our results is mixed. For example, our finding that 

functional disruption of mTOR pathway resulted in increased body-wide Wolbachia titer 

is consistent with our prior work. Cytological analyses of Wolbachia titer in late-stage 

oocytes indicated that the mTOR inhibitor rapamycin increases oocyte Wolbachia titer 

(Serbus et al., 2015). A study on Anaplasma also indicated that rapamycin treatment 

facilitates Anaplasma growth, which could be attributed to activation of host autophagy 

(Niu et al., 2008). The study showed that Anaplasma prevents the maturation of early 

autophagosomes to late autophagosomes, preventing subsequent fusion with the 

lysosome. Perhaps Wolbachia also avoid lysosomal degradation by sheltering within 

autophagosomes. However, several other studies have reported that disruption of the 

mTOR pathway decreased load of few other microbes including Wolbachia (see Table 

4.10 for further details), presumably through indirect activation of host autophagy 

processes. The basis for this discrepancy may be due to use of different host/strain 

combinations, as well as possible distortions in data interpretation, due to use of tissue 

culture approach, or the “relative count” qPCR method (Christensen et al., 2019) (also 

see Chapter III). Future studies of autophagy and membrane trafficking impacts on 

Wolbachia titer will be required to test this hypothesis, particularly in light of conflicting 

work in the literature. 

Our drug screen and genetic analyses have also indicated a role for the Wnt/β-

catenin pathway. Inhibition of this pathway also enhanced body-wide Wolbachia load.  

This outcome is consistent with the autophagy related argument above, because Wnt/β‐

catenin signaling has previously been shown to negatively regulate autophagy 

(Petherick et al., 2013). Perhaps Wnt signaling enhances autophagosomal activity, 

helping to ultimately shield Wolbachia from lysosomal degradation. In contrast to this 

model, another study reported that silencing of GSK-3 increases Wolbachia titer in 
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Aedes fluviatilis embryos (da Rocha Fernandes et al., 2014). Because GSK-3 normally 

suppresses Wnt signaling (Caspi et al., 2008), it would be expected to activate 

autophagy, relief from such inhibition would be expected to decrease bacterial load as 

per our model. Possible explanations for this discrepancy might be use of the relative 

count qPCR method in this study, or regulatory differences across host systems (da 

Rocha Fernandes et al., 2014). However, there is also evidence that GSK-3 can inhibit 

autophagy through suppression of mTOR complex (Azoulay-Alfaguter et al., 2015), in 

which case, GSK-3 inhibition would be expected to increase bacterial load.  

Several of the host processes implicated in Wolbachia titer control by chemical 

screening were not supported by results from in vivo RNAi testing. These were the 

Ubiquitin-proteasome pathway, the IMD pathway and Calcium signaling. One possible 

explanation is because the RNAi knockdown was carried out using daughterless-GAL4 

driver, which has a mild expression across somatic tissues, unlike chemical tests that 

cause strong function disruptions throughout the body (Fig 4.6). We used the 

daughterless driver to avoid the unintended lethal effect of the extended RNAi 

expression in host development, as likely happened with the strong Actin5C-GAL4 

driver. Another possibility is that RNAi disruption of the selected genes was 

compensated for by other, functionally redundant proteins. Thus, a final interpretation of 

how these processes affect Wolbachia titer in vivo cannot yet be made.  

In the future, we will test the drug-inducible GeneSwitch (GS) GAL4 driver to test 

the titer impact of candidate host genes.  A merit of this approach is that drug induction 

of GS-GAL4 can be restricted to adults only, thus avoiding potentially lethal effects of a 

strong gene knockdown during early development. Implementation of the GS-GAL4 tool 

has been demonstrated as effective in adults (Ford et al., 2007; Scialo et al., 2016; 

Serbus et al., 2015). A caveat of this approach is that activation of the GeneSwitch 
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GAL4 protein requires exposure to a specific estrogen analog, mifepristone, which is fed 

to the flies for up to 10 days. We don’t know yet whether mifepristone affects Wolbachia 

titer on its own, but prior cell screening did identify 7 estrogen analogues as suppressors 

of Wolbachia infection (Serbus et al., 2012). It will be important to monitor if mifepristone 

itself affects whole body titers, and to what extent, so that the context for RNAi induction 

phenotypes is clear. The ability to compare data from GeneSwitch-GAL4: UAS-RNAi 

tests against results yielded by milder da-GAL4: UAS-RNAi tests will be important in this 

context. 

One of the largest overall lessons from this work is its implications for the basis of 

endosymbiosis. Unlike bacterial pathogens, commensal endosymbionts like wMel 

Wolbachia persist without obvious host injury. How is this balance negotiated? Our data 

imply this is achieved by active host suppression of the endosymbiont. Though 

proteasome inhibition reduced body-wide Wolbachia titer, every single other treatment of 

significance led to a whole body Wolbachia titer increase. This suggests that the terms 

of this endosymbiosis are directed by active host limitation of Wolbachia infection, with a 

restrictive role for mTOR and Wnt pathways on Wolbachia under normal circumstances. 

Future work on how these processes affect other Wolbachia-host systems, such as 

Nasonia or mosquitoes would be interesting to explore. 
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Figures and Tables 

 

 
 
 
 
 
 
  

Figure 4.1 Functional analyses of Spectrum chemical library are presented in the pie 
charts. Each slice represents a different functional category, as indicated by the 
colors above A) Functional composition of the chemical library. B) Functional 
composition of the Wolbachia-suppressing hit compounds. 
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Figure 4.2 Toxicity analyses associated with the spectrum library compounds. 
Toxicity reports were obtained through publicly available PubChem database 
(Kim, 2016). Toxicity levels are represented by colors. Red: toxic compounds. 
Yellow: moderately toxic compounds. Green: non-toxic compounds. Grey: 
compound whose toxicity was not available through PubChem. A) Toxicity of 
compounds comprising the chemical library, with total n = 2000. B) Toxicity of the 
Wolbachia-suppressing hit compounds, with total n = 270. 
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Figure 4.3. Preliminary results of whole body-based drug screening with DB 
wMel. Graph shows the average absolute copy number for wsp in response to 
each treatment, normalized to respective DMSO controls. X-axis shows: 37 
chemicals tested, representing14 different cellular processes. Circled: 16 
compounds identified as “hits,” corresponding to 11 different biological processes. 
Purple squares: data from plate replicate 1. Blue diamonds: data from plate 
replicate 2. Cyan line: baseline titer, DMSO control. Appropriate statistics were 
applied on the raw data. Significance was set at * p < 0.05. 
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Figure 4.4. Compounds retested on DB wMel in a third plate replicate are plotted. 
Each dot represents average absolute copy number of wsp, normalized to respective 
DMSO controls. X-axis shows 16 chemicals tested corresponding to 11 different 
biological processes. Circled: 11 compounds reconfirmed as “hits”, corresponding to 
9 different host cellular processes. Red circles: outcomes opposite of the literature. 
Blue circles: mixed records in the literature. Purple squares: data from plate replicate 
1. Blue diamonds: data from plate replicate 2. Orange triangles: data from plate 
replicate 3. Cyan line: baseline titer, DMSO control. Appropriate statistics were 
applied on the raw data.  Significance was set at * p < 0.05. 
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Figure 4.5 Results from whole body-based drug screening with Dsim wRi. Y-axis 
shows average absolute wsp copy numbers normalized to their respective DMSO 
controls. X-axis shows 11 chemicals tested on Dsim wRi representing 9 different 
biological processes. Circled: 6 compounds identified as “hits” corresponding to 5 
different cellular processes. Green circles: outcome consistent with field literature. 
Red circles: outcomes opposite of the literature. Blue circles: mixed records in the 
literature. Purple squares: data from plate replicate 1. Blue diamonds: data from plate 
replicate 2. Orange triangles: data from plate replicate 3. Cyan line: baseline titer, 
DMSO control. Appropriate statistics were applied on the raw data. Significance was 
set at * p < 0.05. 
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Figure 4.6: Expression profiles of Actin5C and daughterless 
genes at different developmental stages. The data is obtained 
from modENCODE project (Graveley et al., 2011), as 
communicated via the community resource website Flybase.net 
 

         
 
  

https://flybase.org/reports/FBgn0267821
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Figure 4.7 Absolute wsp abundance of whole-body samples from  
da-GAL4:UAS-RNAi knockdown flies versus control flies. A) tor RNAi 
as compared to non-expressing sibling controls (non-exp) and an OreR 
outcrossed control (OreR). B) armadillo RNAi (arm) vs only an OreR 
outcrossed control (OreR), as non-expressing siblings were not 
available. Panels show data from 2 independent plate replicates. “n” 
represents 6 technical replicates from 3 sample tubes. Black 
diamonds: OreR control. Blue diamonds: non-expressing sibling 
control. Green diamonds: RNAi expressing lines. Appropriate statistics 
were applied on the raw data. Significance was set at * p < 0.05. 
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  Table 4.1 List of drugs tested in the screen 
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Table 4.2 RNAi lines used for the genetic analyses 
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Table 4.3 Different taxa discussed in literature with respect to titer control of 
other microbes 
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Table 4.4: Mechanisms that affect intracellular density of commonly studied microbes. 

(continue on the next page) 
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Table 4.4: Mechanisms that affect intracellular density of commonly studied microbes. 
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Table 4.5: Required statistical analyses for DB wMel whole body Wolbachia titer 
in response to drug treatment. Data shows median wsp abundance of drug 
treatments and associated DMSO control. Conditions that induced a consistent 
titer change in all plate replicates are indicated in grey-shaded areas.  
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Table 4.6: Required statistical analyses for Dsim wRi whole body Wolbachia titer in 
response to drug treatment. Data shows median wsp abundance of drug treatments 
and associated DMSO control. Conditions that induced a consistent titer change in all 
plate replicates are indicated in grey-shaded areas.  
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Table 4.7 Required statistical analyses of whole body Wolbachia titer in response to  
Actin5C-GAL4:UAS-RNAi mediated gene knockdown. Data shows median wsp 
abundance of RNAi knocked down flies, and non-expressed control flies.  
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Table 4.8: Required statistical analyses of whole body Wolbachia titer in response to  
da-GAL4:UAS-RNAi mediated gene knockdown. Data shows median wsp abundance 
of RNAi knocked down flies, non-expressed control flies, and OreR control flies. n/a: 
Flies were not available for the comparison. Conditions that induced a consistent titer 
change in all replicates are indicated in grey-shaded areas. 
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 Table 4.9: Required statistical analyses of ovarian Wolbachia titer in response to  
da-GAL4:UAS-RNAi mediated gene knockdown. Data shows median wsp abundance 
of ovary tissues from RNAi knocked down flies, non-expressed control flies, and 
OreR control flies. n/a: Flies were not available for the comparison.  
 



 144 

 
 
 
 
 
 
 
 
 

 

Table 4.10: Impact of host autophagy pathway on the intracellular load of various 
intracellular bacteria, according to field literature.  
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS 

Endosymbiont density dynamics is an emerging topic in host-microbe 

interactions, with Wolbachia-host systems serving as informative models for exploring 

that. The density of Wolbachia has shown to be correlated with the strength of 

Wolbachia-induced reproductive manipulations (Bourtzis et al., 1996; Boyle et al., 1993; 

Poinsot et al., 1998) and the suppression of disease transmission (Hedges et al., 2008; 

Teixeira et al., 2008). There is a broad interest in intentional/strategic manipulation of 

Wolbachia titer. Wolbachia mediated viral suppression is often density dependent (Lu et 

al., 2012). Therefore, increasing titer within the host would elevate the viral suppression 

effect. By contrast, filarial nematodes depend on Wolbachia for their survival and 

reproduction (Makepeace et al., 2006; Townson et al., 2000). Decreasing titer, thereby, 

would potentiate the suppression of filarial disease. In either case, host mechanisms that 

fundmanentally affect how Wolbachia loads are specified is not clear. This same 

knowledge gap broadly applies to most endosymbionts. Therefore, my overall goal is to 

identify and pursue mechanisms that affect titer in vivo. We are using the Wolbachia 

example to investigate how this is achieved. 

Measurements of bacterial titer carried by a whole organism are critical to inform 

the mechanisms involved in host colonization. There is currently no agreed-upon 

standard for how such experiments should be done. Lack of comparability across 

studies has created disconnects in the literature. The work of this thesis helps to fill that 

void by providing a standardized assay to carry out titer related experiments. Chapter II 

demonstrated the stepwise, empirical optimization of an absolute count, real-time PCR 

assay to quantify Wolbachia within whole Drosophila hosts. Employing the optimized 

assay, we showed the maximum detection of Wolbachia titer within a whole organism. 

Statistical certainty, tailored to the format of the data, was also incorporated. 
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Consistency of this data was further supported by our use of a 24-well plate format, to 

facilitate simultaneous drug testing or other dietary treatments against Wolbachia-

infected Drosophila. Overall, the methodology presented can be further applied to test 

body-wide colonization in response to chemical treatments, genetic conditions, new 

host-endosymbiont combinations. It is also possible to adapt these procedures to follow-

up analyses of dissected organs and tissue as well. 

Systematic optimization of the body-wide Wolbachia quantification protocol in 

Chapter II opened the possibility of asking titer-related mechanistic questions. In Chapter 

III, we examined whether mechanisms that affect germline Wolbachia titer also influence 

body-wide Wolbachia abundance. Our results show that whole body Wolbachia titers are 

unresponsive to yeast-enriched host diets. Host ovary tissues showed titer reduction in 

response to dietary yeast, however, which is consistent with previous germline-based 

outcomes (Christensen et al., 2019; Serbus et al., 2015). Taken together, these data 

suggest that germline and somatic titers are differentially responsive to host nutrition, 

specifically yeast-induced insulin signaling. Perhaps diet-driven insulin signaling 

changes the location of Wolbachia replication within the body, and/or changes patterns 

of organ invasion in vivo. We hypothesize that the invasion scenario would be marked by 

higher levels of Wolbachia in the hemolymph. There were technical difficulties with our 

initial attempts to quantify hemolymph titer directly. In the future, we will calculate 

hemolymph titer subtractively, by measuring average titer values from whole females, 

from ovarectomized females, and from dissected ovarian tissues, all from shared 

populations of flies. Running control and yeast-rich conditions in parallel will show if a 

Wolbachia shift to the hemolymph has occurred or not. 

Chapter III also addressed the relevance of absolute qPCR over relative qPCR 

while measuring bacterial titer responses to varying treatments. Relative counts don’t 
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exactly show “wrong” answers, but the method does constrain interpretation. A shift in 

the ratio of Wolbachia/host DNA abundance markers could indicate a host copy number 

shift just as easily as a Wolbachia titer shift. In the dietary yeast example, host gene 

copy number increased 1.5-1.8 fold in the yeast-enriched dietary condition, which 

reduces the Wolbachia/ host ratio, though Wolbachia titer was unchanged. Therefore, to 

answer titer-related questions in the context of biology, absolute quantification is 

required for accurate qPCR data interpretation. 

Chapter IV investigated how candidate host mechanisms affect Wolbachia titer in 

vivo. Comprehensive RNAi screens were carried out previously in tissue culture cells to 

identify host factors that regulate Wolbachia titer (Grobler et al., 2018; White et al., 

2017a). However, there are concerns regarding tissue culture cells. In cell culture 

studies, it is not clear why titer changes occurred, as invasion and replication dynamics 

are indistinguishable in that context. We carried out a systematic pilot screen using an 

intact fly model. A major strength of this physiologically appropriate system to study 

colonization is that we can separately analyze replication dynamics vs. invasion 

dynamics. In this case, we focused on analysis of Wolbachia titer changes, to start 

creating a foundation for addressing replication dynamics. 

Our screen strategy was to first identify candidate titer-related host pathways by 

screening small molecule inhibitors, then retest the function of those pathways using 

targeted genetic disruptions. The pilot drug screen revealed 6 “hit” drugs that altered 

Wolbachia titer in 6 total replicate tests across 2 host/strain combinations. These hits 

corresponded to several different host pathways, and further suggest that most of the 

implicated host pathways generally suppress body-wide titer. Perhaps this 

endosymbiotic relationship is commensal due to the restraint of Wolbachia by cellular 

pathways of the Drosophila host. In future experiments, we would like to see the extent 
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to which the drugs exert tissue-specific effects in vivo. This can be achieved by 

comparing Wolbachia abundance from whole body, and specific organs, such as: ovary, 

brain, crop, or fat body samples. It will also be important to test the candidate hit drugs 

on other, more disparate Wolbachia/host systems, for instance, mosquitoes, wasps and 

nematodes. As part of such analyses, the dose-dependency of the drug impact can and 

should be measured in each case. 

The pathway functions from the drug screening were retested using the somatic 

da-GAl4: UAS-RNAi genotype for genetic validation. However, not all of the processes 

implicated by drug hits were confirmed by this genetic knockdown method. Only mTOR 

and Wnt pathways were reconfirmed as hits. One possibility is that the non-corroborated 

pathways are the result of off-target effect from the drugs. Another possibility is that the 

targets specifically disrupted by da-GAl4: UAS-RNAi expression were compensated for 

by functional redundancy of other factors. Alternatively, RNAi expression that is mild 

enough to allow host development, as per the daughterless-GAL4 driver, may not have 

been a strong enough function disruption to elicit a titer phenotype in adulthood. Our 

attempts to induce pathway disruption with the stronger somatic actin-GAL4 driver were 

lethal. Future use of an inducible GeneSwitch GAL4 driver, which can induce a strong 

knockdown upon induction in adults, could help to further interpret host pathway function 

impacts on Wolbachia titer in adult insects. 

It has been revealed by the both drug screen and RNAi knockdowns that 

inhibition of mTOR and Wnt signaling increased body-wide Wolbachia titer. The 

observed effects for tor (mTOR pathway) and armadillo (Wnt pathway) RNAi knockdown 

on body-wide titer were less robust than seen for the drugs. The magnitude of titer 

increase for the drugs was 1.5-2.5 fold, whereas the RNAi experiments showed 1.09-

1.31 fold increase. It should be noted that the RNAi experiments were preliminary, and 
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do not yet include sub-sampling analyses. After determining appropriate sample sizes, 

the impact of the hit pathways can be tested for their spatial versus temporal regulation. 

This can be achieved by the tissue specific knockdown of a gene of interest. For 

instance, using nanos-GAL4 driver to knock down target genes specifically in the ovary, 

or elav-GAL4 to knockdown gene function in the brain. This will specifically address 

whether host effects on titer occur in a tissue-autonomous manner. Conducting a large-

scale RNAi screen is also a possibility, as per our pilot screen, which demonstrated that 

preliminary hits will be detected in the first and every pass of screening. Successive 

retests of only the “hit” lines each time will identify the reproducible ones, to pursue in 

sufficient follow-up replicates for statistical rigor. 

Organismal quantification of Wolbachia titer can also be performed to understand 

Wolbachia replication dynamics throughout host development. Chrostek and colleagues 

previously determined that relative qPCR counts of the wMelPop Wolbachia strain 

increase over time in adult Drosophila males (Chrostek et al., 2013). However, 

considering the influence of host gene copy number in generating relative Wolbachia 

counts, a final interpretation cannot be made from this report. To address this, we are 

now examining Wolbachia abundance across host life cycle using absolute counts. The 

study involves titer measurements at 24-hour intervals from embryo to adult. 

Subsequently, the replication rate will be determined at timepoints that show the greatest 

increases in Wolbachia titer. Wolbachia replication rates will be calculated by measuring 

ploidy within the Wolbachia chromosome, as a ratio of the Origin of replication (Ori) 

versus the replication Terminus (Ter). Since the Ori region is copied first during 

chromosome duplication, it is expected that replicating bacterial populations will exhibit 

an Ori/Ter ratio exceeding 1, whereas stationary phase populations will show an Ori/Ter 

ratio close to 1. Preliminary experiments show an Ori/Ter ratio of 1.2-1.7 during D. 
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melanogaster larval stages when organismal Wolbachia counts show a rapid titer 

increase. There is now great potential in applying these methods to characterize 

Wolbachia replication dynamics within the physiological context of their insect hosts. 

This will provide context for what Wolbachia titer changes represent by helping to 

distinguish between changes in replication vs. clearance by the host.  

This project has created a template for understanding titer control across 

endosymbiotic systems. Using the fascinating endosymbiont Wolbachia as an example, 

our work has effectively demonstrated the cellular basis of Wolbachia-host interactions, 

which was largely unknown until now. The tools that we have introduced to widen the 

mechanistic understanding of titer control, showed complete transparency of how 

techniques were validated. This opens up the possibility to retest mechanisms across 

systems informing the basis for commensalism.  
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