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Abstract
Mechanisms Controlling Wolbachia Titer and Transmission
Pamela White
Wolbachia are gram-negative, obligate, intracellular bacteria infecting a majority of insect
species and filarial nematodes. In both insects and nematodes Wolbachia are primarily
transmitted through the female germ line. Wolbachia carried by filarial nematodes are the
cause of the neglected diseases African river blindness and lymphatic filariasis afflicting
millions worldwide. In order to combat these diseases, we created a Wolbachia-infected
Drosophila cell line that enabled high throughput screening for novel potent anti-Wolbachia
compounds. Of the 36,231 compounds screened in house, 8 compounds dramatically
reduced Wolbachia titer both in the cell and nematode based screen. Significantly, we
discovered that the albendazole metabolite, albendazole sulfone, reduces Wolbachia titer in
Drosophila melanogaster and the filarial nematode Brugia malayi perhaps by directly
targeting Wolbachia FtsZ. Using the Wolbachia-infected cell line, we discovered that in
addition to vertical germ line transmission, Wolbachia are efficiently transmitted horizontally
via cell-to-cell transmission. We show that horizontal transfer is independent of cell-to-cell
contact, can efficiently take place within hours, and uses both host cell phagocytic and
clathrin/dynamin-dependent endocytic machinery. Modifications to our high-throughput
screen in combination with genome-wide RNA interference (RNAI) identified host factors that
influence Wolbachia titer. When these host factors were tested in Drosophila melanogaster
in vivo we found that maintenance of Wolbachia titer relies on an intact host Endoplasmic
Reticulum (ER) associated degradation (ERAD) system. These data, in combination with
electron microscopy studies, demonstrated that Wolbachia is intimately associated with the
host ER and suggested a previously unsuspected mechanism for the potent ability of
Wolbachia to prevent RNA virus replication. To examine the impact of nutritional on
Wolbachia titer, Drosophila were fed sucrose- and yeast-enriched diets. These conditions

resulted in increased and decreased Wolbachia titer in Drosophila oogenesis, respectively,
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and that somatic TOR and insulin signaling mediate the response of the yeast-enriched diet
on Wolbachia. Taken together, these studies provide initial insights into the molecular and

cellular interactions between Wolbachia and its insect and nematode hosts.
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Chapter 1

Introduction

Wolbachia are intracellular maternally transmitted bacteria present in the majority of insect
species as well as some mites, crustaceans and filarial nematodes [5, 6]. Wolbachia were
initially studied in insects because they induce unconventional reproductive phenotypes
including sperm-egg cytoplasmic incompatibility, feminization of males, male-killing, and
parthenogenesis [7, 8]. Wolbachia are essential endosymbionts of some filarial nematodes
and recent studies demonstrated that the host immune response to these bacteria cause
African river blindness and also contribute to lymphatic filariasis [9, 10]. One sixth of the
world population is at risk of infection by Wuchereria bancrofti, Brugia timori, and Brugia
malayi, the filarial nematode species that cause lymphatic filariasis [11]. Wolbachia released
from filarial nematodes into the human body trigger an inflammatory reaction that underlies
the lymphedema and corneal occlusion associated with these neglected diseases [12-22].

Although Wolbachia are widespread in nature and of great interest to both the basic and
translational biomedical communities, the fundamental cell and molecular biology of
Wolbachia-host interactions remain under explored. Consequently, there are a number of
outstanding questions. Of particular significance is identifying the mechanisms that regulate
Wolbachia abundance throughout various cell types in both its nematode and insect hosts.
Additionally, do external factors such as diet influence Wolbachia abundance? While efficient
germ line transmission of Wolbachia is well established, it remains unclear whether horizontal
transmission plays a major role in the Wolbahcia life cycle. And if so, what are the
mechanisms mediating cell-to-cell transfer of Wolbachia? My thesis directly addresses each
of these issues. In addition, because Wolbachia is the cause of filarial nematode-based
neglected diseases, these studies have enabled me to develop a strategy for high-throughput

screening for novel anti-Wolbachia compounds that can be used to combat these diseases.



Wolbachia are obligate symbionts of filarial nematodes required for normal embryogenesis,
larval development and most significantly adult survival [23-31]. A recent study demonstrated
that loss of Wolbachia in the adult results in high levels of apoptosis throughout the nematode
[27]. Studies have also found that much of the pathology associated with filarial nematode
diseases is due to induction of innate and adaptive host immune responses upon release of
Wolbachia from their nematode hosts [12-22]. These discoveries suggest that compounds
directly targeting Wolbachia may be a powerful and complementary alternative to the
conventional approaches for treating these diseases. The major advantage of this approach
is that it targets adults as well as microfilaria and the Wolbachia will be eliminated prior to
death of the nematode, reducing the destructive effects of the human immune response.
Microfilaria is the first larval stage that is released from the adult nematodes. In addition, loss
of Wolbachia leads to a slow death of the adults, providing time for the infected individual to
clear the dead nematodes without deleterious side effects [24, 32-37].

Prior to my arriving in the lab, a cell line was created by Dr. Alain Debec from primary
embryonic cultures of Drosophila melanogaster infected with wMel Wolbachia strain [38].
Wolbachia is stably maintained in these cultures and exhibits a close association with
microtubules as found in Drosophila somatic and germ line tissues [39, 40]. The cell line is
called JW18 and expresses GFP-tagged Jupiter transgene. Jupiter is a microtubule-
associated protein that labels microtubules and facilitates high-throughput, cell-based
screening approaches [41]. Using these cells, we developed the first high-throughput screen
to identify compounds that decrease Wolbachia titer. Chapter 2 discusses results of the first
two libraries that we screened, from the Spectrum Collection and the National Cancer
Institute, totaling 4,926 compounds. From the compounds screened, we found 40 that
reduced Wolbachia titer. This chapter will discuss the structural similarities that we found as
well as one drug metabolite, albendazole sulfone, which potentially targets Wolbachia FtsZ.
Working with the JW18 cells for the high-throughput screen, | discovered Wolbachia is

capable of efficient cell-to-cell transfer. This discovery provided a unique opportunity to



explore the mechanisms of Wolbachia cell-to-cell transmission. In addition, these findings
are in accord with previous reports of horizontal transmission between arthropods has also
been documented in nature [42-44]. In these cases, the simplest routes of transmission
appear to be the hemolymph or the gut, as Wolbachia present in these tissues can easily exit
the host through excretion or injury and come into contact with an uninfected host [45].
Support for this route comes from previous studies demonstrating purified Wolbachia can
remain viable in an extracellular environment and infect mosquito cell lines, ovaries, and
testes when co-cultured [46, 47]. Indeed, Wolbachia cells injected into the hemolymph of an
uninfected fly can navigate to the germ line after crossing multiple somatic tissues not only in
Drosophila [48, 49] but also in parasitoid wasps [50]. It remains unclear how Wolbachia
achieves this, as it must traverse a number of membrane and extracellular matrix barriers.

Insight into the mechanisms driving horizontal Wolbachia transmission will likely come from
work on the well-studied mechanisms by which other pathogenic bacteria invade host cells,
which can be categorized as mechanisms that utilize or alter internalization processes, such
as pinocytosis, phagocytosis, and endocytosis [51]. Pinocytosis involves the invagination of
specialized plasma membrane regions to form pockets that allow for the nonspecific entry of
extracellular particles [52]. Phagocytosis involves the formation of membrane protrusions,
driven by actin rearrangements, to engulf large receptor-bound particles [53]. However, the
use of host cellular pathways for invasion often requires active manipulation by the microbe.
Bacterial entry via modification of host cellular machinery is known to be accomplished via
two general mechanisms, the clathrin-dependent “zipper method” and the bacterial effector-
dependent “trigger method” [54]. In the zipper method, bacteria bind to receptors on the cell
surface that induce actin extensions of the membrane through a clathrin-dependent pathway
and serve to engulf the cell. Bacteria that utilize the trigger method synthesize type llI
secretion systems through which they secrete effector proteins to restructure the host
cytoskeleton in order to facilitate attachment and invasion [54-56]. In addition, invasive

microbes may also up- or downregulate host cellular signaling pathways to disable host



defenses and increase their own survival [57, 58]. While viruses primarily utilize the same
pathways to enter host cells, some enveloped viruses can enter through passive membrane
fusion by simply blending their host-derived envelope with the plasma membrane of a new
host cell [59].

As mentioned, | realized that our Wolbachia infected cell lines, created for our high-
throughput screen, are also the perfect system to research horizontal transmission. In
Chapter 3, experiments relying on combinations of Wolbachia infected and uninfected cells in
combination with fluorescence in situ hybridization (FISH) enabled us to show that horizontal
transfer is independent of cell-to-cell contact, can efficiently take place within hours, and uses
both host cell phagocytic and clathrin/dynamin-dependent endocytic machinery.

A major effort of my thesis project was to identify host factor that control the intracellular
abundance of Wolbachia. To address this comprehensively, we employed a genome-wide
RNA interference (RNAI) screen using the JW18 cells. We did this by modifying our existing
high-throughput screen to identify genes instead of drugs that influence Wolbachia titer. Our
approach was motivated by the success of a number of previous cell-based screens using
Drosophila cell lines [60]. Using Drosophila cells, genome-wide RNAi screens were
performed to identify host genes that alter Listeria monocytogenes, Mycobacterium fortuitum,
Chlamydia caviae, and Francisella tularensis infection and proliferation [61-64]. We
specifically assayed for RNAi-mediated gene knockdowns that either up- or down-regulate
Wolbachia titer.

This screen revealed that host ubiquitin and proteolysis pathways play an especially critical
role in maintaining Wolbachia titer. When this was further tested in Drosophila melanogaster
in vivo we found that maintenance of Wolbachia titer relies on an intact host Endoplasmic
Reticulum (ER) associated degradation (ERAD) system. This in combination with electron
microscopy studies demonstrated that Wolbachia is intimately associated with the host ER
and suggested a previously unsuspected mechanism for the potent ability of Wolbachia to

prevent RNA virus replication.



In addition to host factors that regulate Wolbachia titer, we also examined the role of
environmental factors in regulating Wolbachia abundance. Specifically we examined the
effect of diet on Wolbachia titer in oocytes of D. melanogaster. The data demonstrate that
yeast-enriched diets suppress Wolbachia titer while sucrose-enriched diets increase titer in
the oocyte. Using genetic and chemical disruptions, we discovered that the somatic insulin
and TORC1 pathways (Figure 5.1) are required for yeast-based suppression of oocyte
Wolbachia titer. Using gPCR to determine Wolbachia titer body wide, we found that a yeast-
enriched diet substantially increases somatic Wolbachia titer while sucrose-enriched diets

show no change.



Chapter 2

A Cell-Based Screen Reveals that the Albendazole Metabolite, Albendazole Sulfone, Targets

Wolbachia

2.1 Abstract

Wolbachia endosymbionts carried by filarial nematodes give rise to the neglected diseases
African river blindness and lymphatic filariasis afflicting millions worldwide. Here we identify
new Wolbachia-disrupting compounds by conducting high-throughput cell-based chemical
screens using a Wolbachia-infected, fluorescently labeled Drosophila cell line. This screen
identified several Wolbachia-disrupting compounds including three that resembled
albendazole, a widely used anthelmintic drug that targets nematode microtubules. Follow-up
studies demonstrate that a common albendazole metabolite, albendazole sulfone, reduces
intracellular Wolbachia titer both in Drosophila melanogaster and Brugia malayi, the
nematode responsible for lymphatic filariasis. Significantly, albendazole sulfone does not
disrupt Drosophila microtubule organization, suggesting that this compound reduces titer
through direct targeting of Wolbachia.  Accordingly, both DNA staining and FtsZ
immunofluorescence demonstrates that albendazole sulfone treatment induces Wolbachia
elongation, a phenotype indicative of binary fission defects. This suggests that the efficacy of
albendazole in treating filarial nematode-based diseases is attributable to dual targeting of

nematode microtubules and their Wolbachia endosymbionts.

2.2 Introduction

Wolbachia are intracellular maternally transmitted bacteria present in the majority of all insect
species as well as some mites, crustaceans and filarial nematodes [5, 6]. Wolbachia were
initially studied in insects because they induce unconventional reproductive phenotypes

including sperm-egg cytoplasmic incompatibility, feminization of males, male-killing, and



parthenogenesis [7, 8]. Wolbachia are essential endosymbionts of some filarial nematodes
and recent studies demonstrated that they are the causative agent of African river blindness
and also contribute to lymphatic filariasis [9, 10]. One sixth of the world population is at risk
of infection by Wuchereria bancrofti, Brugia timori, and Brugia malayi, the filarial nematode
species that cause lymphatic filariasis [11]. Wolbachia released from filarial nematodes into
the human body trigger an inflammatory reaction that underlies the lymphedema and corneal
occlusion associated with these neglected diseases [12-22].

Lymphatic filariasis and African river blindness have traditionally been treated through the
administration of three drugs, singly or in combination: diethylcarbamazine (DEC), ivermectin
(IVM) and albendazole (ALB). These drugs target the filarial nematodes associated with
these diseases, namely Onchocerca volvulus, B. timori, B. malayi, and W. bancrofti [9, 10,
65]. DEC disrupts the nematodes by targeting the arachidonic acid metabolic pathway in the
host [66]. IVM disrupts glutamate-gated chloride channels in the nematode that control
release of excretory/secretory vesicles that would normally suppress the immune response
[67, 68]. ALB is a benzimidazole used to disrupt the nematode microtubule cytoskeleton [69].
Orally administered ALB is rapidly metabolized in the intestinal mucosa and liver into
albendazole sulfoxide (ALB-SO) and albendazole sulfone (ALB-SO2) [70, 71]. ALB-SO is
normally considered to be the “active,” form of albendazole against systemic parasites, while
ALB-SO2 is considered to be an inactive form of the drug [72]. All three drugs exhibit
microfilaricidal effects [65]. The macrofilaricidal effects of ALB are not clear, though specific
formulations induce worm sterility in animal models [73]. In addition, a number of clinical
trials demonstrate that ALB when used in combination with DEC or IVM is macrofilaricidal
[74-78].

Wolbachia are obligate symbionts of filarial nematodes required for normal embryogenesis,
larval development and perhaps most significantly adult survival [23-31]. A recent study
demonstrated that loss of Wolbachia in the adult results in high levels of apoptosis throughout

the nematode [27]. Studies have also found that much of the pathology associated with



filarial nematode diseases is due to induction of innate and adaptive host immune responses
upon release of Wolbachia from their nematode hosts [12-22]. These discoveries suggest
that compounds directly targeting Wolbachia may be a powerful alternative to the more
traditional approaches for treating these diseases. The major advantage of this approach is
that it targets adults as well as microfilaria and the Wolbachia will be eliminated prior to death
of the nematode, reducing the destructive effects of the human immune response. In
addition, loss of Wolbachia leads to a slow death of the adults, providing time for the infected
individual to clear the dead nematodes without deleterious side effects [24, 32-37]. Finally,
antihelminthic drugs such as ivermectin, administered to patients co-infected with Loa loa
nematodes, can potentially trigger lethal encephalitis [79]. Loa loa does not require or
maintain Wolbachia and thus will not be affected by anti-Wolbachia therapies, thereby
avoiding these deleterious side effects [80]. The promise of anti-Wolbachia based therapies
in combating lymphatic filariasis has been demonstrated in clinical trials in which daily doses
of doxycycline (DOX) for 4 weeks resulted in nematode sterility and death [10]. In addition,
the pathologies associated with the infection, lymphedema and hydrocele, were dramatically
reduced [12, 13].

These studies also revealed that a three-week course of DOX was insufficient to produce
significant mortality of the adult nematodes, highlighting the need to identify more potent anti-
Wolbachia compounds [81]. To this end, we generated a Wolbachia-infected Drosophila cell
line and conducted an automated, cell-based screen to identify lead compounds that reduced
intracellular Wolbachia infection. This screen of two libraries totaling 4,926 compounds
identified 40 anti-Wolbachia compounds, including several that structurally resemble ALB.
Our follow-up testing indicated that ALB-SO2 directly targets Brugia by depolymerizing its
microtubules. Here we demonstrate that ALB-SO2 also disrupts Brugia Wolbachia
independently of its effects on the Brugia cytoskeleton. Furthermore, ALB-SO2 treatment of
Brugia led to visibly elongated Wolbachia morphology indicative of a binary fission failure,

consistent with a direct impact of ALB-SO2 upon Wolbachia.



2.3 Results

Development of a Drosophila cell line constitutively infected with Wolbachia

To identify compounds that affect intracellular Wolbachia titer, we generated new Drosophila
tissue culture cells constitutively infected with Wolbachia [82] (see Methods). There is
currently no stable nematode tissue culture line, nor any type of cell line constitutively
infected with Wolbachia derived from filarial nematodes. Wolbachia-infected insect cells
provide an opportunity to identify drugs that disrupt Wolbachia through conserved molecular
pathways. The cell line used for this study, JW18, is particularly amenable to high throughput
screening as Wolbachia are maintained in approximately 90% or more of the host cell
population (n = 1,053 cells scored). The Wolbachia load in 6.7% of infected cells ranges from
1-46 bacteria, while Wolbachia load in the other 93% of infected cells is obscured by
crowding of the bacteria (n = 205 cells scored). The mitotic index of JW18 and tetracycline-
cured JW18 cells, henceforth referred to as JW18TET, was 0.27% and 0.68% respectively,
which are not significantly different according to Chi square tests (n = 1,876 and 2,339).
Furthermore, no significant difference was observed in the frequency of binucleate cells
between JW18 (9.1%, n = 873) and JW18TET cells (11%, n = 1,081). Thus, Wolbachia do
not exert an obvious influence on the regulatory or structural mechanisms governing
progression of the cell cycle in the JW18 cell line. However, this analysis does not preclude
more subtle cycle cell effects.

To test whether Wolbachia exhibit normal interactions with the host cytoskeleton, we used a
cell line that constitutively expresses a GFP-Jupiter fusion protein that binds to and labels
microtubules [41] (Figure 2.1). During interphase, Wolbachia are closely associated with
Jupiter-GFP-labeled microtubules (Figure 2.1A-B, Video S1). Live imaging demonstrates
that Wolbachia move processively along those interphase microtubules (Video S2),

consistent with earlier reports of Wolbachia-microtubule interactions [39, 40, 83, 84]. During



mitosis, Wolbachia were asymmetrically distributed throughout the cytoplasm in 82% of cells
(n =56, Figure 2.1C-F, Table S1), reminiscent of Wolbachia localization patterns observed in
embryonic and larval neuroblasts [40]. These data indicate that Wolbachia distribution in the

JW18 cell line is consistent with that of intact Drosophila tissues.

Figure 2.1: Wolbachia distribution in JW18 cells. Interphase of A) JW18 and B)
JWA18TET cells. Mitotic cells in C) prophase, D) prometaphase, E) metaphase, and F)
late anaphase. Blue: Jupiter-GFP. Green: DAPI-labeled Wolbachia. Yellow: Histone H1
(A-B) and phospho-histone (C-F).

Automated cell based screening for anti-Wolbachia compounds

10



High-throughput cell-based screens using automated microscopy have proven effective in
identifying new compounds targeting specific biological processes [85, 86]. Here we used
the JW18 cell line in a 384 well format to screen 2,000 compounds from the Spectrum
Collection and 2,926 compounds from the National Cancer Institute for reduction of
Wolbachia titer. These libraries include structurally and functionally diverse synthetic
compounds, FDA-approved drugs, compounds with biological activity and a set of natural
products. After a 5-day incubation period, the cells were fixed, stained, and imaged using
automated robotics (Figure S1, Methods). Customized software was used to analyze the
images and score the percentage of Wolbachia-infected cells in each well. Treatment wells
showing significant reduction of Wolbachia-infected cells in at least 2 of 3 replicates as
compared to the JW18 control and the entire cell population in general were scored as
preliminary hits. Compounds known to be generally hazardous were excluded, resulting in a
finalized hit list.

18 compounds from the Spectrum library, and 22 compounds from the NCI library exhibited
consistent, potent anti-Wolbachia activity in the screen (Figure 2.2, Table S2). A number of
these compounds are already known to exert antimicrobial activity, consistent with
expectations from the assay. For example, one of the hits CID484401 (totarol acetate) is a
known inhibitor of the essential bacterial division protein, FtsZ [87]. CID42640 is a DNA
damaging agent that has been shown to inhibit Mycobacterium tuberculosis [88].
Significantly, the hit CID313612 is structurally similar to CID42640. CID16524 (pyronin B) is
a quaternary ammonium compound; many such compounds serve as the antimicrobial
agents in commercial disinfectants [89]. An additional hit compound, CID6364517 has also
been shown in a prior screen to exert antibacterial activity against Streptococcus pyrogenes
(Pub-chem BioAssay AID1900 and AID1915, conducted by the Broad Institute).
Furthermore, a number of chemotherapy drugs were identified by the screen: CID30323
(daunorubicin), CID31703 (doxorubicin), CID65348 (epirubicin) and CID4212 (mitoxantrone)

were identified as hits, along with the derivatives CID5351490 (cinerubin B) and CID27590

11



(mitomycin B). Many of these drugs were originally isolated from bacteria in nature. It is
presumed that these compounds are used to gain a competitive advantage over neighboring

bacteria. As such, this class of drugs is referred to as to “anticancer antibiotics” [90-93].

15 Infected
control
range

1.0 :

@ Normalized

0.5

o ® ® oo 3 “hit” range
A A =
0.0 °

& o ® Uninfected

-0.5 e control

- = range

A o0

Infected

15 control
range

1.0 =

@0 e 00 Normalized

05 “hit” range

® A & A
0.0 =
A, @
-0.5 ¢ Uninfected
@ ‘ A control
-1.0 @ B range
B 15

Figure 2.2: Summary of screening hits. The Wolbachia depletion activity of each
finalized “hit” compound is displayed as a graphical plot. As the hit range for each plate
varied slightly, the range for all plates was normalized to a span from 0-1 to enable a
comparative display of all hits. A) Spectrum library hits. B) NCI library hits. Green
triangles: hit compounds exhibiting low toxicity. Yellow squares: moderately toxic
compounds. Red triangles: toxic compounds. Purple circles: toxicity of the compound
unclear. Circled, from left to right: Albendazole-like hits CID5382764, CID5458770, and
CID5351210.

Doxycycline (DOX) did not come up as a hit in this screen. This was unexpected as DOX
has proven to be an effective anti-Wolbachia reagent in lab and clinical settings [10].

However, treating the same Wolbachia strain with DOX in the context of Drosophila
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oogenesis revealed marked Wolbachia susceptibility to DOX (Figure 2.3A—C). This suggests
that the mechanism accounting for this difference in DOX efficacy is dependent upon
properties of the host cell rather than the Wolbachia strain. It may be that efflux pumps in the
JW18 cell line are particularly effective at expelling DOX. Alternatively, the bacteriostatic
effects of DOX may not readily be detected in our assay because of the relative growth rates
of Wolbachia and the JW18 host cells. Regardless of the mechanism, it is not general, as
this screen yielded a number of new potent anti-Wolbachia compounds.

To further investigate the hit compounds identified by the screen, we first examined their
structures. This revealed that the benzimidazole CID5382764 and the benzthiazoles
CID5458770 and CID5351210 share structural similarity to ALB, the widely used, FDA-
approved anti-helmintic drug known for disrupting helminthic microtubules (Figure 2.4). The
hit compounds were also assessed for cytotoxicity by consulting prior screens run by the NCI
against human cancer cell lines and measuring the impact of the compounds on cell
proliferation in our own assay. This indicated that 11 of 22 hits from the NCI library and 7 of
18 hits from the Spectrum library exhibit unacceptable toxicity levels, while the remaining 22
hit compounds exhibited low or unknown cytotoxicity (Figure 2.2, Table S2). By this
measure, two of the ALB-like compounds, CID5458770 and CID5382764, were indicated to

be non-toxic (Figure 2.2).

Albendazole-like compounds reduce Wolbachia titer in Drosophila oogenesis
Drosophila has proven a particularly effective model system for in vivo compound testing of a
wide array of biological processes [94]. Here we used the Drosophila oocyte as a secondary

screen for retesting the ALB-like hits identified in the cell-based screen.
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Figure 2.3: Albendazole-like compounds suppress Wolbachia titer in both D.
melanogaster and B. malayi. Propidium iodide staining indicates host DNA as large
circles and Wolbachia as small puncta. A-C) Assessment of Wolbachia titer in stage
10A D. melanogaster oocytes. Posterior pole is down. A) DMSO control. B)
Doxycycline-treated. C) Average quantity of Wolbachia detected in single oocyte focal
planes. D-F) Wolbachia staining in the B. malayi mitotic proliferation zone. Green
arrows indicate Wolbachia puncta. D) DMSO control. E) Doxycycline-treated. F)
Albendazole sulfone-treated. G) Average quantity of Wolbachia per host nucleus in the
distal ovary of treated Brugia malayi. Conditions that significantly deplete Wolbachia are
indicated by asterisks. Scale bars: A-B) 30 mm. D-F) 10 mm.
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Figure 2.4: Chemical Structures of Albendazole, Albendazole metabolites and the
Albendazole-like NCI hit compounds. Structural differences from the parent
compound are indicated in red. A) ALB. B) ALB-SO. C) ALB-SO2. D) CID5382764. E)
CID5458770. F) CID5351210.

This system provides the advantages that the Wolbachia strain is the same as in the JW18
cell line, and Wolbachia titer in the oocyte is known to greatly increase between stage 3 and
10A, approximately a 40-hour period [83, 95, 96]. Starved adult Drosophila were fed yeast
paste containing compounds at a concentration of 100 uM for 24 hours. Stage 10A oocytes
were fixed and labeled, followed by imaging and quantification of their Wolbachia as
described in the Methods. Average titer measurements from single focal planes have been
shown to be representative for comparing Wolbachia titer between different conditions [95].
DMSO control oocytes exhibited 268+/-214.3 Wolbachia within a single oocyte focal plane
(Figure 2.3A—C). Oocytes treated with DOX exhibited 141+/-212.4 Wolbachia (p <0.001).
Treatments with CID5458770 yielded oocytes displaying 174+/-212.7 Wolbachia (p<0.001).
Furthermore, CID5382764-treated oocytes exhibited 161+/-215.9 Wolbachia (p<0.001, Figure
2.3). Thus, both of the non-toxic, ALB-like hits identified by the cell screen deplete Wolbachia
titer in Drosophila oogenesis similarly to DOX.

These results motivated us to determine whether ALB and its common metabolites, ALB-SO

and ALB-SO2 (Figure 2.4), also affect Wolbachia titer in vivo. Wolbachia counts from single
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oocyte focal planes indicated that ALB and ALB-SO treatments did not significantly affect
Wolbachia titer, with 216+/-222.5 and 299+/-230.0 Wolbachia detected per oocyte,
respectively (Figure 2.3C). However, ALB-SO2-treated oocytes exhibited markedly fewer
Wolbachia than the control, with 167+/-214.8 Wolbachia evident per oocyte (p<0.001, Figure

2.3). This indicates that the ALB-SO2 metabolite exerts anti-Wolbachia effects in Drosophila.

Albendazole sulfone disrupts Wolbachia titer in B. malayi

To investigate whether the anti-Wolbachia effect of ALB-SO2 applies to a disease model, we
treated adult B. malayi nematodes in vitro. After a 3-day incubation period, Wolbachia were
imaged in the distal tip region of the Brugia ovary referred to as the “mitotic proliferation
zone” due to enriched replication of host nuclei in this tissue [97]. Wolbachia densely
populate this region of the distal ovary in DMSO controls (Figure 2.3D). By contrast,
Wolbachia titer is visibly depleted in worms treated with either ALB-SO2 or DOX (Figure
2.3E—F). Quantitation of Wolbachia further supports this observation, with DMSO-treated
Brugia exhibiting 5.4 Wolbachia on average per host nucleus (n = 419 bacteria scored). By
contrast, ALB-SO2-treated worms carried significantly fewer bacteria, exhibiting 1.3+/-20.45
Wolbachia per host nucleus (n = 263) (p<0.001). This depletion was similar to DOX-treated
worms, which exhibited 1.1+/-20.19 Wolbachia per host nucleus (n = 283) (p<0.001). This

indicates that the Wolbachia-depleting impact of ALB-SO2 extends to B. malayi.

Albendazole sulfone has no impact on microtubule organization in Drosophila

A consistent Wolbachia-disrupting effect for ALB-SO2 raises the question of the mechanism
of action of this metabolite. ALB and other benzimidazoles are known to bind to beta-tubulin
and disrupt microtubule polymerization [98-101]. Previous studies from Drosophila have
demonstrated that Wolbachia titer is affected by host microtubules [83, 95]. This raised the
possibility that the reduction of Wolbachia titer upon exposure to ALB-SO2 is due to an

impact of this compound on microtubule organization. Prior mutant studies identified key
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amino acids within beta tubulin that are important for the microtubule-disrupting impact of
benzimidazoles. Residues N165 and Y200 are thought to form a hydrogen bond that restricts
accessibility to a benzimidazole binding site [102]. Interestingly, most of the beta tubulin
homologs in Drosophila encode the residues that correspond to benzimidazole resistance
(Figure S2). This suggested that the Drosophila microtubule cytoskeleton should be
unaffected by ALB-SO2 treatment.

To test whether ALB-SO2 affects microtubule organization in Drosophila oogenesis, a
combination of approaches was used. Intracellular Wolbachia localization was examined,
taking advantage of the prior finding that Wolbachia concentrate at the oocyte posterior
cortex in a microtubule-dependent manner [84, 103]. In this study, posterior Wolbachia
localization was detected in 95% of DMSO controls and 93% of ALB-SO2-treated oocytes (n
= 56 and 46, respectively, Figure 2.5G-H). This differed significantly from oocytes treated
with the microtubule-disrupting drug, colchicine, where only 21% exhibited posterior
Wolbachia localization (p < 0.001, n = 13, Figure 2.51) [84]. The Drosophila oocyte
cytoskeleton was also directly examined by immunolabeling microtubules [104]. Stage 10B
oocytes are known to undergo large-scale, microtubule-dependent cytoplasmic streaming,
coincident with formation of microtubule bundles. As cytoplasmic streaming is a highly
dynamic process, this bundling varies somewhat between oocytes, and changes within
individual oocytes over time [104, 105]. DMSO controls and oocytes treated with ALB-SO2
exhibited microtubule bundling at stage 10B, while the cytoplasm of colchicine-treated stage
10B oocytes was devoid of filamentous structures (Figure 2.5J-L) [105]. Thus, ALB-SO2 did
not affect the overall orientation or structure of the oocyte microtubule cytoskeleton in
Drosophila oocytes, though this compound dramatically decreases Wolbachia titer (Figure
2.3). This indicates that ALB-SO2 reduces Wolbachia titer through a microtubule-

independent mechanism in Drosophila.
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Figure 2.5: ALB-SO2 visibly disrupts microtubules in Brugia, but not in D.
melanogaster. A—F) Images from the Brugia lateral chord. A-C) DMSO control. D-F)
ALB-SO2-treated. G-I) Propidium iodide labeling in stage 10A Drosophila oocytes. G)
DMSO control. H) ALB-SO2-treated. 1) Colchicine-treated. J—L) Anti-alpha tubulin
staining in stage 10B oocytes. J) DMSO control. K) ALB-SO2-treated. L) Colchicine-
treated. Arrows indicate microtubule bundles. Scale bars: A—F) 12 mm. G-L) 30 mm.
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Albendazole sulfone disrupts Wolbachia titer in Brugia via a microtubule-independent
mechanism

The findings above raised the question of whether ALB-SO2 disrupts Wolbachia titer
independently of microtubules in B. malayi, analogous to Drosophila. The beta-tubulin genes
of B. malayi carry the amino acid changes of N165S and Y200F that are associated with
susceptibility to benzimidazoles like ALB-SO2 (Figure S2). To assess the impact of ALB-
SO2 on B. malayi microtubules in vivo, whole-mount immunostaining was performed.
Examination of Brugia hypodermal chords revealed a dense meshwork of microtubules in
DMSO-treated controls (Figure 2.5A—C). In contrast, treatment with ALB-SO2 disrupted the
Brugia microtubule cytoskeleton, although linear remnants remained visible throughout the
hypodermal chord (Figure 2.5D—F). This demonstrates that ALB-SO2 disrupts much of the
host microtubule cytoskeleton in B. malayi.

To determine whether the titer of Brugia Wolbachia relies upon host microtubules, we treated
B. malayi with colchicine. To verify that colchicine disrupts microtubules in B. malayi,
immunostaining was performed in the hypodermal chords of colchicine-treated worms as
above. This analysis revealed that microtubule structure and organization was largely
eliminated by colchicine treatment. To then assess the impact of colchicine on Wolbachia
titer, Wolbachia were imaged in the distal ovary. Interestingly, colchicine-treated worms
exhibited an average of 5.1+/-20.93 Wolbachia per host nucleus (n = 193 bacteria scored), a
value that is not significantly different from its DMSO controls by Chi square test (Figure
2.3G). This indicates that microtubule disruption has little impact on Wolbachia titer in B.
malayi. This suggests that ALB-SO2 is also unlikely to suppress Wolbachia titer through its
microtubule-disrupting effects, and implicates a microtubule-independent mechanism for

ALB-SO2 suppression of Wolbachia titer in B. malayi.
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Albendazole sulfone induces Wolbachia elongation in B. malayi ovary

To further pursue the mechanism by which ALB-SO2 disrupts Wolbachia, we examined its
impact on Wolbachia morphology in Brugia tissue. In the mitotic proliferation zone of the
distal ovary, ALB-SO2 treatment corresponded to elongation of Wolbachia nucleoids as
compared to DMSO controls (Figure 2.6C—F). Wolbachia were also immunostained with an
antibody raised against Wolbachia FtsZ, which crisply defines the boundaries of the
Wolbachia cytoplasm [106]. The FtsZ staining also revealed an elongated Wolbachia
morphology in ALB-SO2-treated Brugia relative to the DMSO control (Figure 2.6G-H).
Furthermore, quantification of Wolbachia length indicated that only 2.5% of Wolbachia in the
DMSO controls exceeded 2.5 mm in length, whereas 17% of Wolbachia in ALB-SO2 treated
worms exceeded this length (n = 201 and 126, respectively) (p<0.001) (Figure 2.6l). This
demonstrates that ALB-SO2 induces Wolbachia elongation in the Brugia ovary.

Wolbachia were also examined in the hypodermal chords, which are syncytial somatic
tissues that run along the entire length of the Brugia body wall. Comparing Wolbachia in
DMSO and ALB-SO2-treated hypodermal chords revealed little difference in bacterial
morphology (Figure 2.6A-B). This indicates that Wolbachia in the hypodermal chord do not

respond to ALB-SO2, in contrast to Wolbachia in the distal ovary of B. malayi.

Wolbachia elongation occurs independently of host microtubules

A role for ALB-SO2 in inducing Wolbachia elongation could be due to an indirect effect from
disrupting host microtubules, or through an alternative mechanism. To distinguish between
these possibilities, B. malayi ovaries were treated with colchicine and assessed for
Wolbachia length. Examination of DMSO vs. colchicine-treated Brugia revealed no obvious
differences in Wolbachia morphology between conditions (Figure 2.6J-K). Wolbachia length
was also quantified, and neither DMSO nor colchicine-treated tissues harbored Wolbachia
exceeding 2.5 mm in length (Figure 2.61). This differs significantly from ALB-SO2-treated

Wolbachia, which frequently exceeded 2.5 mm in length (p < 0.001) (Figure 2.61). Thus,
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overall microtubule disruption in Brugia did not change Wolbachia morphology as was seen
for ALB-SO2 treatment. This indicates that ALB-SO2 induces Wolbachia elongation

independently of host microtubules in Brugia malayi.
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Figure 2.6: ALB-SO2 treatment induces Wolbachia elongation in the Brugia ovary,
but not in the lateral chords. Green arrows indicate highly elongated Wolbachia. A—B)
DNA staining is shown in the lateral chords. A) DMSO control. B) ALB-SO2-treated. C—
F) DNA staining in the mitotic proliferation zone of the distal ovary. C-D) DMSO control.
E-F) ALB-SO2-treated. G-H) FtsZ stain indicates Wolbachia (rod shapes) as well as
host nuclear background. These panels represent maximum projections of 25
individually captured focal planes. |) Percentage of Wolbachia population exceeding 2.5
mm in treated Brugia ovaries. J-K) DNA stain in DMSO control (J) vs. a colchicine-
treated ovary (K). Scale bars: 10 mm.
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2.4 Discussion

Here we report the first high-throughput cell-based screen using automated microscopy to
identify anti-Wolbachia compounds. The cell line used in this screen was established from
primary culture preparations from Wolbachia-infected Drosophila embryos bearing the GFP-
tagged microtubule binding protein Jupiter (Figure 2.1). Wolbachia have been stably
maintained and transmitted in this line for years. Live analysis of interphase JW18 cells
reveals that Wolbachia closely associate with and move along microtubules (Video S1),
consistent with previous studies showing that Wolbachia transport and positioning are
microtubule-dependent [40, 83, 84]. Although there is variability from generation to
generation, approximately 90% of JW18 cells are infected with variable amounts of bacteria.
This is consistent with previous studies of Wolbachia-infected Drosophila, Spodoptera
frugiperda and Aedes albopictus cell lines showing widely variable bacteria loads per cell
[107-112]. Perhaps this variation in Wolbachia load is due in part to asymmetric partitioning
of Wolbachia in mitotic JW18 cells (Figure 2.1, Table S1). This same Wolbachia strain has
previously been reported to segregate asymmetrically in mitotic embryonic Drosophila
neuroblasts and Aa23 tissue culture cells [40, 110]. In addition, variants have been identified
in D. simulans in which asymmetric segregation of Wolbachia may occur in the germ line
stem cells of the oocyte [113]. This contrasts with other evidence that Wolbachia partition
evenly during mitosis in early Drosophila embryogenesis and in A. albopictus C7-10R tissue
culture cells [40, 111]. Future work is needed to address the underlying mechanisms that
govern segregation of Wolbachia in mitotic cells.

Our automated, image-based screens of 4,926 compounds from the NCI and Spectrum
libraries revealed 40 compounds that depleted Wolbachia titer. Of these, 22 were classified
as either non-toxic or of unknown toxicity (Figure 2.2, Table S2). Among the more
characterized hit compounds, we identified totarol acetate, an inhibitor of the key bacterial
division protein, FtsZ. This finding is consistent with a previous report describing FtsZ as a

potential target for anti-Wolbachia therapy [114]. We also identified pararosaniline pamoate
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and pyrvinium pamoate as Wolbachia-depleting hits. These drugs have been employed as
antihelmintics to treat patients infected with roundworms like Enterobius vermicularis and the
trematode Schistosoma japonicum [115, 116]. Our result raises an additional possibility that
these hosts rely upon endosymbiotic bacteria to support their viability, and an anti-bacterial
effect of these drugs thus indirectly compromises the host. No other Secernentea outside of
the Filariodea have been reported to carry Wolbachia to date, though the Rhabditida order is
the only one to have been systematically tested [117]. However, the Trematodes
Acanthatrium oregonense and Nanophyetus salmincola have been reported to harbor the
mutualistic bacteria Neorickettsia ristici and N. helminthoseca, respectively [118].
Furthermore, estradiol was also identified by our screen as a Wolbachia-depleting compound.
This finding may help to explain why women exhibit symptoms of lymphatic filariasis less
often than men in endemic areas, where 10% or fewer of females exhibit symptoms as
compared to 10-50% of men [119]. Since Wolbachia can induce a TLR-2 and TLR-6-
mediated inflammatory response analogous to that observed in lymphatic filariasis patients,
the literature invokes a contribution of Wolbachia to the pathology of lymphatic filariasis [12-
14, 19-21]. Perhaps higher estradiol levels in female patients help to suppress Wolbachia
load, thereby preventing TLR-2/6 induction and development of lymphatic filariasis
symptoms.

An examination of the largely uncharacterized hits from the JW18 screen revealed that
CID5458770, CID5382764 and CID5351210 structurally resemble ALB (Figure 2.4). Follow-
up studies revealed that the non-toxic ALB-like compounds CID5458770 and CID5382764
exhibited Wolbachia-depleting activity in Drosophila oogenesis as well. This raised the
possibility that ALB or its metabolites may have a similar activity in vivo. These studies
surprisingly revealed that the ALB-SO2 metabolite depleted intracellular Wolbachia titer in
Drosophila oogenesis, while ALB and ALB-SO did not (Figure 2.3). Furthermore, ALB-SO2
disrupts Wolbachia titer and morphology and alters host microtubules in B. malayi (Figure

2.3, 2.5, 2.6). These findings contrast with routine descriptions in the literature of ALB-SO2
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as an inactive metabolite. It appears that ALB-SO2 inactivity has been interpreted from the
lower abundance of the ALB-SO2 metabolite in human serum and urine relative to ALB-SO
[70-72] as well as the relatively weaker ability of ALB-SO2 to compete against unlabeled
benzimidazoles for binding to Haemonchus contortus tubulin in vitro [100]. However, the
sequence of Brugia beta tubulin predicts susceptibility to benzimidazoles like ALB-SO2
(Figure 2.4, Figure S2), and evidence from other non-nematode systems supports a role for
ALB-SO2 as an active metabolite. An in vitro competitive binding assay using colchicine
showed that ALB-SO?2 is slightly better at disrupting polymerization of Ascaris suum tubulin
than either ALB or ALB-SO [120]. Studies from the tapeworm Echinococcus multilocularis
showed ALB-SO2 to be similarly effective to ALB-SO in inducing structural defects and worm
lethality. Other studies of the microsporidian parasites Encephalitozoon cuniculi, E. hellem,
and E. intestinalis indicated that ALB-SO2 is at least 5 times more effective at inhibiting
growth than either ALB or ALB-SO [121]. Building upon those prior findings, this study is the
first we are aware of to definitively show an active role for the ALB-SO2 metabolite in filarial
nematodes.

A surprising outcome from this study was that ALB-SO2 disrupts Wolbachia independently of
its effects on host microtubules. Previous studies have shown that host microtubules and
microtubule-based motor proteins facilitate replication of Salmonella and Chlamydia [122-
129]. Prior work in Drosophila indicates that normal levels of Wolbachia rely in part upon
intact host microtubules as well [83, 95]. This study confirms that Brugia microtubules are
vulnerable to ALB-SO2 in vivo, raising the possibility that ALB-SO2 acts indirectly upon
Wolbachia through the host cytoskeleton. However, colchicine treatments that eliminate
Brugia microtubules had no significant impact on Wolbachia titer or elongation. Furthermore,
ALB-SO2 suppressed Wolbachia titer in Drosophila even though there was no detectable
impact on host microtubules in this system. Thus, ALB-SO2 does not disrupt Wolbachia

through an influence on the host microtubule cytoskeleton.
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The elongation of Wolbachia induced by ALB-SO2 suggests a possible mechanism of action
for this compound. It has been widely documented that extensive bacterial elongation,
referred to as filamentation, ensues when binary fission is disrupted, due to continued growth
of the bacteria despite the failure of abscission [101, 130]. Thus, Wolbachia elongation in
ALB-SO2-treated ovaries suggests that ALB-SO2 is preventing abscission of growing and
replicating Wolbachia. By contrast, ALB-SO2 treatment had no visible impact on Wolbachia
length in Brugia hypodermal chords. This suggests that the Wolbachia bacteria residing
within the hypodermal chord are in a non-growing steady state as compared to the
proliferating Wolbachia population in the distal region of the B. malayi ovary. If confirmed,
this implies that bacteriostatic drugs may not be effective at clearing Wolbachia from the
hypodermal chords.

ALB-SO2 could disrupt Wolbachia binary fission by targeting a number of different factors.
Proper binary fission relies upon assembly of FtsZ filaments at the future fission site, which
then leads to recruitment of numerous other factors that help stabilize and constrict the
division septum [131]. ALB has been shown to suppress titer and induce filamentation of
Mycobacterium tuberculosis [132], and numerous studies demonstrate that ALB-like com-
pounds target and disrupt FtsZ in Staphylococci, Escherichia coli and M. tuberculosis [101,
132-143]. A role for ALB-SO2 in disrupting Wolbachia FtsZ function would be consistent with
this body of work. However, given staining variability and resolution limits of the Brugia
system, it is not currently possible to distinguish whether FtsZ concentration or distribution in
vivo is significantly different between DMSO and ALB-SO2-treated conditions. An alternative
possibility is that ALB-SO2 disrupts binary fission without directly targeting FtsZ. For
example, some ALB-like compounds can intercalate into DNA and thus serve as potential
DNA damaging agents [101]. DNA damage is known to induce the FtsZ-inhibitor SulA,
leading to bacterial filamentation [144, 145]. It is further possible that ALB-SO2 targets other
as-yet unrecognized factors that are key to initiation and execution of Wolbachia binary

fission.
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This study has redefined the mechanism by which ALB acts against filarial nematodes.
Building upon work by others, the data of this study suggest that ALB administered to
humans disrupts B. malayi by a two-fold impact. First, ALB and its metabolites disrupt the
filarial microtubule cytoskeleton, leading to rapid death of microfilariae. Second, our study
indicates that the ALB-SO2 metabolite is directly targeting Wolbachia. Certain formulations
of ALB were previously shown to lead to Brugia sterility in animal models, but the mechanism
underlying this effect was unclear [73]. It is possible that microtubule disruption by ALB and
its metabolites directly compromises the structure of the adult germ line in Brugia. However,
DOX-based elimination of Wolbachia from the female germ line has also been shown to
induce apoptosis in germ line cells [27]. Perhaps ALB-SO2-mediated disruption of Wolbachia
contributes further to destruction of the Brugia germ line. ALB-SO2 may serve as a valuable
asset in the campaign against Wolbachia-based disease. Used in tandem with conventional
antibiotics, ALB-SO2 may shorten the effective treatment time of anti-Wolbachia treatments
from the current 4 to 6 weeks [9, 10]. Itis likely that more potent derivatives of ALB-SO2 may
be discovered with enhanced the specificity for Wolbachia. I|dentification of the ALB-SO2
target will enable optimization of the compound to provide a possible alternative route for

future treatment of African river blindness and lymphatic filariasis.
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Chapter 3

Mechanisms of Horizontal Cell-to-Cell Transfer of Wolbachia in Drosophila melanogaster

3.1 Abstract

Wolbachia is an intracellular endosymbiont present in most arthropod and filarial nematode
species. Transmission between hosts is primarily vertical, taking place exclusively through
the female germ line, although horizontal transmission has also been documented. The
results of several studies indicate that Wolbachia can undergo transfer between somatic and
germ line cells during nematode development and in adult flies. However, the mechanisms
underlying horizontal cell-to-cell transfer remain largely unexplored. Here, we establish a
tractable system for probing horizontal transfer of Wolbachia between Drosophila
melanogaster cells in culture using fluorescence in situ hybridization (FISH). First, we show
that horizontal transfer is independent of cell-to-cell contact and can efficiently take place
through the culture medium within hours. We further demonstrate that efficient transfer
utilizes host cell phagocytic and clathrin/dynamin-dependent endocytic machinery. Lastly, we
provide evidence that this process is conserved between species, showing that horizontal
transfer from mosquito to Drosophila cells takes place in a similar fashion. Altogether, our
results indicate that Wolbachia utilizes host internalization machinery during infection, and

this mechanism is conserved across insect species

3.2 Introduction

Wolbachia are intracellular bacteria that are transmitted through the female germ lines of
arthropods and filarial nematodes [7, 84]. In arthropods, Wolbachia function as either a
mutualist or a parasite, while in filarial nematodes, Wolbachia are essential for host survival.
Efficient maternal transmission of Wolbachia cells in Drosophila melanogaster requires their

localization to the posterior cortex of the developing embryo, as this is the future site of the
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germ line [6]. In filarial nematodes, Wolbachia cells undergo a precise pattern of migration
during host development that involves not only asymmetric mitotic segregation but also the
invasion of germ line precursors from somatic cells [106]. Thus, the ability of Wolbachia to
undergo cell-to-cell transfer plays an important role in maintaining vertical transmission [146].
While Wolbachia are primarily vertically transmitted, horizontal transmission between
arthropods has also been documented in nature [42-44]. In these cases, the simplest routes
of transmission appear to be the hemolymph or the gut, as Wolbachia present in these
tissues can easily exit the host through excretion or injury and come into contact with an
uninfected host [45]. Support for this route comes from previous studies that found that
purified Wolbachia can remain viable in an extracellular environment and infect mosquito cell
lines, ovaries, and testes when co-cultured [46, 47]. Indeed, Wolbachia cells injected into the
hemolymph of an uninfected fly can navigate to the germ line after crossing multiple somatic
tissues not only in Drosophila [48, 49] but also in parasitoid wasps [50]. It remains unclear
how Wolbachia achieves this, as it must traverse a number of membrane and extracellular
matrix barriers.

Insight into the mechanisms driving horizontal Wolbachia transmission will likely come from
work on the well-studied mechanisms by which other pathogenic bacteria invade host cells,
which can be categorized as mechanisms that utilize or alter internalization processes, such
as pinocytosis, phagocytosis, and endocytosis [51]. Pinocytosis involves the invagination of
specialized plasma membrane regions to form pockets that allow for the nonspecific entry of
extracellular particles [52]. Phagocytosis involves the formation of membrane protrusions,
driven by actin rearrangements, to engulf large receptor-bound particles [53]. However, the
use of host cellular pathways for invasion often requires active manipulation by the microbe.
Bacterial entry via modification of host cellular machinery is known to be accomplished via
two general mechanisms, the clathrin-dependent “zipper method” and the bacterial effector-
dependent “trigger method” [54]. In the zipper method, bacteria bind to receptors on the cell

surface that induce actin extensions of the membrane through a clathrin-dependent pathway

28



and serve to engulf the cell. Bacteria that utilize the trigger method synthesize type llI
secretion systems through which they secrete effector proteins to restructure the host
cytoskeleton in order to facilitate attachment and invasion [54-56]. In addition, invasive
microbes may also up- or downregulate host cellular signaling pathways to disable host
defenses and increase their own survival [57, 58]. While viruses primarily utilize the same
pathways to enter host cells, some enveloped viruses can enter through passive membrane
fusion by simply blending their host-derived envelope with the plasma membrane of a new
host cell [59]. Within the host cell, Wolbachia are encompassed by a self-derived membrane
and an outer host-derived membrane [147, 148], which potentially play a role in horizontal
transfer by membrane fusion.

Given these possibilities, we sought to identify the mechanisms by which Wolbachia are
horizontally transferred and to establish a useful system for the further study of this

interesting phenomenon.

3.3 Results

Horizontal transfer of Wolbachia is independent of cell-to-cell contact

Previous studies established that Wolbachia extracted from infected mosquito cell lines can
enter uninfected cells and tissues when co-cultured [46, 47]. By extracting Wolbachia from
Drosophila JW18 and LDW1 cells infected with the wMel strain and coculturing this extract
with doxycycline-cured JW18 (JW18-DOX) or LDW1 (LDW1-DOX) cells for 1 to 24 h, we
confirmed this phenomenon in Drosophila (Figure 3.1A and B). That is, free Wolbachia cells
after entering uninfected JW18-DOX cells were observed through fixed fluorescence imaging
(Figure 3.1A). In addition, the early and late stages of free Wolbachia cell entry into LDW1-
DOX cells were observed using electron microscopy (Figure 3.1B). These observations
included contact between free Wolbachia cells and the host cell membrane and integration of

Wolbachia into the host cytoplasm following entry in a vacuole.
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Figure 3.1: Horizontal transfer of Wolbachia between Drosophila cells. (A) Wolbachia
extracted from infected JW18 cells were added to JW18-DOX cells and incubated for 24
h. (B) Wolbachia extracted from infected LDW1 cells were added to LDW1-DOX cells and
incubated for 1 h. (C) Uninfected Drosophila S2 cells and Wolbachia-infected JW18
cells were co-cultured on a glass coverslip for 24 h. Wolbachia infections in previously
uninfected cells can be seen with FISH (A) and DIC (C) imaging or electron microscopy
(B) to determine if horizontal transfer of infection took place. Results are typical of the
multiple fields of view examined. Red, Wolbachia; blue, nuclei stained with DAPI;
green, GFP-Jupiter (JW18 only). hc, host cell; n, nucleus; v, vesicle; w, Wolbachia.
Bar, 10 1-m.

While significant, these experiments did not reflect the in vivo environment of Wolbachia,

where they must transfer between living cells. Thus, to determine if Wolbachia can
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horizontally transfer between intact Drosophila cells, we co-cultured uninfected S2 cells and
Wolbachia-infected JW18 cells on the same surface (Figure 3.1C). JW18 cells carry GFP-
Jupiter, a tubulin binding protein, which enabled us to distinguish originally infected and
uninfected cells by visualization of green fluorescent protein-tagged microtubules [1]. Within
24 h of coculturing, transfer of Wolbachia from JW18 to previously uninfected S2 cells was
readily apparent (Figure 3.1C). While some S2 cells remained uninfected, many in close
proximity to infected JW18 cells became infected, perhaps through cell-to-cell contact. We
also observed that S2 cells that were not adjacent to JW18 cells became infected. These
results suggest that Wolbachia can transfer horizontally from cell to cell in culture. Thus, our
next goal was to determine if this phenomenon required contact between infected and
uninfected cells.

To address this issue, we utilized a transwell system in which infected JW18 cells and
uninfected S2 cells were seeded in chambers separated by a polyester membrane that
allowed for the sharing of culture medium and passage of bacteria but prevented contact
between larger eukaryotic cells (Figure 3.2A) (see Methods). In these assays, transfer of
Wolbachia was also observed, similar to when cells were cultured on the same surface
(Figure 3.2B and C). The proportion of newly infected cells after 6 h of coculturing was 43%
(n = 56). After the cells were co-cultured for 1 day, this number decreased slightly to 26% (n
= 90). A similar number, 22% (n = 93), was observed after 2 days of coculturing. The
infection rate then rose to 54% by 3 days of coculturing. As a control, JW18-DOX cells were
used in place of infected cells in the transwell assay; no Wolbachia infections were detected
in the S2 cells. Significantly, Wolbachia infections acquired through coculture in a transwell
localized within the host cell (see Figure 3.S1 in the supplemental material) and were present
and abundant 21 days after infection. Thus, the horizontally transferred Wolbachia were
stably maintained through multiple division cycles (Figure 3.3). These results strongly
suggest that Wolbachia can horizontally transfer between infected and uninfected cells in

culture, and this ability does not require cell-to-cell contact.
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Figure 3.2: Horizontal transfer of Wolbachia between Drosophila cells separated in
a transwell. (A) Uninfected Drosophila S2 cells were seeded beneath Wolbachia-
infected JW18 cells in a transwell insert. (B) After coculture for 6 h or 1, 2, or 3 days,
new Wolbachia infections in previously uninfected S2 cells were visualized by FISH in
3 to 7 fields of view for each group. S2 cells plated underneath doxycycline-cured
JW18 cells (JW18-DOX) served as a negative control for FISH staining. Data are
presented as proportion of infected cells + SEM and were analyzed by one-way
analysis of variance (ANOVA), followed by Newman-Keul’'s multiple-comparison test (F
=5.31; R2 =0.551; df = 16). Differences were deemed significant when the P value
was <0.05 (indicated by an asterisk above the bracket). (C) Representative images for 1-
to 3-day time points. Red, Wolbachia (arrowheads); blue, nuclei stained with DAPI.
Bars, 10 um.

Horizontal transfer of Wolbachia uses host clathrin and dynamin

We next sought to investigate the mechanisms involved in the horizontal transfer of
Wolbachia. Given that many intracellular bacteria enter host cells by engaging components
of the endocytic pathway, we hypothesized that this might also hold true for Wolbachia. We
tested this hypothesis by inhibiting host cell dynamin, a GTPase necessary for the pinching
and intracellular release of a variety of endocytic vesicles, using the small-molecule inhibitor

dynasore [149]. We then analyzed cell-to-cell transfer rates between infected JW18 and
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uninfected S2 cells in our transwell assay. As predicted, treatment with dynasore significantly
reduced the efficiency of cell-to-cell transfer relative to dimethyl sulfoxide (DMSO)-treated
controls (Figure 3.4A). After 1 day, the infection rate in untreated control cells was 21% (n =
105), compared to 9% (n = 47) in dynasore-treated cells. We observed a similar pattern after
2 days of dynasore treatment, with infection decreasing from 20% in controls (n = 66) to 7%
in dynasore-treated groups (n = 42). Dynasore produced the strongest effect after 3 days of
treatment, reducing infection from 26% in controls (n = 45) to 8% in treated cells (n = 46).
The incomplete inhibition of horizontal transmission by dynasore suggests that Wolbachia

employ additional mechanisms of internalization.

Figure 3.3: Long-term Wolbachia infection in Drosophila S2 cells after coculture
with infected JW18 cells in a transwell chamber. Uninfected Drosophila S2 cells
were seeded beneath Wolbachia-infected JW18 cells in a transwell insert. After coculture
for 3 days, the transwell insert containing infected cells was removed, and new medium
was added to the previously uninfected S2 cells. S2 cells were then cultured for an
additional 18 days (21 days total), and Wolbachia infections were visualized by FISH and
DIC. Red, Wolbachia; blue, nuclei stained with DAPI.
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Figure 3.4: Horizontal transfer of Wolbachia is clathrin mediated. (A) Uninfected
Drosophila S2 cells were pretreated with 80 yM dynasore or DMSO (control) for 1 h prior
to seeding Wolbachia-infected Drosophila JW18 cells in a transwell insert above them.
After being co-cultured for 1, 2, or 3 days, new Wolbachia infections in previously
uninfected S2 cells were visualized by FISH in 3 to 7 fields of view for each group.
Data are presented as proportion of infected cells + SEM and were analyzed by t test to
determine differences between control and dynasore-treated groups at each time point (t
=296, df = 6 at 1 day; t = 3.58, df = 4 at 2 days; t = 3.05, df = 6 at 3 days).
Differences were deemed significant when the P value was <0.05 (indicated by an
asterisk above the bracket). (B) Uninfected Drosophila S2 cells were pretreated with 10
MM chlorpromazine or DMSO (control) for 1 h prior to seeding Wolbachia-infected
Drosophila JW18 cells in a transwell insert above them. After being co-cultured for 1, 2,
or 3 days, new Wolbachia infections in previously uninfected cells were visualized by
FISH and analyzed as described for panel A (t =5.73, df =9 at 1 day; t =2.44, df =9 at
2 days; t =2.51, df =7 at 3 days).

Nevertheless, these experiments demonstrate that Wolbachia use dynamin for horizontal
transfer into new host cells. We hypothesized that Wolbachia cells entered through a
clathrin-dependent mechanism. To test this, we used chlorpromazine to inhibit host clathrin
[150, 151], a coat protein involved in the formation of vesicles. Similar to dynamin inhibition,
inhibition of clathrin reduced infection from 25% in controls (n = 75) to 12% after 1 day of
treatment (n = 64) (Figure 3.4B). After 2 days of treatment, the infection rate decreased from
22% in controls (n = 95) to 9% in treated cells (n = 35). As with dynasore, chlorpromazine
produced the strongest effect after 3 days of treatment, reducing infection from 27% (n = 45)

to 6% (n = 17). These results suggest that Wolbachia utilize clathrin-mediated endocytosis
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pathways for entry during horizontal cell-to-cell transfer. We also used the inhibitors
genistein and filipin to test the involvement of caveolin [151]. In these experiments, caveolin

inhibition did not inhibit cell-to-cell transfer (J. E. Pietri, unpublished data).

Figure 3.5: Transmission electron micrographs of LDW/JW18 cells exposed to
Wolbachia from cell lysates or infected JW18 cells. (A and B) Wolbachia are
frequently seen surrounded by phagocytic pseudopodium-like extensions of the host cell.
(C and D) Wolbachia can be seen contacting what appear to be clathrin-coated pits,
sometimes coinciding with pseudopodia (D). (E and F) The host-derived membrane
surrounding the Wolbachia double membrane can be seen in close contact with the host
cell membrane (arrows). cv, clathrin vesicle; hc, host cell; hm, host membrane; mt,
microtubules; n, nucleus; p, pseudopodia; w, Wolbachia.
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Figure 3.6: Horizontal transfer of Wolbachia takes places between mosquito and
Drosophila cells. (A) Uninfected Drosophila S2 cells were seeded beneath Wolbachia-
infected A. albopictus cells (C6/36) in a transwell insert. After being co-cultured for 1, 2,
or 3 days, new Wolbachia infections in previously uninfected cells were visualized by
FISH in 6 fields of view for each group. S2 cells plated in the absence of C6/36 cells
served as a control for FISH staining. Data are presented as proportion of infected cells +
SEM and were analyzed by one-way ANOVA, followed by Newman-Keuls multiple-
comparison test to determine differences between time points (F = 7.78, R2 = 0.509, df =
17). Values were deemed significant when P < 0.05 (indicated by an asterisk above the
bracket). (B) Pretreatment of JW18-DOX cells with dynamin prior to the addition of crude
Wolbachia preparations from infected Drosophila JW18 cells or mosquito C6/36 cells
(wAIbB) for 24 h resulted in a reduced ability of Wolbachia to invade cells. Data are
presented as proportion of infected cells + SEM and were analyzed by one-way ANOVA,
followed by Newman-Keuls multiple-comparison test to determine differences between
groups (F = 61.4, R2 = 0.912, df = 20). Values were deemed significant when the P
value was <0.05 (indicated an asterisk above the bracket).

Host cells internalize Wolbachia via engulfment
Finding that clathrin and dynamin are involved in Wolbachia uptake prompted us to examine
the interaction between Wolbachia and host cells at the ultrastructural level. Transmission
electron microscopy (TEM) revealed that Wolbachia uptake by host cells appears to be
accomplished by engulfment via extensions of the cytoplasm similar to those of phagocytic
pseudopodia (Figure 3.5A and B). The bacteria were observed in contact with putative

clathrin-coated pits (Figure 3.5C and D), which in some cases were associated with
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pseudopodia (Figure 3.5D). Internalization via membrane fusion may also contribute to
transfer rates, as the host-derived membrane of extracellular Wolbachia was often seen in

close contact with the host membrane (Figure 3.5E and F).

Horizontal transfer of Wolbachia takes place efficiently between cells of divergent
hosts

Having implicated components of the host endocytic and phagocytic pathways in horizontal
transfer, we sought to determine if a species barrier to horizontal transfer exists. We
predicted that if this were the case, horizontal transfer of Wolbachia between cells of different
insect species would be reduced or inhibited altogether. We examined this possibility by
analyzing horizontal transfer rates between infected C6/36 cells from the mosquito Aedes
albopictus and uninfected Drosophila S2 cells in our transwell assay (Figure 3.6A). Despite
Wolbachia infection rates in C6/36 and Drosophila JW18 cells being very similar (Figure 3.7),
cell-to-cell transfer of Wolbachia from these cells to Drosophila S2 cells was somewhat lower.
The proportion of newly infected cells after 1 day of coculturing was a mere 6% and
decreased to 4% on day 2. Although new infections increased to 35% after 3 days of
coculturing, this rate was lower than that observed between Drosophila cells (Figure 3.2B),
suggesting that while horizontal transfer can take places between cells from different species,
it may be less efficient. To rule out the effect of differences in Wolbachia exocytosis rates in
mosquito and Drosophila cells, we pretreated JW18-DOX cells with dynasore and incubated
them with crude Wolbachia preparations derived from fly or mosquito cells. In these
experiments, Wolbachia infection rates in cells treated with Wolbachia derived from mosquito
cells and Drosophila cells were not different, regardless of pretreatment (Figure 3.6B). That
is, within 24 h of incubation with Wolbachia from Drosophila cells, 60% of previously
uninfected cells became infected (n = 63). This proportion was reduced to 14% by
pretreating the cells with dynasore (n = 75). Similarly, when Wolbachia from A. albopictus

cells were used, 71% (n = 63) of previously uninfected cells became infected. After
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kpretreatment of the cells with dynasore, infection was almost completely blocked, as only
6% of the cells became infected (n = 55). Thus, reliance of Wolbachia on components of the

endocytic pathway for cell-to-cell transfer appears to be conserved across species.
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Figure 3.7: Wolbachia infection in Drosophila and A. albopictus cells. Cells were
seeded on glass coverslips for 24 h and subsequently fixed with 8% paraformaldehyde for
detection of Wolbachia by FISH (red) in Drosophila JW18 cells (A) and A. albopictus
C6/36 cells (B). DAPI was used as a counterstain for cell nuclei (blue). Bar, 10 ym. (C)
Wolbachia infection in JW18 and C6/36 cells was quantified by measurement of red
fluorescence intensity. Data were analyzed by t test, and no significant differences
between the two groups were found (P = 0.223, t = 1.25, df = 18).
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3.4 Discussion

In our study, we documented the horizontal transfer of Wolbachia between Drosophila cells in
culture and demonstrate that this process occurs through components of the host phagocytic
and endocytic pathways. As such, our work directly demonstrates horizontal transfer of
Wolbachia between cells while identifying a potential mechanism.

Our finding that horizontal transfer takes place between infected and uninfected cells when
cultured together (Figure 3.1) or separated by transwells (Figure 3.3) suggests that cell-to-cell
contact is not required to achieve efficient transfer. Nonetheless, cell-to-cell contact may play
some role in horizontal transfer, as we observed several instances of Wolbachia transferring
between cells in direct contact with each other (Figure 3.1C). However, a large proportion of
horizontally acquired infections can be accounted for by transfer through the culture medium
(Figure 3.2). Wolbachia can achieve a >50% infection rate through this route, implicating it
as the prevalent mechanism for horizontal transfer. Nonetheless, a fair proportion of bacteria
invading through this method may not survive, as reduced infection levels between 6 and 24
h in our transwell assay suggest that perhaps some horizontally acquired Wolbachia are
digested or killed by the host cell.

Transfer through the culture medium likely takes place via uptake after Wolbachia are
exocytosed from infected cells. The release of Wolbachia after cell lysis may make some
minor contribution to horizontal transmission. However, it is unlikely that these infrequent cell
death events account for the high rates of infection transfer observed in our short-term
assays, given that infected JW18 cells can be maintained in culture without passaging for 7 to
10 days without notable cell lysis occurring (J. E. Pietri, unpublished data).

Our experiments using dynasore and chlorpromazine to block dynamin and clathrin activity in
uninfected cells reveal the particular pathways of endocytosis coopted by Wolbachia after
their release from infected cells (Figure 3.4A). Reduced horizontal transfer following
inhibition of dynamin and clathrin, but not caveolin, argues against the possibility that

Wolbachia enter cells exclusively through a process such as passive membrane fusion.
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Further, while Drosophila S2 and JW18 cells are passively phagocytic to some extent, the
use of clathrin and dynamin in transfer suggests a bacterially induced mode of entry, such as
the zipper method [54]. However, clathrin has been reported to be involved in some forms of
phagocytosis in Drosophila (e.g., references [152-154]), preventing us from excluding this as
a mechanism of uptake with these data alone.

It is possible that Wolbachia use an active mode, such as the zipper method, and a passive
method, such as phagocytosis, for uptake, as is the case for several other invasive bacteria.
For instance, Chlamydia can specifically trigger phagocytosis for entry into in HelLa cells, as
demonstrated by experiments comparing the internalization rate of this bacterium with those
of Escherichia coli and polystyrene beads [155]. However, in the same cell type (i.e., HelLa
cells), and in human endometrial gland epithelial cells, Chlamydia can be observed in coated
pits and vesicles, indicative of endocytosis [156]. Similarly, Listeria has been shown to enter
cells through multiple mechanisms depending on the cell type being invaded. For instance,
traditional phagocytosis and a formin-dependent phagocytosis-like process [157] have been
demonstrated in vascular endothelial cells, while a clathrin-mediated process [155] appears
to be critical in HeLa cells.

In addition, we suggest that Wolbachia may bind to a variety of host cell receptors to gain
entry into host cells. This is consistent with results of studies of other invasive intracellular
bacteria, which demonstrate that while the machinery for endocytosis is often conserved, a
variety of receptors can be used. For instance, although Listeria and Neisseria both enter
through clathrin-coated pits [155-160], Listeria utilizes the hepatocyte growth factor receptor
(met) [160], while Neisseria uses the asialoglycoprotein receptor (ASGP-R) [159]. Similarly,
microorganisms may make use of the same receptors but achieve entry through different
mechanisms. For example, both Salmonella and Candida bind to the epidermal growth factor
receptor (EGFR) [161, 162], but they make use of phagocytosis and clathrin-mediated
pathways, respectively [54, 163]. The receptor(s) that Wolbachia bind prior to entry remain

undetermined. However, the conservation of horizontal transfer across species suggests that
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this receptor and its ligand(s) may be highly conserved, as Wolbachia derived from the C6/36
and JW18 cells used as Wolbachia donors in our experiments harbored wAIbB and wMel,
respectively.

The processes of phagocytosis and endocytosis are intrinsically linked to the actin
cytoskeleton [164]. Intriguingly, a number of microbes rely on host actin for invasion and are
able to manipulate its structure through the use of secreted effectors [55]. The same appears
to be true for Wolbachia, which was recently shown to rely on host actin for efficient maternal
transmission [165]. Wolbachia also encodes a secreted effector, WD0830, which interacts
with the host cytoskeleton [166]. This is particularly important, as it suggests that the
horizontal transfer process may not be passive and host driven but, rather, induced by
Wolbachia through the secretion of effector proteins that drive cytoskeletal changes for
engulfment. This mode of transfer might explain cortical actin rearrangements that are
associated with Wolbachia migration during filarial nematode development [106].

Differences in Wolbachia exocytosis rates may play some role in controlling horizontal
transmission, as entry of Wolbachia extracted from mosquito cells from crude extractions was
not inhibited compared to Wolbachia extracted from Drosophila cells (Figure 3.6B), despite
our transwell assay in which lower rates of horizontal transfer were found (Figure 3.6A). It is
unlikely that the reduced titer in mosquito cells plays a role in this discrepancy between
assays, as infection levels in mosquito cells were equal to those in Drosophila cells (Figure
3.7). Likewise, genotype-specific differences in bacterial surface factors are likely not
involved given the different strains of Wolbachia harbored by JW18 and C6/36 cells.
However, differences in recipient cell properties, such as the presence or absence of
particular receptors, may contribute to differences in the efficiency of horizontal transfer and
should be explored further.

Ultimately, the results of our work significantly advance our understanding of how Wolbachia
is transmitted both vertically and horizontally. During early embryogenesis in filarial

nematodes, Wolbachia segregates exclusively to the lineage producing the hypodermal
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chords, somatic tissues that provide nutrients to developing germ line cells. Occupation of
the germ line for eventual vertical transmission requires cell-to-cell transfer from the chords
[106]. The relevance of somatic to germ line cell-to-cell transfer for vertical transmission is
further illuminated by images of Wolbachia-infected oocytes from recently captured wild
Drosophila [113]. Egg chambers were identified in which Wolbachia was not present in many
of the early developing oocytes, but all of the mature oocytes were infected. The absence of
Wolbachia early in oogenesis is likely a direct result of its failure to segregate to the
differentiating daughter cell during germ line stem cell division. The fact that these empty
oocytes eventually become infected suggests that Wolbachia present in the surrounding
somatic follicle cells eventually enter the oocyte using cell-to-cell transfer as a backup
mechanism to ensure vertical transmission [167].

Our findings also shed some light on possible routes of horizontal transmission of Wolbachia
infection in nature. Previous work showed that Wolbachia in the hemolymph of adult flies can
migrate to the germ line across multiple somatic tissues [48]. This is likely mediated by cell-
to-cell transfer between various tissues and suggests that Wolbachia, which enters a new
host through the gut or a wound may use cell-to-cell transfer to establish both a somatic and
stable (germ line) infection.

While more specifics regarding the mechanisms of horizontal transfer remain to be
uncovered, our transwell fluorescence in situ hybridization (FISH) assay is a simple and
tractable system for further probing cell exit and entry of Wolbachia, as it allows for the
separate manipulation of recipient (uninfected) and donor (infected) cells while providing
several advantages over antibody-based staining by increasing specificity and reducing
background fluorescence. Our system is also highly biologically relevant, as Wolbachia that
infect through this method can achieve proper localization inside the host cell (Figure 3.1;

Figure S1) and also appear highly stable, surviving for at least 21 days (Figure 3.3).
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Chapter 4

Reliance of Wolbachia on High Rates of Host Proteolysis Revealed by a Genome-Wide RNAI

Screen of Drosophila Cells

4.1 Abstract

Wolbachia are gram-negative, obligate, intracellular bacteria carried by a majority of insect
species worldwide. Here we use a Wolbachia-infected Drosophila cell line and genome-wide
RNA interference (RNAI) screening to identify host factors that influence Wolbachia titer. By
screening an RNA. library targeting 15,699 transcribed host genes, we identified 36 candidate
genes whose depletion dramatically reduced Wolbachia titer and 41 whose depletion
increased Wolbachia titer. Host gene knockdowns that reduced Wolbachia titer spanned a
broad array of biological pathways including genes that influence mitochondrial function and
lipid metabolism. In addition, knockdown of seven genes in the host ubiquitin and proteolysis
pathways significantly reduced Wolbachia titer. To test the in vivo relevance of these results,
we found that drug and mutant inhibition of proteolysis reduced levels of Wolbachia in
Drosophila oocytes. The presence of Wolbachia in either cell lines or oocytes dramatically
alters the distribution and abundance of ubiquitinated proteins. Functional studies revealed
that maintenance of Wolbachia titer relies on an intact host Endoplasmic Reticulum (ER)-
associated protein degradation (ERAD) pathway. Accordingly, electron microscopy studies
demonstrated that Wolbachia is intimately associated with the host ER and dramatically
alters the morphology of this organelle. Given that Wolbachia lack essential amino acid
biosynthetic pathways, the reliance of Wolbachia on high rates of host proteolysis via
ubiquitination and the ERAD pathway may be a key mechanism for provisioning Wolbachia
with amino acids. In addition, the reliance of Wolbachia on the ERAD pathway and
Wolbachia disruption of ER morphology suggest a previously unsuspected mechanism for

Wolbachia’s potent ability to prevent RNA virus replication.
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4.2 Introduction

Wolbachia is a bacterial endosymbiont present in insects and filarial nematodes [6, 7].
Wolbachia resides in both somatic and germ line cells of its male and female insect hosts
[146]. The evolutionary success of Wolbachia depends on efficient vertical transmission
through the female germ line. This is facilitated by Wolbachia localization to the posterior
pole of the oocyte, ensuring its incorporation into the germ line of the next generation. To
achieve this, Wolbachia rely on host microtubules, motor proteins, and an interaction with
host pole plasm components [39, 83, 84]. The success of Wolbachia also requires regulation
of bacterial abundance within host somatic and germ line cells. Underreplication of
Wolbachia in the oocyte results in inefficient vertical transmission and overreplication of
Wolbachia results in disruption of critical host cellular functions [95, 165]. Cytological and
PCR-based studies demonstrate that recently caught wild strains of Drosophila exhibit
tremendous variability in Wolbachia titer [168]. These variations not only occur from one
individual to another but also between tissues within an individual [40, 169].

Wolbachia abundance is influenced by a combination of host and Wolbachia factors as well
as the environment. For example, in the Drosophila oocyte, Wolbachia rely on normal host
microtubule organization and the Gurken dorsal signaling complex to maintain titer [83, 95].
Additional evidence for the influence of host factors on Wolbachia titer comes from the finding
that the same Wolbachia strain in D. simulans and D. melanogaster exhibits dramatically
different titers in the mature oocyte [84, 170]. Evidence that factors intrinsic to Wolbachia
influence its titer comes from the identification of the Wolbachia variant, wMelPop. The
wMelPop strain exhibits extremely high titers in the central nervous system relative to other
Wolbachia strains, independent of the host strain or species in which it resides [171]. Finally,
extrinsic environmental factors such as temperature and diet dramatically influence
Wolbachia titer [4, 172]. These changes are moderated in part through the host insulin

signaling pathway [4].
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To comprehensively identify host factors that influence Wolbachia titer, we employed a
genome-wide RNA interference (RNAI) screen using a Drosophila cell line infected with
Wolbachia. Our approach was motivated by the success of a number of previous cell-based
screens using Drosophila cell lines [60]. Using Drosophila cells, genome-wide RNAIi screens
were performed to identify host genes that alter Listeria monocytogenes, Mycobacterium
fortuitum, Chlamydia caviae, and Francisella tularensis infection and proliferation [61-64].
We specifically assayed for RNAi-mediated gene knockdowns that either up- or down-
regulate Wolbachia titer. The cell line used was created from primary embryonic cultures of
Drosophila melanogaster infected with wMel Wolbachia strain [1]. Wolbachia is stably
maintained in these cultures and exhibits a close association with microtubules as found in
Drosophila somatic and germ line tissues [39, 40]. The cell line expresses a transgene
encoding GFP-tagged Jupiter, a microtubule-associated protein that labels microtubules and
facilitates high-throughput, cell-based screening approaches [41]. The Wolbachia-infected
cells were originally employed for high-throughput, cell-based screens to identify small
molecule inhibitors of Wolbachia [1, 173]. By combining genome-wide RNAi approaches with
automated microscopy, we were able to screen the majority of the Drosophila genome for
those genes that influence Wolbachia titer. As described below, this analysis yielded a
number of host genes critical for regulating intracellular Wolbachia titer and revealed that the
host ubiquitin and proteolysis pathways play an especially critical role in maintaining

Wolbachia titer.

4.3 Results

A genome-wide RNAi cell-based screen yields host genes that either enhance or
suppress Wolbachia titer

To identify host components that influence Wolbachia infection of insect cells, we took
advantage of the ability to perform genome-wide RNAI screens in Drosophila tissue culture

cells. Because Drosophila cell lines are particularly amenable to RNAi-based screening, this
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approach has been successfully used for studying a number of cellular processes including
the cellular basis of host—pathogen interactions [174]. Here we used a well-characterized
Wolbachia-infected cell line known as JW18 [1]. Our analysis revealed that 90% of the JW18
host cells are infected and Wolbachia have no obvious effects on cell viability or division [1].
Quantification of Wolbachia infection was based on fluorescent images of Wolbachia-infected
and cured JW18 cell lines using automated microscopy and journaling software (Figure 4.1).

By using the JW18 cell line in the 384-well plate format, we screened an RNAI library that
targets 15,699 Drosophila protein-encoded genes [175]. Wolbachia- infected JW18 cells
were plated into individual wells, each containing a unique dsRNA, and allowed to incubate
for 5 days. Robotics and automated microscopy were used to fix, stain, and image the cells
(see Methods). The JW18 cell line expresses a GFP-Jupiter fusion protein that labels the
cytoskeleton [41], thus highlighting the entire cytoplasm and indicating cell boundaries. Anti-
histone staining labeled the host nuclei, and DAPI was used to stain both host nuclei and
cytoplasmic Wolbachia. Through customized journaling software, the overlap of anti-histone
and DAPI nuclear staining enabled digital removal of the nucleus. This facilitated
quantification of cytoplasmic DAPI, representing Wolbachia density per cell (Figure 4.1) [1].
Each cell was scored as Wolbachia positive or negative based on a predetermined
cytoplasmic DAPI intensity cut-off value. Ten images per well were recorded and analyzed,
and two independent screens of the RNAI library were performed. RNAi knockdowns that
significantly reduced or increased the proportion of Wolbachia-infected cells per well without
dramatically altering cell viability in both independent replicates were scored as hits (Figure
4.2). Because we are starting with a population in which 90% or more of the cells are
infected, RNAIi-induced alterations in the ability of Wolbachia to infect cells are expected to

exert only a minor impact on titer.
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Figure 4.1: Automated microscope-based quantification of Wolbachia titer. (A) Flow
chart showing screening methodology. Top left panel: Wolbachia-infected JW18 cells
showing fluorescence from the markers DAPI (blue) and anti-histone (red), and the GFP-
Jupiter (green). Top right panel: The journaling algorithm outlines cell borders based upon
Jupiter-GFP. Bottom right panel: The algorithm digitally removes the nucleus from each
cell based upon anti-histone staining. Bottom left panel: The total cytoplasmic DAPI signal
in each cell is scored. (B) Graph depicts the percentage of cells scored by this algorithm
as “Wolbachia-infected” in control JW18 cells, cured JW18 cells, and pararosaniline
pamoate-treated JW18 cells. Though the algorithm can mis-identify fluorescent debris in
the well as “infected cells,” there are consistent significant differences by ANOVA between
all of the control conditions tested (P < 0.0001). Error bars represent the SEM.
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Figure 4.2: RNAi knockdowns that decreased or increased Wolbachia infection rate.
Of 15,699 transcribed host genes, 36 candidate genes were identified that dramatically
reduced Wolbachia titer and 41 that increased Wolbachia titer when knocked down via
RNAi. Blue diamonds below or above the infected control range indicates dsRNA
treatments targeting a single host gene that reduced or increased the proportion of
Wolbachia-infected tissue culture cells. Red boxes indicate ubiquitin-related dsRNA
treatment outcomes

The screen yielded 36 host genes that when knocked down through RNAI resulted in a
significant drop in Wolbachia titer. These included hits in two genes involved in host lipid
metabolism: CG9243, a phospholipase D; and CG1718, a gene involved in sterol uptake and
esterification. In addition, hits in three mitochondrial metabolism components were
recovered: CG3214, an NADH dehydrogenase; CG14757, a succinate dehydrogenase; and
CG18324, a mitochondrial transporter. Knockdown of host genes encoding ATPases,
GTPases, and ribosomal proteins also reduced titer (Table 4.1 and Table 4.2).

Particularly striking, the screen yielded eight hits in the ubiquitin-related pathways, seven of

which reduced the proportion of Wolbachia-infected tissue culture cells. DsRNA targeting the
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Ubiquitin-60S ribosomal protein L40 (CG2960), lingerer (CG8715), Ubiquitin-5E (CG32744),

the ubiquitin transferase mei-P26 (CG12218), Ubiquitin-like protein 5 (CG3450), Ubiquitin-

conjugating enzyme Ubc6 (CG2013), and Ubiquitin-like protein (CG12725) reduced infection,

and targeting of the ubiquitin transferase CG31807 increased infection (Table 4.1 and Table

4.3).

for degradation and is targeted by a number of intracellular bacteria [176].

Ubiquitin is a small protein with a variety of functions including the marking of proteins

Previous

inspection of the Wolbachia genome revealed that Wolbachia lack the ability to synthesize

key amino acids and thus rely on the host as a source [30, 177]. Thus, it is possible that

Table 4.1: List of host genes that reduce Wolbachia infection rates when knocked down

CG# |[Effect on TiterlGene Name|Normalized Value| Functional Category |Additional Functional Category|
CG14835| Reduced CG14835 0.52
HDC10201| Reduced |[HDC10201 0.63
CG12725| Reduced CG12725 0.69 Ubiquitin
CGo777 Reduced CGo777 0.72
CG12218 Reduced mei-P26 0.73 Ubiquitin Transferase Ligase
HDC05374 Reduced |HDC05374 0.73
CG1527 Reduced RpS14b 0.76 Ribosomal
CG14579 | Reduced CG14579 0.76
CG10970 Reduced CG10970 0.78 Acylphosphatase
CG13738| Reduced CG13738 0.79
CG2916 Reduced Sep5 0.83 Septin GTP-binding protein
CG14047 | Reduced PsGEF 0.83 RhoGEF GTPase
CG2960 Reduced RpL40 0.84 Ubiquitin Ribosomal
CG32100| Reduced CG32100 0.84
CG30372 Reduced Asap 0.85 ArfGap GTPase activator
CG2958 Reduced |lectin-24Dd 0.88 C-type lectin Carbohydrate Binding
CG3450 Reduced ubl 0.88 Ubiquitin
CG4688 Reduced GstE14 0.88 Glutathione S-transferase
CG32399| Reduced CG32399 0.88
CG7320 Reduced CG7320 0.88 Hemocyanin
CG12172 Reduced Spn43Aa 0.89 Serpin Endopeptidase Inhibitor
CG1344 Reduced CG1344 0.90 Kinase
CG3214 Reduced ND-B17.2 0.90 Mitochondrial NADH Dehydrogenase
CG2013 Reduced Ubc6 0.90 Ubiquitin Ubiquitin Conjugating Enzyme
HDC15882] Reduced |HDC15882 0.91
CG33196 Reduced dpy 0.92 EGF domain Structural Constituent
CG18324 Reduced CG18324 0.92 Mitochondrial Carrier Transport
CG14757 Reduced CG14757 0.92 Mitochondrial Succinate Dehydrogenase
CG12807 | Reduced Spn85F 0.92 Serpin Endopeptidase Inhibitor
CG1070 Reduced Alh 0.93 Transcription
CG1332 Reduced CG1332 0.93 Endocytosis
CG1718 Reduced CG1718 0.93 ABC Transporter ATPase
CG8715 Reduced lig 0.94 Ubiquitin
CG32744 Reduced |Ubiquitin-5E 0.94 Ubiquitin
CG139%4 Reduced CG139%4 0.94
CG43345 Reduced CG43345 0.95 Phospholipase D Catalytic Activity

Hits are ordered from strongest at the top to weakest at the bottom.
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Table 4.2: List of host genes that significantly alter Wolbachia infection rates ordered

by function
Effect on Normalized Additional Functional
CG# Titer |Gene Name| Value Functional Category Category
ATP/GTP |CG1718 | Reduced| CG1718 0.93 ABC Transporter ATPase
CG30372| Reduced Asap 0.85 ArfGap GTPase activator
CG14047| Reduced | PsGEF 0.83 RhoGEF GTPase
CG2916 | Reduced Sep5 0.83 Septin GTP-binding protein
CG1657 |Increased| CG1657 1.20 GTPase activating activates Rab GTPases
Kinase CG1344 | Reduced | CG1344 0.90 Kinase
CG5813 |Increased chif 1.14 Kinase DBF zinc finger
Mitochondrial CG3214 | Reduced | ND-B17.2 0.90 Mitochondrial NADH Dehydrogenase
CG14757| Reduced | CG14757 0.92 Mitochondrial Succinate Dehydrogenase
CG18324| Reduced | CG18324 0.92 Mitochondrial Carrier Transport
Ribosomal | CG2960 | Reduced | RpL40 0.84 Ubiquitin Ribosomal
CG1527 | Reduced | RpS14b 0.76 Ribosomal
Serpin  |CG12172| Reduced | Spn43Aa 0.89 Serpin Endopeptidase Inhibitor
CG12807| Reduced | Spn85F 0.92 Serpin Endopeptidase Inhibitor
Ubiquitin | CG2960 | Reduced | RpL40 0.84 Ubiquitin Ribosomal
CG8715 | Reduced lig 0.94 Ubiquitin
CG32744| Reduced |Ubiquitin-5E 0.94 Ubiquitin
CG3450 | Reduced ubl 0.88 Ubiquitin
CG2013 | Reduced Ubc6 0.90 Ubiquitin Ubiquitin Conjugating Enzyme
CG12725| Reduced | CG12725 0.69 Ubiquitin
CG12218| Reduced | mei-P26 0.73 Ubiquitin Transferase Ligase
CG31807|Increased| CG31807 1.10 Ubiquitin Transferase RING finger domain
Ungrouped [CG10970| Reduced | CG10970 0.78 Acylphosphatase
CG1629 |Increased mal 1.04 Aminotransferase MOSC domain
CG2958 | Reduced | lectin-24Dd 0.88 C-type lectin Carbohydrate Binding
CG33196| Reduced dpy 0.92 EGF domain Structural Constituent
CG1332 | Reduced| CG1332 0.93 Endocytosis
CG30361|Increased mitt 1.31 G protein coupled receptor
CG4688 | Reduced | GstE14 0.88 Glutathione S-transferase
Haemolymph juvenile
CG7968 |Increased| CG7968 1.03 hormone binding protein
CG7320 | Reduced | CG7320 0.88 Hemocyanin
CG32005|Increased| CG32005 1.14 High Mobiligy Group Box DNA binding
CG43345| Reduced | CG43345 0.95 Phospholipase D Catalytic Activity
Regulation of Circadian
CG7988 |Increased| CG7988 1.30 Clock
CG4484 |Increased| Slc45-1 1.45 Sucrose Transporter
CG1070 | Reduced Alh 0.93 Transcription

Wolbachia require high levels of host proteolysis to supply sufficient amino acids for growth
and reproduction.

The RNAI screen also yielded 41 host genes that when knocked down significantly increased
the proportion of Wolbachia-infected cells. These included hits in: CG4484, a sucrose
transporter; CG30361, a G-protein-coupled receptor; CG1657, a GTPase-activating protein
(GAP); CG7968, a hemolymph juvenile hormone-binding protein. Of the 41 hits that

increased Wolbachia titer, 32 were of unknown function. Unlike the hits that reduced titer, we

did not recover multiple hits in known specific biological processes or pathways (Table 4.3).
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Table 4.3: List of host genes that increase Wolbachia infection rates when knocked

down
Effect on Normalized Additional Functional
CG# Titer Gene Name Value Functional Category Category
CG10589 | Increased CG10589 1.00 Domain of Unknown Function
CG11231 | Increased CG11231 1.00
CG14442 | Increased CG14442 1.00
CG32736 | Increased CG32736 1.00 Uncharacterised protein family
CG32718 | Increased CG32718 1.00
CG15480 | Increased CG15480 1.02
Haemolymph juvenile hormone binding
CG7968 | Increased CG7968 1.03 protein
HDC17458| Increased | HDC17458 1.03
CG1629 | Increased mal 1.04 Aminotransferase MOSC domain
CG34434 | Increased CG34434 1.04
CG1971 | Increased CG1971 1.05
HDC16920| Increased | HDC16920 1.05
CG18656 | Increased CG18656 1.06
CG4455 | Increased CG4455 1.06
CG4631 | Increased CG4631 1.06 Domain of Unknown Function
CG11260 | Increased CG11260 1.06
CG32790 | Increased CG32790 1.08
CG3568 | Increased CG3568 1.08 Domain of Unknown Function
CG18404 | Increased CG18404 1.09
CG31807 | Increased CG31807 1.10 Ubiquitin Transferase RING finger domain
CG43117 | Increased CG43117 1.10
CG14673 | Increased CG14673 1.13
CG5813 | Increased chif 1.14 Kinase DBF zinc finger
CG32005 | Increased CG32005 1.14 High Mobiligy Group Box DNA binding
HDC12508| Increased | HDC12508 1.14
HDC12757| Increased | HDC12757 1.14
HDC19233| Increased | HDC19233 1.15
CG9263 | Increased CG9263 1.16
CG31819| Increased CG31819 1.16
CG31817 | Increased CG31817 1.17
CG32988 | Increased CG32988 1.18
CG31813 | Increased CG31813 1.18
CG42749 | Increased CG42749 1.18
CG1657 | Increased CG1657 1.20 GTPase activating activates Rab GTPases
CG16852 | Increased CG16852 1.24
CG4666 | Increased CG4666 1.27
CG13365| Increased CG13365 1.27
CG7988 | Increased CG7988 1.30 Regulation of Circadian Clock
CG30361 | Increased mitt 1.31 G protein coupled receptor
CG16853 | Increased CG16853 1.31
CG4484 | Increased Slc45-1 1.45 Sucrose Transporter

Weakest to strongest hits are ordered from top to bottom

The presence of Wolbachia increases the quantity and distribution of ubiquitinated

proteins in infected host cells and oocytes

Given RNAIi knockdowns of host components involved in the ubiquitin/proteolysis pathway

resulted in a reduction in Wolbachia titer, we examined whether the presence of Wolbachia

might influence the ubiquitination state of host proteins.
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immunofluorescence analysis with an antibody that specifically recognizes ubiquitin-
conjugated host proteins. The antibodies were developed to recognize the multi-
ubiquitinated chains of polyubiquitinated proteins but not free ubiquitin (see Methods) [178,
179]. This analysis revealed a significant increase in the number of ubiquitin foci in the
Wolbachia-infected cells compared to the uninfected controls (Figure 4.3). Figure 4.3B
presents DAPI-stained nuclei (blue), microtubule-labeled cytoplasm (green), and ubiquitin foci
(red) in JW18 infected and uninfected cells. The images reveal that the number, size, and
intensity of the ubiquitin foci are much greater in the former. For example, 85% (n = 142) of
the infected cells had one or more ubiquitin foci compared to 45% (n = 138) for the uninfected
cells. Additionally, 51% of infected cells had five or more ubiquitin foci (n = 72), which was
significantly different (P = 0.0001) compared to 7% of uninfected cells with that outcome (n =
10) (Figure 4.3A). Significance was determined using chi-square analysis.

We also performed this analysis on infected and uninfected Drosophila oocytes. The images
shown in Figure 4.4 depict oocytes from infected and uninfected adult D. melanogaster
females. PI (red) stains host nuclei in uninfected cells and both the host nuclei and
Wolbachia in infected cells. The anti-ubiquitin antibody (green in top panels and black-and-
white in bottom panels) stains the ubiquitin foci. Quantification was performed as previously
described [4] (see Methods). Ubiquitin foci counts were accomplished by selecting a defined
area at the posterior pole from an image of a medial section of each oocyte. This revealed
an average of 10 + 3 (n = 10) posterior ubiquitin foci in infected oocytes, in contrast to 3 + 1

(n = 10) posterior ubiquitin foci detected in uninfected oocytes.

Drug-induced inhibition of the proteasome reduces Wolbachia titer in the Drosophila
oocyte

To determine if the maintenance of Wolbachia titer relies on high levels of host proteasome
activity, Wolbachia-infected Drosophila females were treated with Lactacystin, a proteasome

inhibitor that targets the 20S subunit of the proteasome [180]. After being kept on a regular
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Figure 4.3: Increase in ubiquitin foci in Wolbachia-infected tissue culture cells. (A)
Quantification of the number of ubiquitin foci in infected and uninfected cells. All P values
were below 0.0001, and adjusted a value was 0083333. (B and C) Low and high
magnification images of stained uninfected cells. (D and E) Low and high magnification
images of stained Wolbachia-infected cells. Staining indicates DNA (blue), microtubules
(GFP- Jupiter) (green), and ubiquitin foci (red). Significance was determined using chi-
square analysis.
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Figure 4.4: Increase in ubiquitin foci in Wolbachia-infected Drosophila oocytes.
Immmunofluorescence analysis using an anti-ubiquitin antibody indicated more ubiquitin
foci in Wolbachia-infected oocytes. (A) Quantification of ubiquitin foci per area in medial
planes of infected and uninfected oocytes. Average values were significantly different
according to ANOVA (P = 0.046). Error bars indicate SEM. (B and C) Low and high
magnification images of uninfected oocytes. (D and E) Low and high magnification
images of Wolbachia-infected oocytes. DNA (red) and ubiquitin foci (green).
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diet for 2 days, the flies were exposed to food containing 100 uM lactacystin for 3 days.
Control females were exposed to food with an equivalent amount of carrier DMSO. Ovarian
tissues were dissected and stained with Pl to label Wolbachia DNA. As previously described,
Wolbachia abundance was determined by confocal imaging of the medial plane of Pl-stained
stage 10 oocytes [4] (see Methods). In these images, the Pl stains the nuclei of the host
follicle cells that border the oocyte and the Wolbachia nucleoids within the oocyte (Figure
4.5). This analysis indicated significant reduction in Wolbachia titer in lactacystin-treated
oocytes compared to untreated control oocytes (Figure 4.5, A and B). Control oocytes
averaged 700 = 54 Wolbachia (n = 29), while the treated oocytes averaged 534 + 35.0 (n =

29) (P = 0.012). Significance was determined using ANOVA.
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Figure 4.5: Disruption of host proteasome reduces Wolbachia titer in the Drosophila
oocyte. Adult females were fed food containing either DMSO (A) or lactacystin (B). (C)
Quantification of the Wolbachia in medial plane of stage 10 oocytes indicated a significant
difference by ANOVA (P = 0.012). Control (D) and Ubc6 (E) knocked down using GAL4-
UAS dsRNA expression. Quantification of oocyte titers (F) indicated a significant
difference by ANOVA (P < 0.001). Error bars indicate SEM.
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RNAi knockdown of proteasome component Ubc6 results in a dramatic decrease in
Wolbachia titer in the oocyte

We next genetically tested the impact of the host ubiquitin/proteasome pathway on oocyte
Wolbachia titer. We used the GAL4:UAS system to knockdown specific components of the
ubiquitin/proteasome pathway in the female germ line (see Methods) [181]. Because
Wolbachia is intimately associated with the ER in our cell lines (see next section), we focused
on the host factor Ubc6 recovered in our screen (Table 4.1). Ubc6 is an ER integral
membrane protein that functions as an E2 conjugating enzyme in the ERAD pathway:
endoplasmic reticulum (ER)-associated degradation of mis-folded proteins [182]. Ubc6 is
specifically required for the degradation of cytosolic domains of membrane proteins (ERAD-
C) [183]. Previous studies have successfully knocked down Ubc6 using UAS Ubc6 RNAI fly
lines [184]. By crossing in the maternal nanos-GAL4 driver into the UAS-Ubc6 RNAI line, we
specifically knocked down the level of Ubc6 in Drosophila female germ line cells. This RNAI
knockdown of Ubc6 in the Drosophila germ line resulted in an approximately fourfold
reduction in oocyte Wolbachia titer (Figure 4.5). The wild-type oocytes averaged 368 + 133
(n = 19) Wolbachia while the Ubc6 knockdowns averaged 93 + 43 (n = 19) (P < 0.01) (Figure
4.5). These results suggest that a fully functional host ERAD pathway is required to maintain

Wolbachia titer in the Drosophila oocytes and cell lines.

Wolbachia is closely associated with and alters the morphology of the ER

Given the dependence of Wolbachia titer on ERAD, we performed ultrastructural analysis on
the Wolbachia-infected cell lines to determine its subcellular localization. Ultrastructural
images of the Wolbachia-infected cell line are shown in Figure 4.6 and Figure 4.7. The
Drosophila cells are round with a mean diameter of 6-8 um. Wolbachia (W), golgi (G), the
endoplasmic reticulum cisternae (ERC), mitochondria (M), and nuclei (N) are readily
visualized in these cells (Figure 4.6, A and B). Wolbachia tend to exhibit an approximate

diameter of 0.5 pm and occasionally observe lengths >1 uym (Figure 4.6C). As previously
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described, Wolbachia are often encompassed by a double membrane, enclosing the bacteria
within a small vacuole [185, 186]. In some instances, multiple Wolbachia occupy the same
vacuole. Dividing Wolbachia are depicted in Figure 4.6D. In this case, both daughter
bacteria lie in the same vacuole although it is expected that each daughter bacterium will
reside within its own host vacuole after completion of division (Figure 4.6D).

Our ultrastructural analysis reveals an intimate association between Wolbachia and the host

ER. Figure 4.7A depicts an elaboration of the ER extending from the nuclear envelope to a

Figure 4.6: Ultrastructural analysis of Wolbachia in Drosophila cultured cells. (A)
Cross-section of a Wolbachia-infected Drosophila cell in which the nucleus (N),
endoplasmic reticulum cisternae (ERC), golgi (G), mitochondria (M), and Wolbachia (W)
are readily visualized. Cells are spherical with a mean diameter of 6-8 um. (B)
Mitochondria and Wolbachia are readily distinguished as the former exhibit distinct
internal tubular structures and are narrower in width. (C) The maximum size observed for
Wolbachia is a 1300 nm length and 460 nm width. Each Wolbachia bacterium is
encompassed by three membranes, the outermost derived from the host (arrows 1, 2, 3).
(D) Image of dividing Wolbachia. The two daughter cells (D1 and D2) lie in the same
vacuole (arrow), which ultimately will abscise.
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Figure 4.7: Wolbachia closely associate and alter the morphology of the ER. (A) The
presence of Wolbachia results in an ER extension from the nuclear envelope (arrow) to
Wolbachia. (B and C) Examples of ER extensions wrapping around and in close
association with Wolbachia. (D) In some instances, Wolbachia appear to communicate
with the ER lumen (arrows). W, Wolbachia; ER, endoplasmic reticulum; N, nucleus; M,
mitochondria.

Wolbachia located in the cytoplasm. Figure 4.7, B and C depict similar ER extensions that
encompass individual Wolbachia. In some instances, there is a direct contact and continuity
between the host ER and Wolbachia membrane vacuole. This is especially evident in Figure
4.7D. These images suggest that Wolbachia are connected to the luminal space of the ER.
In addition to the intimate association between Wolbachia and the ER, we find that the
presence of Wolbachia induces dramatic alterations in ER morphology. In the uninfected cell
line, the ER exhibits classic tubule morphology with ribosomes decorating its entire length

(Figure 4.8, A and B). By contrast, in the Wolbachia-infected cells, the ER is highly
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elaborated forming a complex network of extensions (Figure 4.8, C and D). In addition, the
ER tubules have expanded to form large cisternae. As seen in the images, Wolbachia are
often associated with these cisternae. To quantify the effect of Wolbachia on ER
morphology, we analyzed randomly selected EM images from Wolbachia-infected and cured
cell lines (n = 128 and 121, respectively) (Figure 4.9). Quantification revealed a dramatic
increase in all classes of abnormal ER morphology, including the ER network extensions, ER

swelling, and formation of large ER cisternae. Particularly striking is the 10-fold increase in

the formation of ER cisternae in Wolbachia-infected cells (Figure 4.9).

Figure 4.8: Wolbachia alter the morphology of the ER. (A and B) Images from
uninfected (doxycycline cured) Drosophila cell lines. Under these conditions, the ER
compartments exhibited a normal tubular and discrete shape. Additionally, only few Golgi
bodies were found. (C and D) Images from Wolbachia-infected Drosophila cell lines. (C)
The presence of Wolbachia resulted in the swelling of the ER to form either ER cisternae
or a highly elaborate complex of ER extensions and golgi. (D) Wolbachia are often
observed in close contact with enlarged ER cisternae (ERC, arrow). W, Wolbachia; ER,
endoplasmic reticulum; N, nucleus; V, vesicles; G, golgi.
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Figure 4.9: Quantification of ER morphology in Wolbachia-infected and cured cells.
ER morphology in randomly selected EM sections from 198 Wolbachia-infected cells and
121 cured cells was classified into four distinct categories of ER morphology: wild type
(WT), extensions, swelling, and cisternae. Quantification revealed the presence of
Wolbachia significantly decreased the percentage of cells exhibiting wild-type ER and
significantly increased the percentage of cells exhibiting ER swelling and ER cisternae (P
< 0.0001 for all, with adjusted a = 0.00625). Significance was determined using chi-
square analysis. Images below illustrate each category. The number and letter in the
bottom left of the images indicate which previous figure the image originated from. The
ER and ER cisternae (ERC) are labeled where appropriate.

4.4 Discussion

Performing the genome-wide, cell-based RNAi screen enabled us to comprehensively identify
host factors that influenced Wolbachia titer. Of the 15,699 targets tested by RNAi disruption
[175], the screen yielded 36 RNAI treatments that decreased Wolbachia titer and 41 RNAI

treatments that increased titer, implicating 77 host genes. The fact that only a small fraction
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of the RNAi knockdowns influenced titer suggests that Wolbachia possesses robust
mechanisms of maintaining specific intracellular titers. Not surprisingly, hits that reduced
Wolbachia titer spanned a broad array of cellular functions including host transcriptional and
translational machinery, mitochondrial proteins, cell signaling, and metabolism (Table 4.1).

Of the 77 gene knockdowns that significantly altered Wolbachia titer, eight genes were
involved in the ubiquitin/proteolysis pathway. These included RpL40, lig, Ubiquitin-5E, ubl,
Ubc6, mei-P26, CG12725, and CG31807. These studies indicate that maintenance of
Wolbachia titer requires fully functional host ubiquitin and proteolysis pathways. A likely
explanation for this dependence comes from genomic studies demonstrating that Wolbachia
lacks many of the pathways for amino acid production [177, 187]. A robust
ubiquitin/proteasome pathway would ensure an adequate pool of amino acids in order for
Wolbachia to thrive. Similarly, RNAi screens in Drosophila infected with L. monocytogenes,
M. fortuitum, and F. tularensis revealed that bacteria titer uptake and proliferation was highly
dependent on the ubiquitin and proteasome pathways [61, 63, 64].

We used immunofluorescence to determine if the presence of Wolbachia influenced the
ubiquitination state of proteins in these cells by taking advantage of an antibody that broadly
recognizes mono and poly-ubiquitinated proteins [179]. Our analysis of ubiquitin staining in
tissue culture cells and Drosophila oogenesis revealed significantly more foci in the
Wolbachia-infected conditions than uninfected conditions. Previous studies using an
antibody that broadly recognizes poly-ubiquitinated proteins revealed that the herpes simplex
virus immediate-early protein ICPO induces proteasome-dependent degradation of host
proteins and results in a similar increase in the number and extent of ubiquitin foci, which are
interpreted as sites of concentrated poly-ubiquitinated proteins [179].

Function disruption tests also support a role for the ubiquitin-proteasome system in regulating
Wolbachia titer in Drosophila oogenesis. Disruption of proteasome activity with the small
molecule inhibitor lactacystin also significantly reduced oocyte Wolbachia titer, indicating that

maintenance of Wolbachia titer in oogenesis is dependent on host proteasome activity. We
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also knocked down Ubc6, an E2 conjugating enzyme involved in the ERAD pathway [183].
Ubc6 is specifically associated with the ERAD-C complex that monitors the folding state of
the cytosolic domains of membrane proteins. These results suggest that Wolbachia
preferentially rely on the ERAD-C protein degradation pathway as an amino acid source. In
support of this conclusion, our EM analysis of Wolbachia-infected tissue culture cells reveals
that Wolbachia exhibits a particularly close association with the ER (Figure 4.6, Figure 4.7,
and Figure 4.8).

Our results are in accord with proteomic and genomic studies indicating that Wolbachia in
Aedes and B. malayi must rely on host-derived amino acids [30, 188]. In addition, studies
demonstrate that amino acids may be limiting because Wolbachia competes with its host for
amino acids [189]. Our findings are also in line with work demonstrating that mosquito cell
lines newly infected with Wolbachia exhibit up-regulation of the host 26S proteasome and a
general increase in ubiquitinated proteins [190]. However, a key difference between these
studies in mosquito cells and our work in Drosophila is the timeline of the effects. Differences
in the proteasome and ubiquitination levels were not observed between long-term Wolbachia-
infected and cured mosquito cell lines, nor was it observed in cured cell lines reinfected with
Wolbachia. This suggests that the up-regulation was a transient host response to new
infection. In contrast, we found that up-regulation of the proteasome occurs in Drosophila cell
lines and oocytes with long-term Wolbachia infections. Whether this is the result of a
difference in the fundamental biology of mosquito and Drosophila cells is unclear.

Our ultrastructural studies of the infected cell lines demonstrate a close association between
Wolbachia and the ER. As shown in Figure 4.6 and Figure 4.7, Wolbachia shares membrane
with the ER and is often found embedded in the ER. A similar close association between
Wolbachia and the ER has been documented in early Drosophila embryos [185], nurse cells
[95], and in the central nervous system [191]. These observations are intriguing in light of our

finding that the ERAD pathway is required for maintaining Wolbachia titer both in cells lines
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and Drosophila oocytes. By being embedded in the ER, Wolbachia is in prime position to
utilize the products derived from ERAD-mediated protein degradation.

An alternative interpretation of these results is based on studies of apicoplasts, organelles
present in apicomlexan parasites including Toxoplasma gondii and Plasmodium falciparum.
This organelle originated from an alga that under- went secondary endocytosis [192].
Apicoplasts have many properties in common with Wolbachia including maternal inheritance,
multiple membranes, and a close association with the ER [192]. In apicoplasts, the ERAD
pathway has been usurped and modified to facilitate import of key required proteins from the
host cytoplasm [193]. Strikingly, it also relies on the ubiquitin pathway marking proteins for
import to the apicoplast. These findings raise the intriguing possibility that Wolbachia may
also rely on the ERAD pathway for import of host cytoplasmic proteins.

Two other functional categories have been validated in vivo in addition to Ubiquitin:
“‘ATP/GTP” and “Mitochondrial.” Five hits were identified in the ATP/GTP functional category.
We found that knockdown of protostome-specific GEF (CG14047) in the Drosophila germ line
significantly decreased oocyte titer (Figure S1A). Three hits were also recovered in
mitochondrial metabolism: a NADH dehydrogenase (CG3214), a succinate dehydrogenase
(CG14757), and a mitochondrial carrier protein (CG18324). We found that knockdown of
CG3214 and CG18324 in the Drosophila oocyte resulted in significant increases and
decreases in Wolbachia titer, respectively (Figure S1, C and D). We suspect that the
reduction of cellular ATP levels expected from knockdown of these genes limits the ability of
Wolbachia to replicate within the cells. Alternatively, because specific Wolbachia and
mitochondrial strains have coevolved, Wolbachia may be highly sensitive to functional
changes in its companion mitochondria [194]. It should be pointed out that some of these
RNAI hits might be false positives because secondary screens have not confirmed them.

Two hits that reduced Wolbachia titer were in genes regulating lipid metabolism. CG9243
encodes phospholipase D that catalyzes breakdown of phosphatidylcholine to phosphatidic

acid and choline. CG1718 is an ABC transporter that functions in sterol uptake and
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esterification. This reliance on host lipid metabolism to maintain titer may be due to the fact
that Wolbachia is encompassed by an outer host-derived membrane and lacks key fatty acid
and cholesterol metabolic pathways [177, 185]. Thus, replication of Wolbachia is likely to
place exceptional demands on host lipid metabolism. Our results are also in accord with a
recent study demonstrating that the presence of Wolbachia significantly alters lipid
metabolism of Aedes albopictus mosquito cells [195]. Significantly, the titer of Spiroplasma,
another maternally inherited insect endosymbiont, is also limited by the levels of host lipids
[196]. In addition, replication of mammalian pathogens M. tuberculosis and C. trachomatis
requires host-derived lipids [197, 198].

It is now well documented that the presence of Wolbachia confers resistance against a
number of positive-strand RNA viruses including dengue and Zika [199]. There is evidence
that multiple host mechanisms may be involved in inhibiting viral replication including
synthesis of reactive oxygen and cholesterol and induction of host autophagy [200-203]. Our
finding that Wolbachia dramatically alters host ER morphology and relies on the ERAD
pathway to maintain titer suggests the involvement of a previously unsuspected mechanism
in preventing the replication of positive-strand RNA viruses. For a number of positive-strand
RNA viruses, the ER is the preferred site of replication and assembly [204]. Viral targeting of
host ER induces dramatic changes in the morphology of the ER including invaginations of the
ER membrane, swelling of the ER into large cisternae, and formation of virus-containing
vesicles in the lumen [204]. These alterations are believed to create membrane-based sites
of viral replication and assembly. Particularly striking are the recent findings that positive-
strand RNA viruses specifically target and subvert the ERAD pathway to facilitate replication
and assembly [205]. For example, the ERAD pathway was identified in a recent genome-
wide CRISPR (clustered regularly interspaced short palindromic repeats) screen to identify
host factors essential to the dengue virus [206]. Our finding that Wolbachia also relies on the
ERAD pathway for replication and produces dramatic alterations in ER morphology suggests

that Wolbachia and positive-strand RNA viruses may be competing for the same intracellular
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niche. The intimate association between Wolbachia and the ER may physically prevent
viruses from associating with ERAD sites. Alternatively, the extensive disruption in ER
morphology may nonspecifically prevent the interactions necessary for viral replication. A
satisfying aspect of this explanation of viral suppression is that it readily explains the ability of
Wolbachia to suppress RNA viruses, and not DNA viruses, which preferentially replicate in
the nucleus [207]. A number of other intracellular bacteria also exhibit a close association
with the ER [208, 209]. It will be of great interest to determine whether these also suppress

positive-strand RNA viral replication.
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Chapter 5

The Impact of Host Diet on Wolbachia Titer in Drosophila

5.1 Abstract

While a number of studies have identified host factors that influence endosymbiont titer, little
is known concerning environmental influences on titer. Here we examined nutrient impact on
maternally transmitted Wolbachia endosymbionts in Drosophila. We demonstrate that
Drosophila reared on sucrose- and yeast-enriched diets exhibit increased and reduced
Wolbachia titers in oogenesis, respectively. The yeast-induced Wolbachia depletion is
mediated in large part by the somatic TOR and insulin signaling pathways. Disrupting
TORC1 with the small molecule rapamycin dramatically increased oocyte Wolbachia titer,
whereas hyper-activating somatic TORC1 suppressed oocyte titer. Furthermore, genetic
ablation of insulin-producing cells located in the Drosophila brain abolished the yeast impact
on oocyte titer. Exposure to yeast-enriched diets altered Wolbachia nucleoid morphology in
oogenesis. Furthermore, dietary yeast increased somatic Wolbachia titer overall, though not
in the central nervous system. These findings highlight the interactions between Wolbachia
and germ line cells as strongly nutrient-sensitive, and implicate conserved host signaling

path- ways by which nutrients influence Wolbachia titer.

5.2 Introduction

Microbial endosymbionts have a profound impact on host metabolism and there are
numerous examples in which microbes provide essential nutrients to the host [209-224]. In
contrast, considerably less is known regarding how host metabolism and nutrition affect
resident endosymbionts. To date, there is evidence that restricting the supply of host carbon,
nitrogen and phosphorous significantly limits the number of Chlorella endosymbionts of green

hydra and dinoflagellate endosymbionts of cnidarians [209]. Researchers have also
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observed that exposure to high levels of exogenous thiamine monophosphate suppresses
the titer of Sodalis and Wigglesworthia endosymbionts in tsetse flies [221, 222]. In this
largely unexplored area, many outstanding questions remain: What are the host and
endosymbiont metabolic and signaling pathways involved in nutrient sensing? To what extent
do endosymbionts exhibit tissue-specific responses to nutrient availability? How are the rates
of endosymbiont replication and cell death influenced by host metabolism and nutrients?

The symbiosis between Wolbachia and Drosophila is an excellent system to experimentally
address these issues. Wolbachia are obligate intracellular endosymbionts carried by an
estimated 40% of all insect species, including the established model organism Drosophila
melanogaster [6, 7, 225, 226]. Though Wolbachia endosymbionts are naturally carried within
germ line cells of both male and female insects, Wolbachia are ultimately removed from
sperm prior to completion of spermatogenesis [6, 7, 227-231]. Thus, Wolbachia rely upon
transmission through the maternal germ line for their success. In addition to its functional
importance in Wolbachia transmission, the well-characterized molecular and cell biology of
Drosophila oogenesis has provided considerable contextual information and experimental
tools that can be applied to studies of Wolbachia-host interactions [6, 96, 181, 232-234].

The primary developmental units of the ovary that carry Wolbachia are referred to as egg
chambers [96, 234]. In each egg chamber, an outer layer of somatic follicle cells
encapsulates an interconnected cyst of germ line cells, comprised of 15 nurse cells and an
oocyte. Wolbachia are initially loaded into these developing cysts during the first mitotic
division from a Wolbachia-infected germ line stem cell [6, 83]. This germ line Wolbachia
population is amplified over time by binary fission and likely to some extent by exogenously
invading Wolbachia [48, 83, 95, 113, 167, 235]. Wolbachia persist in the germ line
throughout oogenesis, and a subset of the bacteria concentrate at the oocyte posterior pole
during mid- to late oogenesis [83, 84, 103]. This ensures incorporation of Wolbachia into

germ line progenitor cells that form at the posterior pole of the embryo, perpetuating maternal
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germ line transmission cycle [236]. Thus, maintenance of a sufficient Wolbachia titer in germ
line cells is important for success of the germ line-based transmission strategy.

Here we examined how host diet affects Wolbachia titer in Drosophila melanogaster. Our
findings demonstrate that yeast-enriched diets suppress Wolbachia titer and lead to altered
nucleoid morphology during oogenesis. Genetic and chemical disruptions indicate that the
somatic insulin and TORC1 pathways (Figure 5.1) are required for yeast-based suppression
of oocyte Wolbachia titer. Our findings also indicate that sucrose-enriched diets increase
oocyte Wolbachia titer, with little impact on nucleoid morphology. We observed that yeast-
enriched diets substantially increase somatic Wolbachia titers, though this was not the case
in the central nervous system (CNS). These studies demonstrate that Wolbachia, and likely
other bacterial endosymbionts, exhibit distinct, tissue-specific responses to host nutrients that

involve conserved signaling and metabolic pathways.
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Figure 5.1: Overview of the nutrient-induced TORC1 signaling pathway.
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5.3 Results

Exposing Drosophila to a yeast-enriched diet suppresses germ line Wolbachia titer
Nutrient availability strongly affects the life cycle of cultured bacteria, raising questions about
how host nutrient conditions affect intracellular Wolbachia bacteria. As D. melanogaster in
nature preferentially consume yeast [237-242], we tested the effect of dietary yeast on
Wolbachia titer in vivo. Female flies were aged first for two days on standard food, then fed
yeast paste for 3 days, and examined for Wolbachia titer in oogenesis. Ovarian tissues were
stained with propidium iodide to label Wolbachia DNA, and the Wolbachia nucleoids imaged
in oocytes of stage 10 egg chambers by confocal microscopy [84]. This analysis
demonstrated that yeast paste-fed oocytes carried far fewer Wolbachia than control oocytes
(Figure 5.2A-B) (S1 Table). Wolbachia were further quantified within single oocyte focal
planes to determine the relative titer for each condition [95]. This revealed that Wolbachia
titer in yeast paste-fed oocytes was at 27% of the control level. Oocytes treated with
standard fly food exhibited an average of 229 +/- 21.1 Wolbachia puncta (n = 30), as
compared to yeast paste-fed oocytes that carried 62.6 +/- 4.33 Wolbachia (n = 29) (p <
0.001) (Figure 5.2C). This indicates that host exposure to yeast paste significantly reduces
Wolbachia titer in oogenesis.

One possibility is that yeast paste diets reduce oocyte titer because other critical nutrients
provided by standard fly food are unavailable. To address this issue, 2-day old Drosophila
were fed with either standard food diluted 1/3 with water, thereafter referred to as “control
food”, or fed with standard food diluted 1/3 with yeast paste, thereafter referred to as “yeast-
enriched food” (S1 Table). After 3 days of exposure to these conditions, the titer was
assessed in oogenesis. The yeast-enriched condition exhibited 55% of the control titer level,
with controls displaying 124 +/- 10.8 Wolbachia (n = 58), compared to yeast-enriched oocytes
carrying 68.7 +/- 5.12 Wolbachia (n = 35) (p = 0.001) (Figure 5.2D). To further assess
whether this is due to differences in food hydration between control and yeast-enriched

conditions, we also exposed fliestoa 1/3 dilution of corn syrup into standard fly food (S1
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Figure 5.2: Host diet significantly impacts Wolbachia titer in Drosophila oogenesis.
Stage 10A oocytes are outlined in red. Propidium iodide indicates Drosophila nuclei as
large circles and Wolbachia as small puncta. A) D. melanogaster oocyte exposed to
standard fly food. B) D. melanogaster oocyte exposed to yeast paste. Graphs indicate
the average number of Wolbachia nucleoids within single focal planes of stage 10A
oocytes. C) Oocyte Wolbachia titer comparison between control food and yeast paste
conditions. D) Wolbachia titer response in D. melanogaster to 1:3 dilutions of water, corn
syrup (CS), or yeast paste into standard food. Scale bar: 50 pm.

Table). Although corn syrup-enriched food is less hydrated than control food, it resulted in
similar oocyte titer measurements as the control, with an average of 128 +/- 12.9 Wolbachia

visible per oocyte (n = 31) (Figure 5.2D). These data together suggest that yeast-induced
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titer reduction is not due to depletion of specific nutrients or water available in standard food.
Rather, the data indicate that dietary yeast is responsible for reducing Wolbachia titer carried
by oocyte cells.

To determine whether dietary yeast can induce a similar oocyte titer response in wild insects
as seen in laboratory fly stocks, Drosophila melanogaster and Drosophila simulans were
collected from nature. These flies were exposed to yeast-enriched food and assessed for
Wolbachia titer in oogenesis. We found that oocyte Wolbachia titer in the yeast-enriched
condition was at 47% of the control level, with an average of 94.8 +/- 21.8 Wolbachia
detected in control oocytes (n = 12), versus 44.6 +/- 6.52 Wolbachia detected in the yeast-
enriched condition (n = 13) (p = 0.029) (S1 Fig). Thus, yeast-enriched diets suppress oocyte
Wolbachia titer in wild-caught Drosophila analogous to laboratory D. melanogaster strains.

To further investigate the basis for yeast-associated Wolbachia depletion in oocytes,
Wolbachia titer was examined in the germ line-derived nurse cells associated with the oocyte.
It is currently unclear in Drosophila when or how frequently Wolbachia travel through the ring
canals between the nurse cells and oocyte. Thus, it is possible that Wolbachia depletion in
oocytes could be due to preferential retention in the nurse cells. To investigate this, we
imaged Wolbachia in equivalent focal planes of nurse cells and oocytes within single egg
chambers and analyzed their Wolbachia titer [95]. Overlaid images showing a planar
reconstruction of egg chambers indicated fewer Wolbachia throughout the germ line cells of
yeast-exposed organisms (Figure 5.3A-B). Quantitation of the yeast-enriched condition
indicated that nurse cells carried 27% of the control titer level (Figure 5.3C). Specifically,
52.6 +/- 4.93 Wolbachia per nurse cell were detected in the control (n = 20), in contrast to
14.4 +/- 1.65 Wolbachia per nurse cell in the yeast-enriched condition (n = 20) (p < 0.001)
(Figure 5.3C). Furthermore, oocyte titer in the yeast-enriched condition was 14% of the
control level, with 420 +/- 44.6 Wolbachia detected in control oocytes (n = 17), versus 59.0 +/-
11.1 Wolbachia in oocytes from the yeast-enriched condition (n = 20) (p < 0.001) (Figure

5.3D). These data indicate that Wolbachia redistribution between germ line cells is not
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Figure 5.3: Dietary yeast affects Wolbachia titer in nurse cells as well as oocytes.
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responsible for the low oocyte titer observed in yeast-exposed organisms. Rather, yeast-

enriched food induces similar Wolbachia depletion in nurse cells and oocytes.

The nutrient-responsive kinase complex, TORC1, affects oocyte Wolbachia titer

Cells coordinate intracellular events in response to exogenous nutrients using multiple
signaling pathways that converge upon the Target of Rapamycin kinase complex 1 (TORC1)
(Figure 5.1) [243]. TORC1 can be activated by an amino-acid dependent signaling
mechanism, or by insulin signaling (Figure 5.1) [243-245]. To test whether TORC1 activity
affects oocyte Wolbachia titer, flies were exposed to standard food containing the TORC1
inhibitor, rapamycin [246-249]. This experiment indicated that rapamycin treatment drove a
1.7-fold increase in oocyte Wolbachia titer (Figure 5.4A). The average titer from control
oocytes, exposed to DMSO-containing standard food, was 207 +/- 22.1 Wolbachia (n = 28).
By contrast, oocytes exposed to rapamycin-containing standard food had 357 +/- 31
Wolbachia (n = 30) (p < 0.01) (Figure 5.4A). Since rapamycin exposure leads to higher
oocyte Wolbachia titer, this suggests that a normal consequence of TORC1 activity is
suppression of oocyte Wolbachia titer.

If TORC1 function normally leads to decreased oocyte Wolbachia titer, then hyper-activation
of TORC1 would be expected to drive a further reduction of oocyte titer. Branched chain
amino acids (BCAAs) taken up through the Slimfast transporter can induce up-regulation of
TORC1 (Figure 5.1) [250-255]. Therefore, we fed flies a slurry of BCAAs diluted 1/3 into
standard food (S1 Table), and assessed Wolbachia titer in oogenesis. Wolbachia titer in the
BCAA condition was reduced to 77% of the control (Figure 5.4B). This was indicated by an
average of 137 +/- 9.71 Wolbachia in control oocytes (n = 34) versus 105 +/- 8.48 Wolbachia
in oocytes from the BCAA condition (n = 33) (p = 0.015) (Figure 5.4B). The data suggest that
TORC1 stimulation with BCAAs drives oocyte titer reduction, opposite to the effect of the

TORC1 inhibitor, Rapamycin.
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To further investigate a possible role for TORC1, we genetically manipulated a key regulator
of TORC1 activity. Tsc2, known as Gigas in Drosophila, is downstream of the insulin
receptor (Figure 5.1) [256-261]. If Tsc2 function is suppressed by any means, this allows
TORC1 to become active (Figure 5.1) [243, 261-265]. Therefore, we tested the impact of
Tsc2 on oocyte Wolbachia titer by expressing Tsc2 dsRNA under the control of germ line-
and soma-specific GAL4 drivers [266-269]. This investigation revealed different oocyte
Wolbachia titer responses to tissue-specific Tsc2 RNAi knockdowns. Our efforts to
manipulate Tsc2 dosage in germ line cells had no impact on oocyte titer (Figure 5.4C). An
average of 182 +/- 13.5 Wolbachia were detected in control oocytes (n = 53), which was not
significantly different from the 207 +/- 17.7 Wolbachia detected in response to germ line Tsc2
RNAi (n = 56) (Figure 5.4C). By contrast, Tsc2 RNAi knockdowns in all somatic cells
reduced oocyte Wolbachia titer to approximately 50% of the control level (Figure 5.4D).
Control oocytes exhibited an average of 402 +/- 43.4 Wolbachia (n = 24). However, oocytes
in somatic Tsc2 knockdown flies exhibited an average of 181 +/- 19.8 oocyte Wolbachia (n =
21) (p < 0.001) (Figure 5.4D). These data implicate somatic Tsc2, and thus somatic TORC1

signaling, in regulation of oocyte Wolbachia titer.

Yeast suppression of oocyte Wolbachia titer is mediated by insulin-TORC1 signaling

A role for somatic TORC1 in regulating oocyte Wolbachia titer raised the question of whether
dietary yeast stimulates TORC1. This could occur through either protein- or insulin-based
mechanisms (Figure 5.1). As yeast is a major source of protein for D. melanogaster, perhaps
its amino acid content stimulates TORC1 to ultimately suppress oocyte Wolbachia titer. To
test this possibility, we exposed flies to food enriched in Bovine Serum Albumin, prepared
specifically to match the protein content of yeast-enriched food (S1 Table). Oocyte
Wolbachia titer was similar for control and BSA-enriched conditions, with the control

exhibiting 1260 +/- 102 Wolbachia (n = 26), and the BSA-enriched condition exhibiting 1190
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+/- 48.2 Wolbachia (n = 18) (S2 Fig). This suggests that amino acid availability in the host
diet has little impact on oocyte Wolbachia titer.

An alternate possibility is that yeast-enriched diets affect oocyte Wolbachia through insulin
stimulation of TORC1. It was previously shown that dietary yeast stimulates insulin-
producing cells (IPCs) the brain to release the insulin-like-peptides (Dilps) into the
hemolymph [270, 271]. To test whether yeast acts through somatic Dilp secretion to affect
oocyte Wolbachia titer, we ablated the IPCs in the brain of fully mature Drosophila females.
This can be achieved using a dilp2: Gene-Switch-GAL4, UAS: Reaper system that
specifically kills the brain IPCs in response to a 2-week mifepristone treatment [271].

We first investigated whether mifepristone on its own modulates the yeast effect in wild-type
flies. After completing a 2-week exposure to either DMSO or mifepristone, flies were
exposed to either control or yeast-enriched food for 3 days, and their oocyte titer levels were
assessed. DMSO-treated flies exhibited substantial oocyte titer depletion in response to
yeast-enriched food, down to 30% of the titer in the control condition (Figure 5.5A). This was
indicated by 785 +/- 64.8 Wolbachia per oocyte in the DMSO-control food condition (n = 24),
in contrast to 191 +/- 26.9 Wolbachia in the DMSO-yeast-enriched condition (n = 25) (p <
0.001) (Figure 5.5A). Mifepristone-treated flies showed a similar titer reduction after
exposure to yeast, exhibiting 21% of the titer seen in the control food condition (Figure 5.5B).
This was indicated by 896 +/- 77.2 Wolbachia per oocyte in the mifepristone-control food
condition (n = 23), versus 264 +/- 39.5 Wolbachia in the mifepristone-yeast-enriched
condition (n = 25) (Figure 5.5B) (p < 0.001). Therefore, mifepristone alone has no effect on
yeast-based suppression of oocyte Wolbachia titer.

Next, the same treatment regimens were performed on flies with the dilp2: Gene-Switch-
GAL4, UAS: Reaper genotype. In this experiment, DMSO-treated flies, which retained
functional IPCs, exhibited a severe oocyte Wolbachia depletion in response to yeast-
enriched food, exhibiting only 7% of the oocyte titer seen on DMSO-control food (Figure

5.5C). This was indicated by the presence of 999 +/- 116 Wolbachia per oocyte in the
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Figure 5.5: Nutrients affect germ line Wolbachia titer through the somatic insulin
pathway. Dietary impact on oocyte Wolbachia titer was tested in flies that either carried
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14-day period to drive IPC lethality. * indicates significant changes in titer.
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DMSO-control food condition (n = 17), versus 66.5 +/- 6.61 Wolbachia in the DMSO-yeast-
enriched condition (n = 20) (p < 0.001) (Figure 5.5C). In stark contrast, mifepristone-treated
flies that had lost their IPCs exhibited no oocyte titer change after exposure to yeast (Figure
5.5D). This was indicated by detection of 583 +/- 72.6 Wolbachia per oocyte in the
mifepristone-control food condition (n = 20), versus 503 +/- 68.0 Wolbachia in the
mifepristone-yeast-enriched condition (n = 20) (Figure 5.5D). Since mifepristone in
combination with the dilp2: Gene-Switch-GAL4, UAS: Reaper system specifically prevented
yeast from affecting oocyte Wolbachia titer, this demonstrates that somatic IPCs mediate

Wolbachia titer suppression by dietary yeast.

Dietary sucrose elevates oocyte Wolbachia titer in an insulin-dependent manner

To further investigate the sensitivity of oocyte Wolbachia titer to somatic insulin signaling, we
also examined the effect of a sucrose-rich, high sugar diet. High sugar diets have been
shown to induce insulin resistance in Drosophila [272, 273]. This may be due in part to
increased expression of NLaz [272], which in mammals is known to suppress Akt function
within the insulin signaling pathway (Figure 5.1) [274-276]. To test the impact of sucrose-
enriched diets on oocyte Wolbachia titer, 2-day old D. melanogaster were fed standard food
diluted 1/3 with saturated sucrose solution, hereafter referred to as “sucrose-enriched food”
(S1 Table). After 3 days of exposure to this diet, Wolbachia titer was assessed in oogenesis.
Oocytes from the sucrose-enriched condition exhibited a 2.4-fold increase in Wolbachia
(Figure 5.6A). Unlike oocytes raised on control food, which exhibited an average of 165 +/-
22.2 Wolbachia (n = 24), D. melanogaster oocytes exposed to sucrose-enriched food
exhibited 392 +/- 25.3 Wolbachia (n = 26) (p < 0.001) (Figure 5.6A). These data indicate that
a high sugar diet significantly elevates oocyte Wolbachia titer, possibly via an insulin-related
mechanism.

A sucrose-based impact on oocyte Wolbachia titer is surprising, as corn syrup-enriched food

did not induce a similar effect (Figure 5.2D). Notably, sucrose is a disaccharide, composed
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Figure 5.6: Sucrose-enriched food elevates oocyte Wolbachia titer in a chico-
dependent manner. Wolbachia were quantified within single focal planes of oocytes
exposed to control food or sucrose-enriched food. The average titer detected per nutrient
condition is shown. A) Impact of sucrose on oocyte Wolbachia titer in wild-type D.
melanogaster. B) Comparison of oocyte Wolbachia titers between control food and other
foods enriched in glucose, fructose, a mixture of glucose and fructose, or sucrose. C-E)
Sucrose impact on oocyte Wolbachia titer in flies that carry tissue-specific chico RNAI
disruptions. Genotypes used: C) (nos-GAL4)/+; (nos-GAL4)/(UAS-chico dsRNA). D) (da-
GAL4)/(UAS-chico dsRNA). E) (da-GAL4)/+.

of glucose and fructose, whereas corn syrup consists mainly of glucose. To elucidate the
basis for sucrose-induced titer effects in oogenesis, food enriched for glucose and fructose
were also tested. However, none of the monosaccharide-enriched conditions significantly

affected oocyte Wolbachia titer (Figure 5.6B). Control food yielded an average oocyte titer of
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478 +/- 27.6 Wolbachia per oocyte (n = 71). Similarly, oocytes in the glucose-enriched
condition displayed 520 +/- 31.1 bacteria (n = 33), the fructose-enriched food condition
resulted in 478 +/- 33.0 Wolbachia (n = 29), and a mixture of glucose + fructose yielded 499
+/- 28.0 Wolbachia (n = 32). By contrast, oocytes from the sucrose-enriched condition
presented 883 +/- 95.4 Wolbachia (n = 22) (p < 0.001) (Figure 5.6B). This confirms that
disaccharide sucrose molecule specifically elicits Wolbachia titer increases in oogenesis.

To further test the possibility that insulin signaling mediates sucrose impact on ovarian
Wolbachia titer, we coupled genetic disruptions of the insulin pathway with sucrose-enriched
food. Chico is a Drosophila homolog of the Insulin Receptor Substrate that relays signals
from the Insulin Receptor to AKT kinase, and thus ultimately TORC1 (Figure 5.1) [277, 278].
Germ line and soma-specific GAL4 drivers were used to drive expression of chico dsRNA
[266-269], and oocyte Wolbachia titer was assayed in control and sucrose-enriched
conditions. This test did not indicate any effect of germ line chico RNAi on sucrose-induced
oocyte titer elevation, with sucrose-enriched food corresponding to 2.4-fold higher oocyte titer
than the control (Figure 5.6C). Germ line chico RNAi oocytes exhibited 125 +/- 10.6
Wolbachia when exposed to regular food (n = 26) as compared to 299 +/- 27.2 Wolbachia in
response to sucrose-enriched food (n = 19) (p < 0.001) (Figure 5.6C). By contrast, somatic
chico RNAI eliminated sucrose-induced titer effects in oogenesis (Figure 5.6D). Oocytes
from somatic chico RNAI flies exhibited 180 +/- 12.9 Wolbachia in the control condition (n =
25), as compared to 169 +/- 12.5 Wolbachia per oocyte in the sucrose-enriched condition (n
= 25) (Figure 5.6D). Analysis of sibling controls further indicated that the genetic background
for the somatic chico RNAi experiment was not responsible for differential oocyte titer
responses to sucrose (Figure 5.6E). In flies carrying the somatic da-GAL4 driver used for this
experiment, the sucrose-enriched condition continued to exhibit 2-fold more Wolbachia than
the control food condition. An average of 124 +/- 11.1 Wolbachia were detected in control
oocytes (n = 27) as compared to 251 +/- 32.8 Wolbachia detected in oocytes from the

sucrose-enriched condition (n = 20) (p < 0.001) (Figure 5.6E). Though the complete
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mechanistic implications of somatic chico disruption remain unclear, these data demonstrate

that sucrose acts through somatic insulin signaling to elevate oocyte Wolbachia titer.

Oocyte Wolbachia titer responses are independent of ovary productivity

These data raise the fundamental question of why diet-modulated insulin signaling affects
Wolbachia titer so strongly in germ line cells. One possibility is that these titer responses are
an indirect result of nutrient-induced changes in ovary size and productivity [273]. Yeast-rich
diets and insulin signaling are known to drive formation of larger, more productive ovaries
[257, 273, 277, 279-288], while high-sucrose diets have the opposite effect [273-276]. To
test the contribution of ovary size and productivity variables on oocyte Wolbachia titer, we
manipulated ovary productivity by controlling female mating. Mating stimulates ovary
development, resulting in a moderately sized, productive ovary. By contrast, virgin females
exhibit very large ovaries, filled mainly by mature eggs [289-293]. Oocytes from mated
versus virgin females revealed similar oocyte Wolbachia titers, however (S3 Fig). The mated
condition displayed 449 +/- 27.5 Wolbachia per oocyte (n = 26), while the virgin female
condition that carried 470 +/- 40.6 Wolbachia per oocyte (n = 24) (S3 Fig). These data
suggest that ovary size and productivity do not serve as primary determinants of oocyte

Wolbachia titer.

Wolbachia nucleoid morphology responds to dietary yeast

To further investigate the effects of host diet on Wolbachia, we examined Wolbachia nucleoid
morphology. Other studies indicate that nucleoid morphology can serve as a proxy indicator
of replication-associated changes in cell shape, or stress-induced DNA compaction [106,
294, 295]. Multiple, zoomed-in images of Wolbachia stained with propidium iodide were
projected as a single image, and nucleoid shape was measured. The images indicated that
Wolbachia nucleoid shape differs between nutrient conditions (S4 Fig). To specifically

analyze changes in nucleoid length, 120 nucleoids were selected at random from each
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treatment condition and their lengths were compared. This analysis indicated that 50% of
nucleoids in the control condition exceeded 2 um in length (S4 Fig). The sucrose-enriched
condition was similar, with 53% of nucleoids exceeding 2 um. In the yeast-enriched
condition, however, only 37% of nucleoids exceeded this measure (p < 0.05). Thus, yeast-
enriched food significantly shortened Wolbachia nucleoids. We further determined an
elongation index (El), representing bacterial length divided by width, for the same 120
nucleoids per treatment condition as above. This analysis indicated that 50% of nucleoids
measured in the control condition had an El greater than 2 um. In the sucrose-enriched
condition, only 33% of nucleoids showed an EIl greater than 2 um (p < 0.05). In the yeast-
enriched condition, even fewer nucleoids showed this degree of elongation, with only 22% of
nucleoids exceeding this El (p < 0.001) (S4 Fig). These data indicate that dietary conditions,
and especially exposure to yeast-enriched food, alter Wolbachia nucleoid morphology in

oogenesis. This is consistent with a bacterial physiological response to host diet.

Wolbachia titers are regulated in a tissue-specific manner

The striking impact of dietary nutrients on oocyte Wolbachia titer raised the question of
whether Wolbachia titer in other tissues is responsive to nutrient conditions. Wolbachia are
present in insect somatic cells, and the Drosophila brain is particularly amenable to
assessment of somatic Wolbachia titer [171, 296]. To take advantage of this, we imaged
Wolbachia in the central brain of D. melanogaster exposed to different nutrient conditions.
This analysis revealed that D. melanogaster on control food already carry very low Wolbachia
titer in the central brain (Figure 5.7A, A’, n = 3), and flies fed with either yeast-enriched or
sucrose-enriched food were indistinguishable in appearance from the control (Figure 5.7B, B’,
n = 3) (Figure 5.7C, C’, n = 3). Thus, Wolbachia titer in D. melanogaster brain does not
appear to be affected by the dietary conditions used in this study. An alternative possibility,
however, is that the overall low Wolbachia titer detected under these conditions hampered

our ability to assay nutrient-induced changes in titer.
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Figure 5.7: Host diet has tissue-specific effects on somatic Wolbachia titer. A-F’)
Wolbachia in the central brain of female flies. Columns from left to right: Control food,
Yeast-enriched, Sucrose-enriched. In merged images, red shows Anti-Wsp to indicate
Wolbachia, and green shows phalloidin to indicate actin. Grayscale images show only
Anti-Wsp. A-C, A’-C’) D. melanogaster brains. Little Wsp signal is detected under each
feeding condition. D-F, D’-F’) Brains from D. simulans. These show similarly high Wsp
immunoreactivity under all feeding conditions. G) Percentage of Wolbachia-infected D.
simulans brain cells. H) Frequency of large Wolbachia clusters per 100 D. simulans brain
cells. |-J) qPCR analysis of relative Wolbachia levels from flies exposed to nutrient-
altered diets. The Y-axis shows relative quantitation of genomic wsp. Flies used: I)
ovarectomized D. melanogaster females. J) intact D. melanogaster males. Values are
normalized to the control flies in each panel. * indicates a significant change in titer. Scale
bars: 150 ym.

To pursue this further, the impact of nutrient-altered food was tested in the closely related D.
simulans species, known for carrying high Wolbachia titer in its brain cells [296]. Flies
exposed to control food exhibited a high titer of Wolbachia in the central brain overall (Figure
5.7D, D’, n = 7). Similarly high Wolbachia titer was detected in the brain after exposure to
yeast- and sucrose-enriched food (Figure 5.7E, E’, n = 5) (Figure 5.7F, F’, n = 4). Further
quantification of Wolbachia infection frequency did not reveal any differences between
nutrient conditions (Figure 5.7G). In control food, yeast-enriched, and sucrose-enriched
conditions, 55-56% of brain cells exhibited Wolbachia infection (n = 1171, 767, and 665 cells,
respectively). No differences were seen in formation of large Wolbachia aggregates either
(Figure 5.7H). Brain samples reared on control food, yeast-enriched, and sucrose-enriched
conditions all exhibited between 16-19 large bacterial clusters per hundred cells. This
indicates that Wolbachia titer in the D. simulans brain is unresponsive to the nutrient-altered
conditions used in this study.

To address the possibility that D. simulans tissues are generally unresponsive to nutrients,
we also assessed D. simulans oocyte titer in response to nutrient-altered food. In contrast to
the brain, D. simulans oocytes exhibited a clear nutrient-dependent Wolbachia titer response
(S5 Fig). Control oocyte images carried 293 +/- 49.9 Wolbachia (n = 10). By contrast, oocyte

titer from the yeast-enriched condition was at 40% of the control level, with an average of 116
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+/- 20.1 bacteria detected per oocyte (n = 10) (p = 0.004). Furthermore, the sucrose-
enriched condition exhibited 2.3-fold higher titer than the control, with 662 +/- 73.6 Wolbachia
detected per oocyte (n = 10) (p = 0.001) (S5 Fig). Thus, D. simulans Wolbachia titers are
capable of responding similarly to nutrient conditions as D. melanogaster.

To further probe the impact of host diet on somatic Wolbachia titer, we analyzed relative
amounts of Wolbachia versus host DNA in ovarectomized female flies. In this analysis,
females were exposed to nutrient-altered diets, dissected to remove ovarian tissues, and
analyzed by qPCR. The results indicate the relative level of Wolbachia per host genome
copy number. This analysis indicated that yeast-enriched dietary conditions led to higher
levels of Wolbachia than the control food condition (Figure 5.71). Control samples exhibited a
mean relative level of Wolbachia of 0.989 (n = 37), whereas the yeast-enriched condition
displayed a mean relative level of Wolbachia of 1.28 (n = 35) (p < 0.05). Females exposed to
sucrose-enriched diets were not significantly different from the control, however, exhibiting a
mean Wolbachia relative level of 0.792 (n = 36) (Figure 5.71). This titer response profile
differs from analyses of Wolbachia titer in the ovary as well as the brain. This suggests that
host diet affects Wolbachia titers in a tissue- specific manner.

As host nutrition has a different impact on ovarian versus somatic Wolbachia titers, this
raised the question of what would happen in organisms lacking ovarian tissue altogether. To
address this issue, qPCR analysis was performed on intact male flies. This indicated that
bodywide Wolbachia titer also increases in response to yeast-enriched food, although not
sucrose-enriched food (Figure 5.7J). The control food condition carried a mean Wolbachia
relative level of 1 (n = 16), in contrast to the yeast-enriched condition, which displayed a
mean Wolbachia relative level of 1.545 (n = 15) (p < 0.05). Sucrose-enriched diets
corresponded to a mean Wolbachia relative level of 1.027 (n = 16). This analysis confirms
that the profile of bodywide titer responses in males is equivalent to ovarectomized females.
This suggests that somatic Wolbachia titers overall respond to host dietary conditions in a

consistent manner.
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5.4 Discussion

The major finding of this study is that dietary intake by Drosophila strongly influences
Wolbachia titer in the host female germ line: a high yeast diet decreases Wolbachia oocyte
titer and a high sucrose diet increases Wolbachia oocyte titer. This finding adds to a small
but growing literature on the impact of host diet on endosymbionts [209, 221, 222]. Prior
studies of Wolbachia suggest that this endosymbiont relies heavily upon host provisioning of
amino acids and carbohydrates [177, 189, 297]. A very recent study analyzing the
Drosophila midgut and ovary surprisingly indicated that neither dietary yeast nor sucrose had
any affect on the Wolbachia:host genomic ratio in those tissues [298]. The image-based
analyses of this study demonstrate that yeast and sucrose affect germ line Wolbachia titer at
the cellular level, however. It is unclear why Wolbachia titer in the oogenesis should be
particularly sensitive to diet and whether this is an adaptive response to changes in the host
metabolic environment. The evolutionary success of Wolbachia depends on its ability to
localize at the posterior pole of the oocyte, the site of germ line formation. Significantly, we
find that Wolbachia localize to the posterior pole regardless of whether the host is exposed to
the low titer, yeast-enriched diet, or the high titer, sucrose-enriched diet. This suggests the
previously described microtubule and motor protein based mechanisms driving posterior
localization of Wolbachia [84] are robust, even in the face of dramatic titer changes caused
by nutrient-altered diets.

Insight into the mechanism of yeast-induced titer suppression comes from our functional
studies demonstrating that this response is mediated through TORC1. Genetic up-regulation
of TORC1 suppresses oocyte Wolbachia titer, whereas drug-based inhibition of TORC1
increases titer. This finding creates the basis for a sensible functional connection between
intracellular Wolbachia and host diet, as both amino acids and insulin signaling are known to
drive TORC1 activity [243]. Our finding that BSA-enriched food had no effect on oocyte
Wolbachia titer argues that yeast protein content is not the major determinant of germ line

titer suppression, and alternatively suggests a role for insulin signaling. Prior work has
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shown that yeast-rich diets trigger insulin signaling in Drosophila, and that Wolbachia interact
with host insulin signaling processes [285, 286]. Our finding, that loss of somatic IPCs
eliminates yeast impact on oocyte Wolbachia titer, confirms that insulin signaling facilitates
the titer-suppressing effects of yeast. Furthermore, disrupting the somatic insulin receptor
substrate, Chico, suppressed the impact of dietary sucrose on oocyte Wolbachia titer. This
suggests that both dietary yeast and sucrose affect germ line Wolbachia titer via antagonistic
impacts on somatic insulin signaling (Figure 5.8).

In considering the mechanism of insulin-based impact on germ line Wolbachia titer, one
possibility is that changes in ovary productivity are responsible. Diet-modulated insulin

signaling affects the relative rates of germ line stem cell division, germ line cell survival
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egg chamber development [257, 273, 277, 279-288]. If Wolbachia are unresponsive to
nutrient-induced adjustments in germ line cell growth and development, significant titer
changes in oogenesis would be expected. However, oocyte Wolbachia titers were very
similar in mated and virgin females, despite the different rates of germ line stem division
expected for each type of flies [273, 280, 283, 284, 287-293]. Another possibility is that
yeast-induced insulin signaling affects Wolbachia physiology in oogenesis. The “rounded”
Wolbachia nucleoids visible in the yeast-enriched condition could indicate substantially
slowed bacterial growth or a bacterial stress response, for example [106, 294, 295]. Insulin
signaling has been shown to induce changes in cytoskeleton organization, proteasome
activity, and chaperonin activity [299-303], any of which could affect Wolbachia physiology. It
is also possible that dietary yeast in particular carries one or more bioreactive agents that are
toxic to germ line Wolbachia (Figure 5.8).

The impact of somatic insulin signaling on germ line Wolbachia titer also raises the question
of whether somatic Wolbachia titers are similarly affected by host nutrient conditions. Our
initial findings that Wolbachia titers in the Drosophila brain are non-responsive to host diet
suggested that nutrient-associated titer changes are restricted to the ovary. Analysis of
sucrose-fed, ovarectomized females is further consistent with that interpretation. However,
analysis of ovarectomized females also indicated that dietary yeast triggers somatic titer
changes opposite of oogenesis. It is possible that this occurs by physical relocation of
Wolbachia within the body, with dietary yeast driving Wolbachia egress from ovarian cells,
followed by invasion of somatic target tissues. Alternatively, host dietary conditions may
drive tissue-specific differences in the Wolbachia life cycle. Perhaps yeast-enriched diets
favor Wolbachia replication and survival in specific somatic tissues while disfavoring the
same in oogenesis. Support for this hypothesis comes from our finding that yeast-enriched
food induces the same bodywide titer changes in male flies as seen in ovarectomized
females. This demonstrates that ovarian Wolbachia titer responses are distinct from that of

other tissues.
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The pathways downstream and upstream of TORC1 that mediate yeast-based suppression
of Wolbachia germ line titer are yet to be determined. An obvious possibility is the role of
TORCH1 in suppressing autophagy (Figure 5.8). There are numerous examples in which
autophagy either enhances or suppresses intracellular bacteria titer [304]. Since TORCA1
disruptions increase Wolbachia titer in oogenesis, it is possible that Wolbachia interact
positively with autophagy, consistent with other endosymbionts [305, 306]. As insulin
signaling is expected to down-regulate autophagy (Figure 5.1), the low Wolbachia titers seen
in yeast-fed oocytes are further consistent with this possibility. However, the finding that
dietary yeast also increases somatic Wolbachia titers implies that somatic autophagy is
normally bactericidal in that context, consistent with another recent report [307]. These
conflicting results may indicate that tissue-specific differences in autophagy regulation
contribute to Wolbachia titer control, or that other mechanisms downstream or independent
from autophagy are responsible (Figure 5.8). Perhaps responses from one or more other
TORC1 effectors further contribute to Wolbachia titer regulation (Figure 5.1).

Wolbachia have been shown to suppress replication of RNA viruses in insects, including the
human pathogens, Dengue Fever Virus and Chikungunya Virus [308-310]. This finding,
together with the fact that Wolbachia-induced Cytoplasmic Incompatibility rapid spreads
Wolbachia through insect populations [230, 311], has led to a novel strategy of combating
these diseases by releasing Wolbachia-infected insect carriers of these viruses into afflicted
regions [312, 313]. Although the mechanism of Wolbachia-induced viral suppression is
unknown, several studies demonstrate that the higher the Wolbachia titer, the greater the
viral suppression [314-318]. Our finding that host diet dramatically affects tissue-specific
Wolbachia titers suggests that the natural diets of the released insects should be taken into
account when evaluating the potential effectiveness of a Wolbachia-based viral suppression
field study. Finally it will be of interest to determine whether diet has a similar effect on

Wolbachia titer in disease-associated filiarial nematodes.
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Chapter 6

Unpublished Screening Data

After publication of “A Cell-Based Screen Reveals that the Albendazole Metabolite,
Albendazole Sulfone Targets Wolbachia” in Chapter 2, screening continued. The first library
we screened contained 400 representative anti-malarial compounds were combined into the
“Malaria Box.” There were 37 hits with a 9.25% hit rate when screening at 100 uM for 5 days.
A hit is a compound that is at least 3 standard deviations from the average in at least 2 out of
3 replicates. 9 hits were in the uninfected range, which are compounds that fall within 3
standard deviations of the uninfected control average. Any hits that have a significantly
reduced number of cells, which means less than two standard deviations from the average, in
2 out of 3 replicates was removed. Compounds that reduce the number of cells most likely
will target the host, which is not of interest to us. 7 benzimidazoles comprise the largest class
of hits, which correspond to results from the Spectrum and NCI screens. Additionally, 3 of
the 9 uninfected hits are benzimidazoles. The results of this screen up until this point were
published in 2016 in PLoS pathogens titled “Open Source Drug Discovery with the Malaria
Box Compound Collection for Neglected Diseases and Beyond.” After publication, 5 of the 9
uninfected hits were tested in our Brugia pahangi in vivo screen: MMV011567, MMV665878,
MMV665824, MMV665899, and MMV006937. These compounds were tested at 5 uM for 3
days. After which the Brugia pahangi ovaries were dissected, stained, and imaged using
confocal microscopy and Wolbachia titer was quantified. Results indicate that treatment with
MMV006937, which is not a benzimidazole, significantly reduces Wolbachia titer.

The “Pathogen Box” was screened next and was modeled after the “Malaria Box.” It contains
400 compounds that target neglected diseases of interest such as tuberculosis,
cryptosporidiosis, and many more. There were 126 hits with a 31.5% hit rate when screening

at 100 uM for 5 days. Same as the “Malaria Box” screen, hits are compounds that are at
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least 3 standard deviations from the average in at least 2 out of 3 replicates. There were no
hits in the uninfected range. The compounds were categorized based on the disease they
target. Two different analyses were performed. First, the 126 hit compounds were grouped,
normalized, and averaged based on the disease. The results of this analysis are listed from
best to worse at reducing the number of Wolbachia infected cells with total number of hits in
parenthesis: reference compounds (9), kinetoplastids (24), schistosomiasis (4),
onchocerciasis (3), toxoplasmosis (5), malaria (40), cryptosporidiosis (6), tuberculosis (33),
hookworm (1), and dengue (1). Second, the hit rate for each disease was calculated. The
results of this analysis are listed from highest to lowest hit rate with the total number of hits
listed first / the total number of compounds listed second = the hit rate listed last in
parenthesis: hookworm (1 / 1 = 100%), cryptosporidiosis (6 / 11 = 55%), reference
compounds (9 / 26 = 35%), kinetoplastids (24 / 70 = 34%), toxoplasmosis (5 / 15 = 33%),
malaria (40 / 125 = 32%), schistosomiasis (4 / 13 = 31%), tuberculosis (33 / 116 = 28%),
onchocerciasis (3 / 11 = 27%), and dengue (1 /5 = 20%). Curiously, trichuriasis (0 /1 = 0%),
lymphatic filariasis (0 / 3 = 0%), and Wolbachia (0 / 3 = 0%) all had a 0% hit rate. Due to the
high number of hits, | argue the best course forward is to screen the library at a lower
concentration, which would remove some of the false positive hits and allow us to better
choose which hits would be best to test in the Brugia pahangi in vivo screen.

Most recently, at UCSF’'s Small Molecule Discovery Center (SMDC), we screened the
Chembridge library, which is composed of 30,000 compounds. This library is organized such
that the compounds on each plate share structural similarity. Given our previous results, this
particularly interested us. We tested the entire library in singlicate, which yielded 972 hits
and a 3.27% hit rate. The library was screened at 10 uM concentration compared to the
Spectrum, NCI, Malaria Box, and Pathogen Box which were screened at 100 uM
concentration.

To narrow down our hits, 7 plates were chosen to be tested in duplicate. Combined with the

initial screen, these plates were screened in triplicate. These 7 plates contained a higher
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number of hits compared to the average and comprised 358 hits in the primary screen, which
are 37% of the primary screen hits and a 16% hit rate overall on these plates. After the
secondary screen, 116 compounds were hits (5.78% hit rate on these plates). Compounds
that reduce the number of cells most likely will target the host, which is not of interest to us.
The results from the secondary screen provided us with 20 compounds that reduce titer in 3
out of 3 replicates and 74 compounds that reduced titer in 2 out of 3 replicates. We also
have 8 uninfected hits, which are compounds tested in the primary screen that fall within
three standard deviations of the uninfected control average. Thus far, 16 out of 20-3 out of 3
hits and 8 out of 8 uninfected hits were tested in the Brugia pahangi ovary and 2 compounds
significantly reduced titer (1-3 out of 3 hit and 1 uninfected hit). In total we have screened
36,231 compounds, which include NCI diversity, spectrum, malaria box, pathogen box,
Celgene, and Chembridge libraries. Of those, 8 compounds efficiently reduce Wolbachia titer
in nematode based screens.

Three papers have been published using albendazole combination therapy to treat
Wolbachia causing diseases in humans since our 2012 publication [1]. Most recent results in
Ute Klarmann-Schulz et al. 2017 show that treatment with albendazole for 3 days in
combination with doxycycline for 3 weeks significantly reduces Wolbachia in 81.4% of adult
female worms [319]. This combination was compared to doxycycline alone for 4 weeks
(significantly reduces Wolbachia in 98.8%), doxycycline alone for 3 weeks (significantly
reduces Wolbachia in 64.1%), and albendazole alone for 3 days (significantly reduces
Wolbachia in 35.2%) [319]. These data suggest even though doxycycline alone for 4 weeks
reduces Wolbachia more that there is an additive effect of albendazole for 3 days with
doxycycline for 3 weeks. This paper has the shortest treatment time for albendazole at 3
days when the other papers list treatment times for albendazole at 7 days [320] and 12 days
[321]. Treatment with albendazole for longer than 3 days in combination with doxycycline for

3 weeks would reduce Wolbachia further and be worth testing. Further, our hypothesis that
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albendazole targets Wolbachia FtsZ was supported by a 2013 study that FtsZ is sensitive to
albendazole [322].

A notable observation is that in the Wolbachia infected cell culture cells there are small
particles that move. These cell-like particles are filled with Wolbachia and do not grow on
agar plates (without antibiotics) which indicates that this is not contamination. They are
always present in Wolbachia infected cultures and we have no idea what they are. They also

increase when cells undergo an increased rate of apoptosis.

93



Chapter 7

Discussion

While my thesis work has addressed a number of outstanding issues regarding the
interaction between Wolbachia and its host, it has also raised a number of new exciting
questions that remain to be explored. Here | discuss these potential new avenues of
research.

A key question raised by our small molecule anti-Wolbachia screens is what are the targets
of our most promising hits. We suspect that the albendazole derivatives may be targeting
FtsZ. FtsZ is an essential bacterial division protein and without it when Wolbachia divide
cytokinesis does not occur. Elongated Wolbachia are visible with albendazole sufone
treatment, which could suggest that FtsZ is the target of the albendazole derivatives. The
known target of albendazole and other benzimidazoles is beta-tubulin, which disrupts
microtubule polymerization. FtsZ is a bacterial homolog of tubulin further supporting this
assertion. This results in Wolbachia that look like long sausages due to the mother and
daughter bacteria remaining connected; these bacteria eventually die. Wolbachia rely on
locating in a specific time and place within a cell and organism. This reliance on location
means that they are highly dependent on host microtubules and actin for movement, which
makes it a great potential target.

Although we are unsure of the targets, we have noticed that the best hits have consistently
been compounds with simple core structures of two rings together composed of either a 5-
and a 6-member ring or two 6-member rings. Compounds usually have nitrogens at the 1
and 3 positions with an R group at the 2 position. If the nitrogens are on the 5-member ring
then there is usually only 1 R group. If the nitrogens are on the 6-member ring then there is

usually another R group at the 4 position. Sometimes there is another R group or a sulfur
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opposite the first R group on the other ring. If screening were to continue, it would be
beneficial to test libraries of compounds that all fall into these criteria.

Another issue raised by our cell-based anti-Wolbachia screens is whether there is a more
efficient way to execute the screening procedure. Given what | know now, if | were to
approach the screen de novo | would change how Wolbachia are quantified. It would be
beneficial to determine the number of Wolbachia per cell instead of relying on total
fluorescence to determine if a cell is infected. The technology that is utilized for high-
throughput screening is improving every day and while determining the number of Wolbachia
per cell may not have been possible when screening began, | believe it is possible now and
this research would greatly benefit from that knowledge.

After compounds are tested in the primary screen, compounds are tested in our secondary
screening assay where we feed compounds to flies for 3 days to determine if Wolbachia titer
decreases in the fly oocyte. The fly oocyte is a useful tool because flies are cheap and easy
to grow in the lab. This contrasts with parasitic worms, which are expensive, difficult to get,
and cannot grow to an adult without a mammalian host. | have found that the fly oocyte is a
useful system, with some caveats. Titer reducing compounds in the fly oocyte usually
translate and reduce titer in the worm. Usually these compounds are the strongest hits and
reduce titer close to the same level as doxycycline. However, some compounds will not
reduce titer in the fly oocyte, but will still reduce titer in the worm. These compounds tend to
be our weaker hits with technically significant reduction in titer, but also significantly more titer
then doxycycline treated worms. How effective and ineffective drugs are in each of these
systems could be due to many things, but most likely is due to the difference in how these
organisms get the drug into their system. The fly must consume the drug compared to the
worm, which absorbs the drug through the cuticle. Overall, | think the fly oocyte is still a
useful secondary assay.

After compounds are tested in Drosophila oocytes, hit compounds are tested in our tertiary

assay where we dose Brugia with compounds of interest to determine if titer decreases in the
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Brugia ovaries. By looking near the distal tip cell we can accurately find if compounds alter
titer due to the consistent amount of Wolbachia in that area. In Brugia Wolbachia can also be
found in the hypodermal chords, which we have not used. It would be interesting to figure out
if that tissue can also be used to measure titer. It has not been used in the past due to
massive differences in titer in different areas of the hypodermal chord. More basic research
needs to be done on this tissue to answer some questions before we can use this tissue
reliably. Some questions include: do Wolbachia replicate in the hypodermal chords? If so,
do they always grow or do they only grow during specific stages? These questions need to
be addressed because if it is found that Wolbachia do not grow in the hypodermal chords and
the worms are treated with a compound targets Wolbachia growth, such as an FtsZ inhibiting
drug, then one would not see the effects of the compound in the hypodermal chords. One
easy way to begin answering these questions is to measure Wolbachia using gPCR in Brugia
at every stage of Brugia development. Ovaries are further developed as a mature adult so if
Wolbachia titer increases prior to ovary maturity you can determine that Wolbachia are
growing in the hypodermal chord.

Another major issue raised by my studies is elucidating the mechanisms by which Wolbachia
are able to undergo horizontal cell-to-cell transfer. In “Mechanisms of horizontal cell-to-cell
transfer of Wolbachia spp. in Drosophila melanogaster’ we developed a new method of
testing cell-to-cell transfer. This showed that horizontal transmission of Wolbachia does
occur, can take place in 12 hours or less, and uses both clathrin-mediated endocytosis and
phagocytosis to gain entry into a cell. This new knowledge poses new questions including:
what receptor do Wolbachia use for clathrin-mediated endocytosis? When do Wolbachia use
endocytosis versus phagocytosis? How fast can endocytosis occur? What happens after
Wolbachia gain entry into a cell? Using my knowledge of cell-to-cell transfer, high-throughput
screening, and RNAi many of these question can be answered by designing a screen to
determine host factors involved in cell-to-cell transfer. From our paper we know that clathrin

and dynamin are needed for endocytosis, but there are numerous unidentified host factors
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required for endocytosis. In addition to learning more about Wolabchia, studying endocytosis
of endosymbionts like Wolbachia can teach us more about host cell physiology. One
question not addressed in this paper is, how do Wolbachia exit the cell? My hypothesis is
that Wolbachia use both apoptosis and exocytosis to exit the cell, utilizing specific receptors
and exocytosis gene products. | would test this hypothesis in vivo using adult Drosophila
melanogaster. Previous studies demonstrated that cell-to-cell transfer occurs, therefore
Wolbachia is not only capable of cell-to-cell transfer, but is capable of targeting the female
germ line stem cells over long distances [323]. Through a combination of cell specific gene
knockdowns, one should be able to identify key host genes involved in both cell-to-cell
transfer and long distance targeting. Promising candidate genes include epidermal growth
factor receptor (EGFR) and hsp70.

Since Chapter 4 was published, more work has been done looking more into ERAD and its
significance to Wolbachia. What role do other ERAD components play in regulation of
Wolbachia titer? MG132 is a synthetic proteasome inhibitor and when fed to flies Wolbachia
titer goes down in the oocyte. This result is consistent with the results from the proteasome
inhibitor lactacystin published in the paper. To look further into ERAD, we used kifunensine,
which is an ERAD inhibitor and inhibits the preparation of misfolded proteins upstream of
ERAD. When kifunensine was fed to flies, Wolbachia titer in the oocyte decreased. This
result is consistent with what was shown in the paper when ERAD-C component, ubc6, was
knocked down and titer goes down [3]. To test the other branches of ERAD we looked at
hrd1, which is an E3 ubiquitin ligase involved in ERAD-L and —M. We have found that when
hrd1 is knocked down, titer goes up. At this point it is unclear why when ERAD-C is knocked
down titer goes down and when ERAD-L and —M are knocked down titer goes up. Our
hypothesis is that Wolbachia are utilizing the amino acids that output from ERAD-C therefore
when ERAD-L and —M are turned off more proteins are degraded through ERAD-C, which
benefits Wolbachia, but this has not been tested. Furthermore, when running a coomassie

gel looking at Wolbachia infected versus uninfected cell culture cells we consistently found an
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extra band in the Wolbachia infected lane at 70 kDa (P.M. White unpublished data). It was
thought that this band might be hsp70, which plays a chaperone role in ERAD. The western
blot however showed no difference in hsp70 between infected and uninfected cells. Even
though the results were negative, | still think that hsp70 could be playing a role and it should
be pursued further.

Our screen for host factors that, when knocked down, reduce Wolbachia titer also yielded
knockdowns that increased titer. This latter class would be interesting to pursue as it may
shed additional insight into factors that inhibit Wolbachia. Other interesting classes of hits
that should be further pursued are lipids, mitochondria, and ATP/GTP. These categories
could lead to new pathways utilized by Wolbachia.

“The Impact of Host Diet on Wolbachia Titer in Drosophila’ in Chapter 5 was an instrumental
step in beginning to understand how host dietary nutrients affect pathogens. However, with
knowledge come more questions. First, food enriched with glucose, fructose, and glucose +
fructose combined did not alter titer. Are there other sugars that alter titer besides sucrose?
In figure 2, Camacho et al. 2017 show that galactose, lactose, maltose, and trehalose all
increase titer and in figure 3 show that they all decrease ovary size as well [324]. Second,
sucrose enriched food increases titer but decreases ovary size and yeast enriched food
decreases titer but increases ovary size. Is the titer change a result of the change in size? In
figure 4, Camacho et al. 2017 show that even though lactulose, erythritol, xylitol, aspartame,
and saccharin decrease ovary size even though there is no change in titer [324]. This
suggests that ovary titer and size are not linked. Third, when making the sugar enriched
foods, the thick syrup is mixed with regular fly food. This made us wonder if the sugar-
enriched foods caused the food to desiccate. Therefore, does desiccated food cause a
change in titer? In figure 5, Camacho et al. 2017 show that when silica gel is added to fly
food there is no change in titer indicating that desiccation does not cause a change in titer
seen in sugar-enriched foods [324]. Last, how is titer and ovary size affected when flies are

fed yeast and sugar enriched food combined? In figure 6, Camacho et al. 2017 show that
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when yeast is fed in combination with sucrose, galactose, lactose, and maltose there is no
significant change compared to control food and compared to yeast enriched food there is a
significant increase [324]. However this is a different story when yeast is fed in combination
with trehalose. There is a significant decrease compared to control food and no significant
difference compared to yeast enriched food. Despite these results, all yeast and sugar
enriched combinations had a normal ovary size that were not significantly different compared
to the control and significantly decreased compared to the yeast enriched food. This
suggests that the titer change caused by sucrose, galactose, lactose, and maltose act within
the same mechanism yeast does, but that trehalose acts within an entirely different
mechanism. Moving forward it would be interesting to parse the different mechanisms
identified in this paper. Specifically the trehalose is the most interesting because it caused
the greatest increase in titer but did not rescue the effects of yeast like the other sugars that
increased titer did.

Another unexplored issue in the Wolbachia field is the reciprocal influences between
Wolbachia and host cell on cell cycle regulation. Initially after treatment with doxycycline,
division rate of cured cells is the same as infected cells. Over time however, the division rate
of cured cells increases to five-times faster then infected cells, which always have the same
division rate. This could be due to the fact that treatment with doxycycline has been shown to
cause mitochondrial dysfunction [325]. This same change in division rate is seen comparing
cells that are uninfected and have never been infected to Wolbachia infected cells, which can
be made using an infection method similar to what was published in Chapter 4. This allows
for the creation of Wolbachia infected S2 cells and when division rates are compared, again

uninfected S2 cells divide five-times faster then Wolbachia infected S2 cells.
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Chapter 8

Methods

Generation and maintenance of cultured cells

The JW18 cell line bearing the Jupiter-GFP transgene was generated according to the
method described in [38, 41]. 2 to 15 hour old embryos derived from Wolbachia-infected flies
carrying a Jupiter-GFP transgene were homogenized and plated in flasks. During the next 6
months of maintenance, 5 of the initial 20 seed flasks converted into immortal tissue culture
lines. The JW18 cell line was selected for further pursuit due to its planar growth pattern and
stable abundant Wolbachia infection. JW18 cells were maintained at 25-26°C in Sang and
Shields media containing 10% fetal bovine serum, split weekly at a 1:2 dilution. A cured
version of the JW18 line, referred to as JW18TET and JW18DOX, was generated by treating
the cells with tetracycline and doxycycline respectively [26, 326, 327]. A Chi-square test was
used to test for differences in the frequency of mitosis between JW18 and JW18TET cells.
Electron microscopy was primarily performed on a second Wolbachia-infected cell line that
expresses Jupiter-GFP and Histone-RFP (LDW1) generated and maintained as described
above.

Stocks of uninfected Drosophila S2 cells and Wolbachia-infected A. albopictus C6/36 cells
were maintained in Shields and Sang M3 insect medium (Sigma-Aldrich) supplemented with
10% fetal bovine serum (FBS) (Gibco) at a temperature of 25 to 26°C. JW18 and LDW1 cells
are naturally infected with the wMel strain of Wolbachia [1], while C6/36 cells were artificially

infected with the wAIbB strain from Aa23 cells, as previously described [328].

Screening approach
Several small chemical libraries were used in this study. The Spectrum Collection

(MicroSource Discovery Systems, Inc) of 2,000 compounds contains 1,000 drugs with known
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pharmacological properties, 600 natural products, and 400 other bioreactive compounds.
The NCI Diversity Set | contains 1,990 compounds selected for structural uniqueness and
fewer than 5 rotatable bonds. The NCI Mechanistic Set contains 879 compounds, selected
for their diversity of impact in human tumor cell line screened by the NCI. The NCI Challenge
Set contains 57 compounds that stood out in the NCI tumor cell screens because of the
unusual patterns of cell lethality and resistance induced by these compounds. The stock
concentration of the compounds in these libraries was 10 mM. Furthermore, these libraries
were reformatted into 384-well plates by the UCSC screening center. Specifically,
compounds were placed into columns 3-22 of the plates, leaving columns 1-2 and 23-24
vacant to allow for untreated control wells.

Two different Drosophila RNAI libraries were used in this screen: UCSF DmRNAI library
version 1 and UCSF DmRNA. library version 2. These libraries have been used previously in
[175, 329]. Both libraries are available in 96-well format from Open Biosystems, now a part
of GE Healthcare. Three out of four wells from each 384-well screening plate (Griener Bio-
one) were set aside for experimental use. The fourth quadrant of wells was used for controls
to define baselines for (1) untreated wells with standard levels of infected cells and (2) wells
carrying significant reductions in infection, as induced by pararosaniline pamoate,
administered to 100 mM final concentration [1].

Cells were plated in 384-well, clear bottom plates (Griener Bio- one) pre-coated with 0.5
mg/mL Concanavalin A. JW18 cells were added to 22 columns, and JW18TET cells were
added to the remaining 2 columns at a concentration of 6,500 cells per well. For the drug
screen, after the cells adhered to the plates for 4—6 hours, compounds were transferred into
20 columns of JW18 cells in the center of the plate using a Janus MDT pin tool. The final
concentration of compound was 100 uM per well. All treatments were distributed into 3 plate
replicates. For the RNAI screen, after the cells adhered to the plates for 50 min, double-
stranded RNA (dsRNA) was transferred into the plate of JW18 cells using a Janus MDT pin

tool and media containing 40% fetal bovine serum (FBS) was added for a final concentration
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of 10% FBS. The average concentration of dsRNA was 0.223 mg/well. All treatments were
distributed into two plate replicates.

After a 5-day incubation with the compounds at 25°C, the cells were prepared for imaging.
Cells were fixed for 20 minutes in 4% formaldehyde and rinsed with PBS using an automated
BioTek liquid handler. All staining solutions were administered using a Multidrop robot, with
extensive rinsing between treatments. Mouse anti-histone (MAB052, Millipore) and goat anti-
mouse Alexa 594 (Invitrogen) was diluted to 1:1250 in PBS/0.1% Triton. A stock solution
saturated with DAPI was used at a final concentration of 1:40. After staining, PBS+sodium

azide was added to all wells of the plates.

Screen data analysis

Stained plates were imaged using an ImageXpress Micro system (Molecular Devices,
Sunnyvale, CA). 10 images were acquired per well at 40x magnification. These images
were analyzed using customized analysis software provided by Molecular Devices. The
software routine masks any areas where clumps of cells are detected, based upon intensity
of the Jupiter-GFP. The boundaries of the remaining cells and their nuclei are recognized
based upon the Jupiter-GFP and anti-histone stains. A mask was applied to the nuclei to
obscure fluorescent signal from those areas. A threshold for DAPI fluorescence detection is
set to detect as much Wolbachia as possible in JW18 control cells while minimizing detection
of background DAPI signal in JW18TET control and pararosaniline pamoate-treated control
cells, then applied to analysis of the entire plate. Cytoplasmic DAPI attributable to Wolbachia
nucleoids was scored in each cell to classify it as Wolbachia-infected or uninfected. A
spreadsheet from the data analysis software indicated the quantity of Wolbachia-infected
cells versus total cells measured in each well. Average and standard deviation values were
calculated for the frequency of Wolbachia infection in JW18, JW18TET control cells, and
pararosaniline pamoate-treated JW18 control cells, using the descriptive statistics function in

Statistical Package for the Social Sciences (SPSS by IBM). These values were used to
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calculate a Z’ factor for each plate. The Z' factor represents 1 — (three multiplied by the
absolute value of the sum of the SD for each control divided by the absolute value of the
difference between mean values for each control) [330]. Z’ factors regarded as acceptable in
this field range from 0 to 1. Our Z factors ranged from 0.2 to 0.65 per plate for the drug
screen and 0.25 to 0.85 per plate for the RNAIi screen, confirming that the controls were
clearly distinguishable by the assay. To identify preliminary “hit” compounds that
substantially reduced intracellular Wolbachia titer, an initial hit range was calculated to lie
between the JW18 average infection frequency - 3 SD, and the average JW18TET infection
or pararosaniline pamoate-treated JW18 infection frequency + 3 SD. To enable comparison
of hits identified on different treatment plates, the scaling of this initial hit range was next
reset to span from 0 to 1, thus applying a uniform, normalized hit range to all plates. To
further increase the stringency for identifying hits, we also calculated an average infection
frequency for all JW18 cells on the plate (treated or not), as most treatment wells are
expected to be indistinguishable from untreated controls. Wells that lay within 3 SD of the
mean were excluded from the hit list. For the RNAi screen, hit wells identified in only one of
two replicates were also removed. For the drug screen, hit wells identified in only 1 of 3
replicates were also removed from the hit list. From the remaining hit candidates, we further
identified compounds designated as hazardous by the National Cancer Institute, which
includes alkylating agents, corrosives, carcinogens, explosives, flammables, oxidizers,
poisons and known toxins. Any hits falling into these hazard classes were removed from
further consideration. The hit compounds not excluded by these stringent criteria were
designated as finalized hits.

The cytotoxicity of each hit from the Spectrum and NCI library screens was determined using
a stepwise classification process. The Pubchem Bioassay Database was mined to assess
the impact of our hits in prior mammalian tumor cell cytotoxicity screens conducted by the
NCI. The majority of our hit compounds have already been tested for cytotoxicity in 45-115

screens conducted by the NCI. For those hits, if over 50% of the NCI screens indicated the
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drug to be cytotoxic, we designated that hit as “toxic” in our listing. If 10%-50% of the NCI
screens indicated cytotoxic properties for that compound, we classified it as “moderately
toxic.” If less than 10% of NCI screens indicated toxicity, we classified it “non-toxic.” A
subset of our hit compounds have been run in 2 or fewer prior NCI screens. For those, hits, a
preliminary cytotoxicity designation was assigned based upon the cell density reported by our
screen. The average cell density per well was first calculated for each set of treatments, and
treatments that failed to shift the cell density of a single well more than +/- 33% from the plate

average were designated as “non-toxic.” Treatments that increased the average cell density
to more that 33% over the average density were classified as “toxicity unclear”, while
treatments that reduced average cell density to 33%—66% below the average cell density

were classified as “moderately toxic.”

Live imaging of tissue culture cells

Tissue culture chamber slides were coated with 0.5 mg/mL Concanavalin A, followed by
addition of JW18 cells. After a 24-hour incubation at 25°C, cells were exposed to Syto-11
(Molecular Probes) for one minute at a dilution of 1:50,000. Cells were imaged on a Leica
SP2 confocal microscope at 100x magnification and 2.75x optical zoom using FITC filters.

Images were acquired at 5-second intervals for up to 10 minutes.

Primary neuroblast cell culture and infections

Drosophila stocks homozygous for neuroblast-specific GAL4 expression (OK371, as
identified in [331]) and CD-ChRFP [7] under an upstream activation sequence (UAS)
promoter (Bloomington stock 27391) were crossed. Third-instar larvae were collected for
brain dissection and primary culture [332], modified to exclude antibiotics from all reagents
except for the Shields and Sang medium used to wash the cells, which contained 1:1,000

penicillin- streptomycin. The brain homogenate was plated on concanavalin A-coated glass
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coverslips as described above and incubated at 25°C overnight. Neuroblasts were tested for

cell-to-cell transfer as described above.

Passive uptake of fluorescently labeled dextran

S2 cells and neuroblasts were incubated with 20 mg/ml 1:1,000 fluorescently labeled dextran
(molecular weight, 40,000) overnight at 25°C. Culture medium with beads was aspirated,
and cells were processed for detection of Wolbachia bacteria by using FISH (see next

section).

FISH detection of Wolbachia

For FISH assays, cells were seeded on glass coverslips in untreated 6-well polystyrene
plates (Costar). In transwell assays, uninfected cells were seeded in the same manner, while
infected cells were seeded on polyester transwell membrane inserts with a pore size of 3.0
pum (Costar). For assays of dynamin inhibition, uninfected cells on coverslips in the bottom
transwell were treated with 80 uM dynasore [149] or an equal volume of DMSO (control) for 1
h, and the medium was then changed prior to seeding infected cells on the top well or prior to
adding crude Wolbachia preparations directly to the culture medium for an additional 24 h.
For assays of clathrin inhibition, uninfected cells on coverslips in the bottom transwell were
treated with 10 yM chlorpromazine [150] for 1 h, and the medium was changed prior to
seeding infected cells on the top well. Crude Wolbachia extracts were prepared by running
infected cells in culture medium through 5.0-um filter spin columns (Millipore) for lysis to
release Wolbachia bacteria and remove large cellular debris.

Wolbachia detection by FISH was performed 1, 2, or 3 days after coculture of uninfected and
infected cells and 24 h after the addition of crude Wolbachia preparations to cured cells.
Cells on glass coverslips were fixed with 8% paraformaldehyde for 20 min at room
temperature, washed 3 times with phosphate-buffered saline (PBS), and treated with

prehybridization buffer for 90 min at room temperature. The prehybridization buffer consisted
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of 50% deionized formamide by volume, 4X saline sodium citrate (SSC), 0.5X Denhardt’s
solution, 0.1 M dithiothreitol (DTT), and 0.1% Tween 20 in deionized water. After
prehybridization, cells were hybridized overnight at 37°C in hybridization buffer
(prehybridization buffer minus detergent) containing 500 nM Wolbachia W2 fluorescent DNA
probe (5-CTTCTGTGAGTACCGTCATTATC-3) (Bioresearch Technologies) [333]. After
hybridization, cells were washed 3 times with 1X SSC plus 0.1% Tween 20, 3 times with 0.5X
SSC, and 3 times with PBS to remove any free Wolbachia bacteria on the slide. The last
step of each wash series was performed at 42°C to eliminate nonspecific binding of the FISH
probe. Slides were then mounted and stained using Vectashield fluorescent mounting

medium with DAPI (4,6-diamidino-2-phenylindole) (Vector Laboratories).

Microscopy and image analysis

All fluorescence and differential interference contrast (DIC) imaging was performed on a
Leica DMI 6000 inverted wide-field microscope under equal exposure times and conditions.
For quantitation of Wolbachia infection during coculture over time, 3 to 7 fields (technical
replicates) for each group from 3 independent experiments (biological replicates) were scored
for the proportion of cells displaying red puncta in the Imaged cell counter tool
(http://imagej.nih.gov/ij/). Only cells with Wolbachia puncta in close association with the
nucleus were scored as infected to reduce the number of false-positive infections from
Wolbachia on the slides outside the cell, despite them being negligible. Counts from each
field were plotted as the proportion infected per field of view * standard error of the mean
(SEM) and were pooled for analysis by one-way ANOVA followed by Newman-Keuls
multiple-comparison test or by t test to determine differences in infection over time and
between the treated and untreated groups. For electron microscopy, samples were fixed with
2% glutaraldehyde and 0.5% paraformaldehyde in 0.075 M cacodylate buffer and postfixed
with 2% osmium tetroxide. Samples were dehydrated through a graded series of ethanol and

embedded in epoxy resin. Ultrathin (70-nm) sections (Ultracut UCB, Leica) were collected on
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Formvar/carbon-coated copper grids. Sections were then poststained with aqueous 4%
uranyl acetate and lead citrate. All samples were observed in a Tecnai 12 (FEl, The
Netherlands) transmission electron microscope at 80 kV equipped with a 1K-by-1K-resolution

Keen View camera.

Drug treatments in Drosophila and Brugia

ALB (Sigma), ALB-SO and ALB-SO2 (Santa Cruz Biotechnology) were dissolved into DMSO
to create 10 mM stock solutions. The flies used for this study, w; Sp/Cyo; Sb/TM6B, were
reared on fly food consisting of 0.5% agar, 7% molasses, 6% cornmeal, and 0.8% killed
yeast. Newly eclosed flies were collected, reared for 3 days, starved one day, and then fed
compounds of interest for one day. For titer assessment experiments, compounds were
diluted to a final concentration of 100 uM in yeast paste. Equivalent amounts of carrier
DMSO diluted into these nutrient sources were used as a control.

For ERAD testing, newly eclosed flies of the genotype w; Sp/Cyo; Sb/TM6B were collected,
reared for 2 days, and then exposed to food containing lactacystin diluted to a final
concentration of 100 mM for 3 days. Equivalent amounts of carrier DMSO diluted into these
nutrient sources were used as a control. For the TORC1 testing, 50uL of either control
DMSO or 30mM rapamycin/DMSO stock was mixed into 5mL standard food. For tests of IPC
function, 50uL of either control DMSO or a 10mM mifepristone-DMSO stock was mixed into
5mL standard food.

Brugia microfilariae were provided by TRS (Athens, Georgia). These were resuspended in 2
mL tissue culture media containing 50 yM of each compound of interest, except for
colchicine, which was administered at 20 uM. Control worms were provided an equivalent
dilution of carrier DMSO alone. Microfilariae were incubated with the compounds for 1 day at

37°C with 7.5% CO,. Adult Brugia were incubated for 3 days.
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Tissue staining and analysis

A combination of fixation and staining methods was used. Samples were prepared from a
minimum of 10-15 flies per condition in each replicate. Ovary dissection, fixation, and
propidium iodide staining were done as previously described in order to label germ line
Wolbachia nucleoids [84]. Ovarian tissues for all samples in each replicate were mounted on
slides in parallel to ensure maximal consistency in sample compression between slide and
coverslip. All samples were then imaged on a Leica SP2 confocal microscope at 63X
magnification with 1.5X zoom. Experimental samples verified to exhibit the same degree of
compression as the control sample were pursued further, while any experimental samples
deviating from that were discarded. Z-series images were acquired from each egg chamber
of interest at 1.5 ym intervals. Uniform intensity settings were applied to all egg chambers
imaged within each replicate. A minimum of 7—10 oocytes were ultimately imaged from each
condition, with all experimental oocytes matched for morphological consistency against
control oocytes of the same replicate. Using this rigorous method, significant fold-differences
in Wolbachia titer were consistently identified between control and experimental conditions,
regardless of the baseline quantity of Wolbachia detected in each replicate.

To quantify Wolbachia titer in the confocal images, we used established methods to identify
the deepest possible focal plane where Wolbachia are clearly visible in all samples tested for
each replicate [95]. The images were processed in Photoshop to remove everything from the
images except oocyte Wolbachia, which were then quantified using the Analyze Particles
feature in Image J. This analysis ultimately quantifies the Wolbachia nucleoids carried per
oocyte, or per nurse cell, within a single, representative focal plane of each egg chamber.
Although the graphical data displayed in the figures present all experimental averages as
normalized against the control averages, all statistical calculations were run by comparing
each condition only against controls that were run in parallel. Significant differences were
indicated by ANOVA. A minimum of 2-3 replicates were performed for most germ line

staining experiments described in this study. The only exception was the experiment in
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which Wolbachia titer responses were analyzed in both brain and ovary tissues. In that case,
single replicates were done for each type of tissue stained, with all conditions run in parallel.
To analyze Wolbachia titer by real-time quantitative PCR, single flies were homogenized with
a pestle in 250 yl of Tris HCI 0.1M, EDTA 0.1M and SDS 1% (pH 9) and incubated for 30
minutes at 70 °C. After 35 ul of KAc were added the sample was incubated 30 minutes on
ice, centrifuged for 15 minutes at 13.000 rpm at 4°C and the supernatant stored. Samples
were diluted 100x for gPCR. qPCr was performed as described previously [316], using the
CFX384 Real-Time PCR Detection System and iQ SYBR Green Supermix (both BioRad).
The relative amount of Wolbachia was calculated with the Pfaffl method [334], using the
primers for the gene wsp to determine Wolbachia DNA levels and primers for host Rpl32 and
Actin5C genes to normalize male and female samples, respectively [316]. Data from males
were analyzed using a linear model on the log of the relative wsp levels (Im in R) [335]. Data
from females were analyzed using a mixed linear model on the logs of relative wsp levels
(Imerin R).

To analyze Wolbachia in the Drosophila central nervous system, brains were dissected and
fixed as previously described [296]. Brains were incubated in anti-rabbit wsp antibody +
PBST (0.1% Triton X-100) for 4 hours at room temperature or at least 12 hours at 4 degrees.
For secondary antibody staining, goat anti-rabbit Alexa Fluor 546 (Invitrogen) was used at
room temperature or at least 12 hours at four degrees. Actin labeling was done with
phalloidin conjugated to Alexa 488, diluted 1:100 in PBST, for one hour at room temperature.
Brain tissues were imaged on a Leica SP2 confocal microscope at 63X magnification. Brains
were quantified with Leica LAF AS software. One representative focal plane per brain was
scored. Cells containing one or more Wolbachia were scored as infected. Wolbachia
aggregates larger than 10 microns® were scored as a “cluster” [296].

To assess Wolbachia nucleoid shape, we acquired Z-series images of stage 10A oocytes at
63X magnification with 5X zoom. Then we created a projection of 4 images from each Z-

series, located just beneath the follicle cell layer, and measured the length of individual
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nucleoids using the “line” tool located within the Profile function of Quantification Tools in the
Leica SP2 software. Elongation index was calculated as a function of length divided by
width. It is assumed that the bacteria are random in orientation, and thus detecting a range
of nucleoid morphologies ranging from spherical to rod-shaped is possible. Chi square tests
were used to compare Wolbachia length and elongation index exhibited by bacterial
populations from each treatment condition.

Brugia staining was performed as previously described [313]. Briefly, worms were sectioned
and fixed in PFA 3.2% for 10 minutes, rinsed in PBS+0.1% Triton-X100, and incubated
overnight in RNAseA (10 mg/mL) in PBST, prior a 30 second incubation in a propidium iodide
solution (1 mg/mL diluted100X in PBST). Worm fragments were washed for 1 minute in
PBST and mounted in DAPI Vectashield mounting medium (Vector Labs). For FtsZ staining,
worm fragments were incubated with rabbit anti-FtsZ [275] in PBST after a 1:500 dilution,
after RNAse treatment, washed three times for 10 minutes, before adding a CY5-conjugated
anti-rabbit secondary antibody, followed by 3 washes of 10 minutes in PBST and mounting in
DAPI Vectashield mounting medium. Microtubules were stained using the monoclonal
antibody DM1a (Sigma) at 1:250 and an Alexa488-conjugated goat anti-mouse secondary
antibody (Molecular Probes) was used at 1:250. Mouse anti-histone H1 (Millipore MAB052)
was used at 1:500, and rabbit anti-phospho-histone H3 (Millipore) was used at 1:1000. All
tissues were imaged using Leica SP2 and Leica SP5 confocal microscopes. Wolbachia were
quantified in single focal planes of stage 10A Drosophila oocytes using established methods
[264]. To measure Wolbachia length in the Brugia ovaries, 11 images representing a 2
micrometer-thick Z-stack were merged to make a single image, followed by assessment of
bacterial length using the Leica SP2 line quantification function. Average Wolbachia titer
values associated with drug treatments were normalized against their respective DMSO
controls as previously to ensure comparability between experiments [264].

Statistical analysis was conducted using established methods. The ANOVA function in SPSS

was used to evaluate Wolbachia titer differences in Drosophila oogenesis and differences in

110



Wolbachia length in B. malayi. Chi-square tests were used to compare the frequency of
Wolbachia posterior localization in Drosophila oogenesis and to evaluate ratios of Wolbachia

per host nucleus in the Brugia ovary.

Ubiquitin foci staining and quantification

For analysis of ubiquitin foci in tissue culture cells, chamber slides were coated with 0.5
mg/ml Concanavalin A, followed by addition of JW18 cells. After a 24-hr incubation at 25°C,
cells were fixed for 20 min in 4% formaldehyde, blocked using 1% BSA, and stained with anti-
ubiquitin [Enzo Mono- and Poly- ubiquitinylated Conjugates (FK2) BML-PW8805] for 1 hr at
1:100 dilution. Goat anti-mouse Alexa 594 (Invitrogen) was used at a 1:1250 dilution in
PBS/0.1% Triton. Cells were imaged on a Leica DMIG000B wide-field inverted microscope
equipped with a Hamamatsu EM CCD camera (ORCA C9100-02) at 3100 magnification.
Areas to image were selected randomly without bias. Foci were quantified by eye from cells
with all boundaries visible in the image. Chi-squared analysis in SPSS was used to
determine significance, and post hoc tests performed as previously described [336] .

For analysis of ubiquitin foci in D. melanogaster oogenesis, flies of the genotype w; Sp/Cyo;
Sb/TM6EB were reared on fly food consisting of 0.5% agar, 7% molasses, 6% cornmeal, and
0.8% killed yeast. Newly eclosed flies were collected and reared for 5 days. Ovaries were
dissected in EBR (Ringer’s solution) and fixed for 5 min in 600 ml heptane and 100 ml
devitellinizing solution (100 ml Buffer B, 112.5 ml 32% paraformaldehyde, and 387.5 ml of
diH20) [337]. Ovaries were then rinsed, treated with RNAse overnight, blocked with 1%
BSA, and incubated with anti-ubiquitin [Enzo Mono- and Poly- ubiquitinylated Conjugates
(FK2) BML-PW8805] overnight at a 1:50 dilution. Last, the ovaries were incubated with goat
anti-mouse:Alexa 488 at a 1:500 dilution and resuspended overnight in mounting media
containing propidium iodide (PI). All samples were then imaged on a Leica SP2 confocal
microscope at x63 magnification with x1.5 zoom. Experimental samples verified to exhibit the

same degree of compression as the control sample were pursued further, while any
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experimental samples deviating from that were discarded. Z-series images were acquired
from oocytes at 1.5-mm intervals. Uniform intensity settings were applied to all egg
chambers imaged within each replicate. A minimum of 7-10 oocytes were ultimately imaged
from each condition per replicate with all experimental oocytes matched for morphological
consistency against control oocytes of the same replicate. Significance was determined by

ANOVA.

Fly strains

wMel Wolbachia were crossed from w; Sp/Cyo; Sb/TM6B into a germ line triple driver stock
[338] to ultimately generate infected flies of the genotype w; P(GAL4-Nos.NGT)40;
P(GAL4::VP16-Nos.UTR)MVD1 [4]. Females from this infected driver stock were then
crossed to males from responder stocks that carried the following upstream activation
sequence (UAS) dsRNA transgenes: the Ubc6 Valium20 TRIiP line: v,yv;
P(TRiP.HMS02466)attP40; the psGEF Valium20 TRIP line: y, sc,v; P(TRiP.HMS00320)attP2;
the mtt Valium20 TRIP line: y,sc,v; P(TRiP.HMS00367) attP2; the ND-B17.2 Valium20 line:
y,sc,v; P(TRiIP. HMS01584)attP2; and the CG18324 Valium20 line: y,sc,v;
P(TRiIP.HMS01199)attP2/TM3, Sb. Wolbachia-infected driver females were also outcrossed
to OreR uninfected males in parallel for analysis as a control.

Natural D. melanogaster and D. simulans flies were harvested daily from collection buckets
distributed in the Santa Cruz, CA area. As the female flies of these species are
morphologically indistinguishable, but both species were well-represented in the area, this
wild-caught population was presumed to represent both species. The laboratory strain of D.
simulans used was a w- stock that carried the endogenous wRi Wolbachia strain. The D.
melanogaster strain used for the initial nutrient feeds and for crossing wMel Wolbachia into
the other fly strains was w; Sp/ Cyo; Sb/TM6B. Other D. melanogaster fly strains used were
the gigas VALIUM20 TRIP line: y, sc, v; P(TRiIP.HMS01217)attP2/TM3, Sb; the chico

VALIUM20 TRIP line: y, sc, v; P(TRIP. HMS01553)attP2/TM3, Sb; the somatic daughterless
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driver: w; P(w+, GMR12B08-GAL4)attP2; the germ line triple driver: P(otu-GAL4::VP16.1);
P(GAL4-Nos.NGT)40; P(GAL4::VP16-Nos. UTR)MVD1; and the stocks used for IPC ablation:
w; P(w+, dilp2::GS-GAL4)/Cyo, and w; P(w+, UAS::Reaper). During this work, wMel was
introduced into the somatic daughterless driver, the germ line triple driver, and the dilp2::GS-
GAL4 driver, and the infected versions of these stocks were crossed to the TRIiP or
UAS:Reaper responders. DrosDel isogenic flies carrying wMel were used for real-time

quantitative PCR analyses [316].

Food preparation and administration

The standard food recipe used was based upon that of the Bloomington Drosophila Stock
Center [339]. The food was prepared in large batches that consisted of 20L water, 337g
yeast, 190g soy flour, 1325g yellow corn meal, 96g agar, 1.5L Karo light corn syrup and
94mL propionic acid. To create yeast paste for this study, live bakers yeast was mixed
together with water to create a smooth, thick paste. To create the “control food” used in this
study, we mixed together 1.5mL ddH20 and 3.5mL of melted standard food in a narrow-
mouthed vial, then let cool in an ice bucket to solidify the food suspension. The same
procedure applied to creation of all other nutrient-altered foods used in this study. For “corn-
syrup-enriched” food condition, 1.5mL Karo light corn syrup was used. For “yeast-enriched”
food condition, 1.5mL of heat- killed yeast paste was used. The “BSA-enriched” food carried
0.4g BSA, 1.5mL water, and 3.5mL standard food. For the “sucrose-enriched”, “glucose-
enriched” and “fructose-enriched” foods, fresh sugar solutions were prepared at a final
concentration of 1g/mL, then 1.5mL of this concentrate was combined with 3.5mL standard
food for each vial. The “glucose + fructose enriched” condition carried 0.75mL of 1g/mL
glucose, 0.75mL 1g/mL fructose, and 3.5mL standard food. Alternate methods were used to

prepare food for the other treatments. For the branched chain amino acid condition, the

control condition contained 400uL water and 50uL DMSO mixed with 4.5mL standard food,
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whereas the experimental condition carried 200uL of 1mg/mL Arginine, 200uL of 1mg/mL
Isoleucine and 50uL DMSO mixed with 4.5mL standard food.

Laboratory Drosophila stocks were maintained on standard food at 23-24°C. Identical
population density was used in all vials, and control and experimental conditions run in
parallel. Flies of the genotype w; Sp/Cyo; Sb/TM6B were used in all imaging experiments
that assessed nutrition as the only variable. In the cases where crosses were needed to
drive expression from TRIP line stocks or the dilp2:GAL4 stocks were used, we performed all
crosses using identical population density and female age distribution in all vials, with control
crosses always run in parallel. Virgin female flies were collected during the first 3 days of
eclosion only, then subjected to nutrient conditions. The procedure was to collect a range of
0—-24 hour old adults, age these young flies for 2 days on standard food, and expose to
treatment conditions for 3 more days. The mixture of D. melanogaster and D. simulans flies
collected from nature likely varied in age. These flies were also exposed to standard food for
2 days, and transferred to experimental food for 3 days. In the case of IPC ablation, the
collected flies were allowed to mature 2 days, then transferred to mifepristone-containing
food or DMSO control food. The flies were maintained on this food for 14 days, transferring
the population to a fresh vial every 3 days of the treatment period. After this was completed,

the flies were exposed to nutrient-altered food for 3 days.

Quantification of Wolbachia nucleoids in oogenesis

Pl staining of Drosophila ovarian tissue was done using established methods [1]. Data
collection was conducted as previously. All tissues were imaged using a Leica SP2 confocal
microscope. Wolbachia were quantified in single focal planes of stage 10 oocytes using
established methods [4]. Average Wolbachia titer values associated with drug treatments
were normalized against their respective DMSO controls as previously to ensure
comparability between experiments in displays of the data [4]. Statistical analysis was

conducted on raw data only using ANOVA, as described previously [1]. A minimum of 2-3
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experimental replicates were performed for the germ line staining experiments described in

this study.

Transmission electron microscopy

LDW1 cells and the cured equivalent LDW1DOX were fixed with 2% glutaraldehyde and
0.5% paraformaldehyde in Cacodylate buffer 0.075M and postfixed with 2% osmium
tetroxide. Samples were dehydrated through a graded series of ethanol and embedded in
epoxy resin.  Ultrathin (70 nm) sections (Ultracut UC6, Leica) were collected on
formvar/carbon-coated copper grids. Sections were then poststained by aqueous 4% uranyl
acetate and lead citrate. All samples were observed in a Tecnai12 (FEIl, The Netherlands)
transmission electron microscope at 80 kV equipped with a 1Kx1K Keen View camera. Chi-
square analysis was used to determine significance, with post hoc tests performed as

previously [336].
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Supplementary files

Supplementary files for Chapter 2 can be found at:

https://doi.org/10.1371/journal.ppat.1002922.

Supplementary files for Chapter 3 can be found at: https://doi.org/10.1128/ AEM.03425-16.

Supplementary files for Chapter 4 can be found at: www.genetics.org/lookup/suppl/doi:10.

1534/genetics.116.198903/-/DC1.

Supplementary files for Chapter 5 can be found at:

https://doi.org/10.1371/journal.ppat.1004777
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