Suppression of Wolbachia mediated Cytoplasmic Incompatibility

by

Gagan Deep Sharma

A thesis submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Auburn, Alabama
August 08, 2020

Key words: Wolbachia, Cytoplasmic Incompatibility, CidB, Karyopherin, Protamine, Histones

Copyright 2020 by Gagan Deep Sharma

Approved by

Dr. John F. Beckmann, Assistant Professor of Entomology

Dr. Kathleen Martin, Assistant Professor of Entomology
Dr. Nannan Liu, Chair & Endowed Professor of Entomology



Abstract

Insect biocontrol applications often hinge upon insect reproduction. Wolbachia are
maternally inherited intracellular bacteria that infect insects. Wolbachia sterilizes a mosquito
sperm resulting in a lethal embryonic phenotype called cytoplasmic incompatibility (CI), wherein
eggs from un-infected females fail to develop when fertilized from Wolbachia-infected males.
Contrary to this, if males and females both are infected, embryos are viable. The molecular
mechanism of CI involves Wolbachia deubiquitylating enzyme CidB and its cognate partner

antidote, CidA.

In CHAPTER II, the process of identifying potential molecular targets and suppressors of
Wolbachia’s CidB is described. By finding alleles capable of suppressing ClI, we will gain insights
into the molecular pathways targeted by CidB. In toto, we propose that CidB targets Kap-a,

nuclear-protein import and P32, protamine-histone exchange to induce CI.

Next question was whether CidB cleaves ubiquitin directly off Kap-a or P32 to induce CI.
In CHAPTER 11, functional mutations and genetic modifications in these two genes were explored
to test the role of these two genes in the suppression of Cl in Drosophila. The work done here is
important for two reasons, firstly, they provide hints toward pathways targeted by CI. Secondly,
these genes might co-evolve as resistance factors to ClI. Importantly, suppression of CI in vectors

will reduce the effectiveness of global mosquito control efforts harnessing Wolbachia and CI.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Bacteria Endosymbionts of Insects

Insects are the most diverse group of animals, implying that the numbers of insect species
are more than any other group (Chapman, A.D., 2006). In a conservative estimate, at least 15-20%
of insects develop symbiotic relationships with bacteria (Batra & Buchner, 1968). Sometimes
endosymbionts form mutualistic relationships with their insect partner, whereas in some cases,
they cause severe effects on various biological functions of their insect host (Feldhaar & Gross,
2009). The association between insects and bacteria can be obligate or facultative.

Obligate endosymbiosis (from the perspective of the host) means that the host cannot
survive without the endosymbiont. Often, these symbionts provide their hosts with nutrients or
perform other functions that are essential for their normal growth and development. An obligate
intracellular relationship (from the perspective of the symbiont) implies that the symbiont cannot
be cultured outside their hosts. Frequently, in an insect, obligate endosymbionts live in specialized
cells known as bacteriocytes that may constitute a large organ structure called bacteriome. Obligate
endosymbionts associated with bacteriocytes are frequently transmitted maternally by a
mechanism known as “transovarial transmission” (or vertical transmission). In vertical or maternal
inheritance, the symbiont directly infects the embryos within the maternal body, and this type of
transfer of bacterial endosymbionts is widespread among arthropods (Mira & Moran, 2002). Other
symbionts are facultative, which implies that they are not necessary for the host’s survival and that

bacteria can usually replicate. Facultative endosymbionts do not reside in specialized host cells
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but may occur extracellularly in hemocoel or other body tissues such as fat body, gut, nervous, or
muscular tissue (Wernegreen, 2002).

Wolbachia (Rickettsiales: Anaplasmataceae), Rickettsia (Rickettsiales: Rickettsiaceae),
and Cardinium (Bacteroidales: Bacteroidaceae) are the most common type of endosymbiotic
bacteria found in arthropods including insects, mites, spiders, crustaceans as well as in some non-
arthropods such as filarial nematodes (Stouthamer et al., 1999; Weinert et al., 2015; Werren et al.,
2008). They are commonly referred to as reproductive manipulators because of the phenotypic
effects they exhibit on their hosts. Rickettsia and Cardinium infect 24% and 13% of all arthropod
species, respectively (Weinert et al., 2015), whereas Wolbachia alone infects nearly 53% of
terrestrial arthropods (Zug & Hammerstein, 2012), 52% of aquatic insects (Sazama et al., 2019) as
well as a significant number of filarial nematodes (Ferri et al., 2011). Wolbachia is the most
prominent member of reproductive manipulators, thanks to its wide range of phenotypes it can
induce.

1.2 History of Wolbachia

Wolbachia was firstly described in 1924 by Marshall Hertig and Simeon Burt Wolbach.
These two observed it in crushed gonads of Culex pipiens (common house mosquito). These two
studied micro-organisms (at the time broadly grouped into Rickettsiae). They examined many
arthropods, including twenty-five males and females of Culex pipiens collected from Boston and
Minneapolis. They observed “gram-negative, rod-like coccoid bodies” in the smears of testes,
ovaries as well as in the eggs of Culex pipeins (Hertig, 1924). They called them “Harmless
Rickettsia.” Hertig continued his study on this bacterium and later in 1936 formally named this

parasite as Wolbachia pipientis in honor of Wolbach (Hertig, 1936).
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Further, in 1936 Hertig published an article in which he mentioned two ways in which
these bacteria can be transmitted in organisms. The most commonly observed method of
Wolbachia transmission is via egg cytoplasm from mother to the offspring. Other method noted
was individual to individual transmission, which is less frequently observed. He also noted that
Wolbachia is found in testes and ovaries of hosts, as well as, in mature eggs, but not in mature
sperm, which means they are eliminated during spermatogenesis from the germline. Thus, females
remain the only source of Wolbachia transmission to offspring.

It is estimated that Wolbachia invaded arthropods approximately 200 million years ago
(Gerth & Bleidorn, 2017). Wolbachia impacts the host arthropod in diverse ways, such as general
nutrition (Hosokawa et al., 2010) and immunity. Importantly it was recently discovered to convey
anti-viral protection against insect-vector borne disease (Dobson et al., 1999; Hedges et al., 2008;
Kern et al., 2015; Werren et al., 2008; Zug & Hammerstein, 2012). Wolbachia impacts
development pathways through stem cell proliferation and embryogenesis (Fast et al., 2011). In
the stem cell niche, it is thought to speed up stem cell production, which would have the
downstream advantage of making females more fecund, and thus more likely to maternally
transmit Wolbachia. It has been posited, in some cases, to drive speciation events (Bordenstein et
al., 2001; Jaenike, 2007a). The wide range of impacts on insect biology emphasizes the importance
of studying Wolbachia.

1.3 Wolbachia-induced reproductive alterations
Wolbachia parasitic strains have evolved at least four ways to manipulate host reproduction

which (in general) selectively favors infected females, thus ensuring their intergenerational



transmission and persistence in populations (Werren et al., 2008). These include parthenogenesis,
feminization, male killing, and cytoplasmic incompatibility. They are outlined below.
1.3.1 Parthenogenesis

Wolbachia-induce parthenogenesis in some species like parasitic wasps such as
Trichogramma (R. Stouthamer et al., 1999), mites (Weeks & Breeuwer, 2001), and thrips (Arakaki
et al., 2001) however, it is much less common than CI. Multiple mechanisms are conflated into a
broad category of parthenogenesis which causes confusion amongst the dissimilar mechanisms.
To elaborate, the simple definition of parthenogenesis is to replicate another organism without
input from a sexual mate, but this can happen via multiple mechanisms and in different
sexual/genetic contexts. In the diploid form of parthenogenesis diploid egg, with inhibition of
meiosis will grow into clone of the mother. This is a diploid form of parthenogenesis. In haplo-
diploid parthenogenesis, sex is determined by diploid vs haploid status. More specifically, in some
cases, two pairs of chromosomes cause female development while haploids, having one pair of
chromosomes, develop into males. The opposite can also be true. In these organisms, Wolbachia
infection in the haploid egg cells results in the doubling of a haploid set of maternal chromosomes,
causing the eggs to develop into females (Richard Stouthamer & Kazmer, 1994). Thus, the females
infected with Wolbachia will produce twice as many offspring as the non-infected ones. Thus,
parthenogenesis can result from two distinct mechanisms in the egg, one where meiosis is inhibited
and another where haploid egg DNA is replicated to become diploid.

In a general sense, parthenogenesis is a means of doubling the output of females to the
exclusion of male sex determination. Downstream, Wolbachia are then inherited at double the

frequency and produce twice as many offspring (all females) as the non-infected ones.
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Mechanisms causing Wolbachia-induced parthenogenesis might utilize failure of chromosome
separation or a cycle of incomplete cytokinesis, but the exact mechanisms remain ambiguous
(Serbus et al., 2008).
1.3.2 Feminization

In some populations, Wolbachia converts the males into fully functional females, able to
reproduce hence increases its transmission. Feminization was first characterized studied in Isopods
(Crustaceans) by Thierry Rigaud and his colleagues at the University of Poitiers in Poitiers, France,
in the 1990s. In Isopods, females are heterogamous (ZW sexual chromosomes), whereas the males
are homogamous (ZZ sexual chromosomes). After Wolbachia infection, bacteria proliferate within
the androgenic glands, inhibits their function, and eventually, genetic males (ZZ) develop into
females (Vandekerckhove et al., 2003). Wolbachia-induced feminization is known in several
insect species such as Eurema hecabe {Order: Lepidoptera (Hiroki et al., 2002)} and Zyginidia
pullula {Order: Hemiptera (Negri et al., 2006)}. Currently, the exact mechanism of how
Wolbachia causes feminization in insects is unclear. Recent studies suggest that it may be due to
the interference of Wolbachia in the sex-determination pathways (Narita et al., 2007), the
involvement of prophage WO gene within Wolbachia’s genome (Pichon et al., 2012) or improper
segregation of sex chromosomes (Kern et al., 2015).
1.3.3 Male-kKilling

Gregory Hurst and his colleagues in 1999 studied male-killing due to Wolbachia infection,
which led to the death of male embryos in two species i.e., Adalia bipunctata (ladybug) and Acraea
encedon (the butterfly) at the University College London in London, United Kingdom. Wolbachia-

induced male-killing occurs primarily during embryogenesis. The evolutionary hypothesis is that
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selective killing of male offspring at early embryonic stages leads to the provisioning of female
embryos with more energy or in common terms, more food for the surviving female progeny. Until
now Wolbachia-induced male-killing has been observed in numerous arthropod species including
flour beetle {Tribolium madens (Fialho & Stevens, 2000)}, fruit flies {Drosophila innubila, D.
bifasciata, and D. subquinaria (Dyer & Jaenike, 2004; Hurst & Johnson, n.d.; Jaenike, 2007b)},
butterflies {Hypolimnas bolina (Duplouy et al., 2010)}, ladybird beetle {Coccinella
undecimpunctata (Elnagdy et al., 2013)} and moths {Ostrinia furnacalis (Fujii et al., 2001)}.
Interestingly, in Spiroplasma of Drosophila melanogaster, male killing was attributed to a
deubiquitylating otu domain protein called SpAID (Harumoto et al., 2018). The evolution of this
protein seems ancestrally linked to CI inducing deubiquitylases (Gillespie et al., 2018). Therefore
male-killing and Cl may mechanistically be linked somehow.
1.3.4 Cytoplasmic incompatibility

Cl is the most common reproductive alteration induced by Wolbachia (Serbus et al., 2008).
Marshall, in 1938 observed a strange phenomenon where the British Culex pipiens mosquitoes,
when crossed to French Culex pipiens were unable to produce a viable offspring even though they
laid eggs. This indicates there was something inside the eggs that prevented them from hatching
(Marshall, 1938). Hannes Laven from the Institute of Genetics of Johannes Gutenberg-University
in Mainz, Germany, discovered a similar phenomenon in Culex pipiens where after performing
several crossing experiments from isolates collected across Europe, he observed that some
combinations produced few or sometimes no offspring. He further demonstrated that there was no
physical barrier for the sperm as it entered the egg successfully. The paternal and maternal nucleus

were not fusing (no karyogamy), and the paternal genome was not playing any role in the
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development of inviable embryos. It was determined that this was due to the mother’s influence
(Laven, 1957). Laven stated that the incompatibility factor which led to the development of
inviable embryos must be in the cytoplasm, and henceforth named this phenomenon as
“Cytoplasmic Incompatibility.” Cl is defined as a conditional sperm sterility which can be rescued
by a maternal antidote. In this way, Cl is defined as a toxin-antidote system (Beckmann et al.,
2017, 2019a; Beckmann & Fallon, 2013; Beckmann et al., 2019; Hurst, 1991; Poinsot et al.,
2003a). In 1967, Laven used “Cytoplasmic Incompatibility” as a biological control tool to
eradicate Culex pipiens fatigans mosquitoes, a vector of filariasis in Burma (now Myanmar) by
releasing incompatible males which is similar to sterile insect technique (SIT) developed by
Edward F. Knipling and Raymond Bushland which they used for the eradication of screwworm
fly from North and Central America (Novy J.E., 1979). In 1971-1973, Janice Yen and Ralph Barr
of UCLA found that cytoplasmic incompatibility was induced by the intracellular bacteria,
Wolbachia (Yen and Barr, 1971). They proved this by treating the mosquitos with tetracycline,
after which, the crosses became compatible. The potential application of Wolbachia includes its
usage as a biocontrol agent for the control of insect populations and especially disease vectors
(Yen and Barr, 1973).

In summary, Cl is defined as the embryonic lethality that occurs when the sperms modified
by Wolbachia fertilize eggs that are not infected with Wolbachia. However, in the reciprocal cross,
i.e., the cross between an infected female and uninfected male or the cross between male and
female infected with the same Wolbachia strain will produce viable Wolbachia-infected offspring
(Figure 1.1). CI can be unidirectional or bidirectional. Unidirectional CI occurs when a single

Wolbachia Cl-inducing strain infects the host population, whereas bidirectional CI occurs when
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the sperm from a male infected with a different and incompatible Wolbachia strain fertilizes the
egg infected with the different Wolbachia strain (Figure 1.2).
1.4 Eliminate Dengue program (EDP)

One initial strategy was to attempt to utilize a pathogenic Wolbachia infection to reduce
the lifespan of Aedes aegpyti mosquitos, but A. aegypti, the main vector of dengue virus (DENV),
does not have a native Wolbachia symbiont. In an initial attempt the wMelPop strain of Wolbachia
was heterologously introduced via microinjection into Ae. aegypti and it reduced their lifespan
(McMeniman et al., 2009), but the mosquitos also displayed reduced fitness when released in
small-scale fields (Ritchie et al., 2015). After that Ae. Aegypti was infected with a less pathogenic
strain, wMel strain (Wolbachia strain from D. melanogaster) which did not greatly impact the
fitness of the mosquitoes (Frentiu et al., 2014; Hoffmann et al., 2011; Walker et al., 2011). Along
with DENV, the wMel strain also confers protection against yellow fever virus (YFV) and
chikungunya virus (CHIKV) in Ae. Aegypti (Aliota et al., 2016; Hurk et al., 2012). When these
wMel infected mosquitoes were released into a small number of neighborhoods in Australia,
cytoplasmic incompatibility effectively replaced the native population with the infected
mosquitos. The infected mosquitos were no longer capable of transmitting DENV (Hoffmann et
al., 2011). Thus, one implementation of Wolbachia infections for biocontrol is a strategy of
population replacement, which relies upon Wolbachia’s innate gene drive system, cytoplasmic
incompatibility.

Another application of Wolbachia for biocontrol is in the sterile insect technique (SIT).
These applications involve release of lab reared Wolbachia infected male mosquitoes into the wild.

This approach has been approved by the US Environmental Protection Agency (EPA) as a tool
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against the Asian tiger mosquito (Aedes albopictus) in 20 states of United States and Washington
DC.

The most fundamental difference between the two approaches is, in population
replacement, Wolbachia-infected females, as well as male mosquitoes, are introduced, whereas, in
the latter one, only Wolbachia-infected males are introduced. The introduction of Wolbachia-
infected female mosquitoes is required for the success of the population replacement method as
Wolbachia is maternally inherited, and the goal of this approach is to infect and replace the targeted
population. The success of the program has inspired a comprehensive effort to find applications
for Wolbachia in other disease vectors. For example, the anopheline mosquitoes, which are the
major carriers of malaria, are particularly important. In recent times, several species of Anopheles
that might harbor a variety of Wolbachia strains have been discussed, which may confer CI and
disrupt disease transmission (Gomes et al., 2018). However, there still remain several challenges
before Wolbachia can be proposed as a tool for malaria control. At the moment, applications are
focused on insect-borne virus control in Aedes.

1.5 Models to describe Cytoplasmic Incompatibility

Considerable efforts have been focused on studying the underlying mechanism of CI due
to Wolbachia’s role in disease control and insect ecology. Comprehensive cytology studies of
embryonic defects in model insects offer suggestions of how CI causes embryonic fatality after
fertilization. In 1968, Ryan and Saul published the earliest important cytological research on Cl in
Nasonia vitripennis and found that paternal chromosomes appeared abnormal with respect to
chromatin condensation (Breeuwer & Werren, 1990). Another experiment performed in Culex

pipiens by Erich Jost in 1970 demonstrated that in ClI embryos, karyogamy is inhibited, thus
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preventing the paternal chromosomes from contributing to embryonic development (Jost E., 1970).
This reproduced similar experiments by Laven (Laven, 1957), but instead, he utilized novel genetic
markers to reach his conclusion. These two studies led to the earlier conclusion that embryonic
death from CI results due to defects in the chromatin of paternal insect sperm.

Since the 1990s, researchers have tried to specify what exactly Wolbachia does to insect
sperm, an inability of paternal chromatin to condense certainly contributes to CI induction. This
was cytologically characterized with clear microscopy in Nasonia (Breeuwer & Werren, 1990). In
ClI, majority of the embryonic deaths are associated with flaws in first mitotic division (Tram et
al., 2006) which includes the inhibition of the cell-kinase CDKZ1 activity in the male pronucleus
that catalyzes the metaphase to anaphase transition and delayed paternal nuclear envelope
breakdown (Tram, 2002). There is impaired maternal histone deposition onto the paternal genome
following protamine removal (Landmann et al., 2009). These cell cycle delays are accompanied
by chromosomal abnormalities, especially in the paternal DNA, which includes impaired
condensation and inability to segregate correctly that further leads to bridging and shearing of
chromosomes during anaphase (Callaini et al., 1997; Reed & Werren, 1995; Ryan & Saul, 1968).
A similar kind of CI cytology has been observed in various insects (Tram et al., 2003).

Despite a lack of evidence on precisely what sperm alteration used to causes the defects
listed above, researchers turned to conceptual models that might describe Cl-related defects, based
on the position that (1) Wolbachia somehow “modifies” the sperm to cause severe defects in the
timing and progression of mitosis, i.e., at early stages of spermatogenesis, and (2) females with the
same strain can “rescue” this modification (Werren, 1997). Werren formalized these ideas through

the “mod-rescue” model, which includes two functions: modification, where a sperm is modified
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and rescue (in the egg) where the modification is restored to its original state. The
conceptualization of CI as two distinct functions mod-resc; modification-rescue was important in
that it provided a framework for experimental testing. These systems are compatible with a
synonymous means of describing Cl, the Toxin-Antidote (TA) model. In a TA model, sperm from
Wolbachia-carrying males kill embryos with a toxin upon fertilization, unless the egg carries the
antidote (Hurst, 1991). Although this mod resc (or toxin-antidote model) is a useful general idea,
the specific nature of mod or toxin mechanisms have not been completely characterized and may
in fact be redundant (Poinsot et al., 2003b).

Furthermore, there are additional conceptualizations which describe how CI might work to
induce and rescue insect sterility. These additional models are (i) “slow-motion” model and (ii)
“titration—restitution” model (iii) “lock-and-key model”. The slow-motion model suggests that
during the first mitosis, paternal chromosome condense and produces an anaphase-like appearance
slower than maternal chromosomes due to the mod factor produced by Wolbachia, which results
with cell cycle mis-timing between the maternal and paternal pronuclei. Here mod merely delays
and does not entirely block entry into mitosis (Callaini et al., 1997). This model is further expanded
to suggest that there is also delay in the nuclear envelope breakdown for the paternal material
which creates asynchrony between the paternal pronucleus and maternal cytoplasm (Ferree &
Sullivan, 2006; Serbus et al., 2008; Tram, 2002). Wolbachia causes a similar modification in
maternal chromosomes when present in the egg; causing rescue and restores the synchronous cycle
between maternal and paternal complements (Poinsot et al., 2003b).

The “titration-restitution” model posits that Wolbachia titrates certain essential

components from the sperm during spermatogenesis. If the same strain of Wolbachia is present in

11



eggs, it will offset these criteria factors, allowing for the normal progression of embryogenesis.
According to this model, “modification” and “rescue” can be determined by the same gene(s) if
the change from titration to restitution is triggered by infected female hosts after fertilization or by
separate genes if one gene codes for titration factors and the other codes for titration inhibition,
resulting in restitution (Poinsot et al., 2003Db).

According to the lock and key model, Wolbachia put a lock on the paternal genome, and
only the female who is infected with the same Wolbachia strain has a necessary key to unlock
these after fertilization, thereby rescuing the mitotic defects (Poinsot et al., 2003b). The uniqueness
of the lock-and-key model is that it takes the framework of a toxin-antidote system but explicitly
implies that a physical interaction occurs between the lock and its key. This is in contrast to mod-
resc models which need not specifically implement rescue via any physical binding of the two
components. Although each of the above models has its own merits, most current datasets support
a system that follows the rules of Toxin-Antidote models with its lock-and-key specification
(Beckmann et al., 2017, 2019a, 2019c; Beckmann & Fallon, 2013; Beckmann et al., 2019).

1.6 Causal factors for CI

Before the CI inducing genes were discovered various hypotheses, with little concrete
evidence filled the literature. An initial study compared the host gene expression of infected vs.
non-infected hosts, which showed that host histone chaperone Hira (Zheng et al., 2011) and the D.
melanogaster JhI-26 gene (Liu et al., 2014) each might participate in CI, but these studies could
only account for ~30% of the CI phenotype. In addition, work also centered on the large number
of Wolbachia proteins containing ankyrin repeat domains, which are typically involved in protein-

protein interactions and, therefore, a tempting host modification candidate. Multiple studies have
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investigated the link between these proteins and cytoplasmic incompatibility, but no direct CI link
has been found (Duron et al., 2007; Papafotiou et al., 2011; Yamada et al., 2007). Wolbachia
infections purportedly leads to increased ROS levels in testes and ovaries, which further damages
spermatid DNA, so reactive oxygen species (ROS) was also associated with Cl-induction (Brennan
etal., 2012).

The genes by which Wolbachia causes CI were identified in 2013 (Beckmann & Fallon,
2013). Based on the hypothesis that the CI toxin (not the bacteria itself) should be present in the
mature sperm of Wolbachia-infected males of Culex pipiens mosquitoes, a sperm proteomic study
was conducted to identify possible Cl-inducing protein candidates (Beckmann & Fallon, 2013).
This approach finally identified peptides encoded by wPip_0282 (or wPa_0282) in Wolbachia
modified sperm from dissected C. pipiens spermathecae using liquid chromatography tandem mass
spectrometry. The wPip_0282 was initially predicted to be a toxin gene within a TA operon pair
but was later in-fact revealed to be the antidote. It is a part of the two-gene operon system due to
its synteny and co-transcription with another downstream Wolbachia gene, i.e., wPip_0283, later
found out to be the toxin (Beckmann & Fallon, 2013).

Biochemical analyses, heterologous yeast expression, and Drosophila transgenic
expression of the wPip (Wolbachia from Culex pipiens) CI genes showed that wPa_0283 is a Cl-
inducing DUB (deubiquitylating enzyme) and wPa_0282 was an inhibitor of toxicity induced by
that protein domain in yeast. These specific genes are now annotated as CidB (CI inducing DUB)
and CidA .A combination of methods and models systems was used to demonstrate that these genes
(cidA and cidB) and their homologs in Wolbachia from Drosophila are responsible for induction

and rescue of CI (Beckmann etal., 2017; LePage etal., 2017). CidB is always encoded downstream
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of cidA (Beckmann & Fallon, 2013) and thus the syntenic structure of the operon mirrors that
found in toxin-antidote systems (Beckmann et al., 2019a). Mutagenic analysis of CidBwrip at the
active site cysteine (C1025A) eliminated ClI in transgenic insects (Beckmann et al., 2017). CidB
always encoded downstream of cidA (LePage et al., 2017). Thus, the CI phenotype was directly
linked to deubiquitylating activity. Ubiquitin is a small protein that post-translationally modifies
protein substrates and has many different functions. Ubiquitylation of proteins is reversed by
cellular DUBs which specifically cleave ubiquitin from ubiquitin-modified proteins (Ronau et al.,
2016). Importantly, these two proteins were found to interact with each other in a cognate-specific
manner (Beckmann et al., 2017) in accordance with predictions set forth in the lock and key model
described above (Poinsot et al., 2003b).

These factors, when expressed in uninfected transgenic Drosophila males and crossed with
wild type females, recapitulate CI during the first embryonic mitosis (Beckmann et al., 2017,
LePage et al., 2017). An interesting conflating of these data is that sometimes CI can be induced
by transgenic expression of just the toxin and sometimes it requires expression of both A and B
proteins (Chen et al., 2019; Shropshire & Bordenstein, 2019). Ongoing research is investigating
these divergences and seeks to understand the role of A proteins in the induction of CI.

1.7 Tackling the unknown: discovering a mechanism for ClI

Wolbachia-induced CI has the potential to control vector population (especially the
mosquitoes) and protect millions of people from arboviral diseases such as dengue, Zika, West
Nile and Yellow fever (Dorigatti et al.,, 2018; Dutra et al.,, 2016a; Slatko et al., 2014).

Understanding the mechanism, upon which these control efforts rely, is an important step toward
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more effective Wolbachia based biocontrol strategies. As described above the Wolbachia CidA
and CidB proteins were recently found to be central to CI, but no CidB targets were known yet.
We do not understand what cellular mechanisms CidB manipulates to induce CI. A simple
experimental means of identifying molecular enzyme pathways is to isolate and identify
suppressors of phenotypes. Because CidB induces strong phenotypes in both yeast and Drosophila
we were able to utilize these systems to identify suppressors. In CHAPTER |1, we describe the
process of identifying potential molecular targets and suppressors of Wolbachia’s CidB. In
CHAPTER I11, we focused on determining whether CidB cleaves ubiquitin directly off Kap-a or
P32 to induce CI. The work done here is important for two reasons, firstly, to provide hints toward
pathways targeted by CI and secondly, they might co-evolve as resistance factors to CI.
Importantly, suppression of CI in vectors will reduce the effectiveness of global mosquito control

efforts harnessing Wolbachia and CI.
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Figure 1.1. Wolbachia-induced cytoplasmic incompatibility If the females are infected with
Wolbachia (w, pink), then they will be compatible with both Wolbachia infected as well as
uninfected males, whereas if the females are not infected with Wolbachia, then they will be
compatible with uninfected males only. Abbreviation: w, Wolbachia-infected (Figure altered from

Beckmann et al., 2019a)
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Figure 1.2. Unidirectional and Bidirectional CI. Unidirectional CI results from mating of
infected males and uninfected females. All other crosses are compatible whereas bidirectional Cl
results from mating of males infected with Wolbachia strain | and females infected by Wolbachia

strain Il (and vice versa).
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CHAPTER 2

THE WOLBACHIA CYTOPLASMIC INCOMPATIBILITY ENZYME CIDB TARGETS

NUCLEAR IMPORT AND PROTAMINE-HISTONE EXCHANGE FACTORS+

2.1 Abstract

Insect biocontrol applications often hinge upon insect reproduction. Wolbachia are
maternally inherited intracellular bacteria that infect insects. Wolbachia sterilizes mosquito’s
sperm resulting in a lethal embryonic phenotype called cytoplasmic incompatibility (Cl), wherein
eggs from un-infected females fail to develop when fertilized from Wolbachia-infected males.
Contrary to this, if males and females both are infected, embryos are viable. Cl can be rescued and
suppressed under certain conditions. The molecular mechanism of CI involves Wolbachia
deubiquitylating enzyme CidB and its cognate partner antidote, CidA. Ubiquitin is a post-
translational modification that commonly regulates substrate stability and localization. The
substrate targets CidB acts upon to induce CI are unknown. As a strategy to uncover this target,
our research is focused on identifying host genes with the ability to modulate CI penetrance. By
finding alleles capable of suppressing CI, we will gain insights into the substrate targets CidB acts

upon to induce CI which are unknown. To complement this work, a high-copy suppressor screen

+ This chapter reflects excerpts already published in eLife (2019); DOI: 10.7554/eLife.50026. | am

co-author on this publication.
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of CidB toxicity was firstly performed in Saccharomyces cerevisiae (Baker’s yeast) to test CidB
toxicity in yeast. The most robust suppressor was karyopherin-a, a nuclear-import receptor, which
requires nuclear localization- signal binding. A protein-interaction screen of Drosophila extracts
also identified karyopherin-o and a protamine-histone exchange factor, P32 as primary interacting
partners of CidB. The work of my thesis was to test the hypothesis that these proteins might be
involved in CI. Through transgenic expression of Drosophila karyopherin-o and P32, we tested if
either of these proteins could suppress CI. CI penetrance was measured by counting egg hatch-
rates in Cl crosses. Both the formerly mentioned genes do suppress wild and transgenic ClI
phenotypes. The hypothesis is that CidB targets nuclear-protein import and protamine-histone

exchange to induce CI.

2.2 Introduction

As described above, the work of chapter 2 unfolds within the context of a broader study
with multiple researchers. Our broad goal was to identify pathways targeted by CI. Below | will
summarize what was known about the molecular mechanisms of CI in excerpts from our

publication:

“When insects mate and form a viable zygote there are important structural changes that
must take place to convert DNA derived from the paternal genome (sperm) into DNA that is
capable of combining with the maternal genome (karyogamy). The insect zygotes follow well
described developmental pathways (Loppin et al., 2015; Schmidt et al., 2017). An early step is

nuclear envelope breakdown (NEB) of the sperm-derived male pronucleus. The small, highly basic
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protamine proteins, used to package paternal DNA at high density are stripped from the DNA
(Balhorn, 2007; Loppin et al., 2015; Rathke et al., 2014; Tirmarche et al., 2014, 2016) and
nucleosomes are then assembled with maternal histones (J. Liu et al., 1997; Loppin et al., 2015).
The protamine-histone transition utilizes specific histone chaperones such as P32 and Napl
(Emelyanov et al., 2014; Emelyanov & Fyodorov, 2016). Subsequently, male and female pronuclei
come together (but do not fuse) and undergo DNA replication. In the first zygotic mitosis, the two
sets of chromosomes condense, align on the metaphase plate, separate in anaphase in parallel and

then finally intermingle (Tram et al., 2003).

In ClI zygotes, the earliest detected abnormality is impaired maternal H3.3 histone
deposition onto the paternal DNA following protamine removal (Landmann et al., 2009). Paternal
pronuclear NEB is delayed and activity of the cell-cycle kinase CDK1, which normally drives the
metaphase-to-anaphase transition, is inhibited in the male pronucleus (Tram, 2002). Condensation
of the paternal chromosomes is delayed or impaired, often leading to chromosome shearing and
bridging during anaphase (Callaini et al., 1997; Reed & Werren, 1995; Ryan & Saul, 1968). This
is fatal in diploid insects. Similar CI cytology has been documented in diverse insects (Tram et al.,
2003). The phenotypic consistency across species suggests that Wolbachia-induced Cl targets
conserved cellular machinery required for cell and nuclear division (Callaini et al., 1997;
Landmann et al., 2009; Reed & Werren, 1995). CI might directly disrupt the protamine-histone
exchange (Landmann et al., 2009); other extra-nuclear sperm factors have been ruled out as targets
(Presgraves, 2000). From the results in the current study, we propose that key CI targets include

nuclear transport factors (karyopherins) and protamine-histone exchange factors.
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In transgenic Cid models, the phenotypes described above and the downstream
incompatibility of ClI depends on the CidB deubiquitylase (DUB) activity (Beckmann et al., 2017).
Therefore, here we focus on identification of CidB targets after identifying genes using both
physical and genetic interaction screens (Beckmann et al., 2019). We use transgenic Drosophila to
identify dosage suppressors of CidB-derived toxicity. We identified karyopherin-a. (Kap-
o/importin-a), as one of the the suppressors of the CidB toxicity. Kap-a is a conserved nuclear-
import receptor for proteins with classical nuclear localization signals (NLSs) (Chen & Madura,
2014). After substrate recruitment, Kap-a associates with karyopherin-§ and escorts cargo through
nuclear pores (Chook, 2001). Nuclear Ran-GTP binding releases the cargo, and the karyopherins
recycle to the cytoplasm (Goldfarb et al., 2004). CidB-Kap-a interaction connects CI induction
and nuclear transport. Our study also highlights CidB association with protamine-histone exchange
chaperones P32 and Napl. Importantly, cognate CidA antidote binding to the CidB toxin eliminates
these interactions. These discoveries identify the first potential Cl molecular targets that comport

with prior cytological observations (Ferree & Sullivan, 2006; Landmann et al., 2009) .

2.3 Material and methods

2.3.1 Fly rearing

Flies were reared on 4.6% cornmeal (w/v), 7.8% molasses (w/v) media, 2.3% yeast (w/v)
(CMY) media. Firstly, experiments were performed at temperatures ranging from 210C to 250C
(Figure 2.2) for temperature optimization. For the analysis of Cl, Fo crosses were initiated by

crossing homozygous Gal4 driver females (NGT- Nanos-Gal4-Tubulin) to UAS-transgene males
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(CidA-T2A-CidBwwmer). All the Fo crosses were kept at 220C to control for any temperature-
dependent maternal effects. Temperature was only temporarily lowered to 180C for overnight

virgin collection and were stored at room temperature after collections.

2.3.2 Transgenic Drosophila and transgenic CI crosses

DNA for the cidA-T2A-cidBwwmel operon (Beckmann et al., 2017) in addition to D.m.Kap-
al were codon optimized for Drosophila and ordered from Genscript (Piscataway, NJ). Some
constructs were purchased from Genscript Drosophila cDNA libraries. To begin CI suppression
analysis we cloned or obtained clones for seven transgenes (Srpl, Hrpl, RTT103, Kap-al, Kap-
a2, P32 and Napl) in pUC57 vector and sub-cloned into pUASp-attB (Rarth, 1998; Takeo et al.,
2012). This vector appends the K10 3 UTR, which is known to localize transcripts to the
Drosophila oocyte (Serano and Cohen, 1995). Final constructs were either fully sequenced or
sequenced on ends by sanger sequencing and verified by restriction enzyme digests. BestGene Inc
(Chino Hills, CA) was contracted for embryo microinjection of D. melanogaster #9744 (attP site
on chromosome three) and ®C31 integrase-mediated transgene insertion. At least 200 D.
melanogaster embryos per gene were injected by BestGene (Chino Hills, CA), and on the basis of
w+ eye color transformants were selected. Crossing of cidA-T2A-cidBwwmel operon-transformed
male flies with females from strain #4442 carrying the nanos-Gal4-tubulin 3’ untranslated region
(NGT) driver induced CI (Figure 2.2). This served as a phenotypic confirmation of transgene

expression and accords with previous results (Beckmann et al., 2017; LePage et al., 2017).

2.3.3 Drosophila hatch rate assays
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For the temperature optimization, firstly, fo crosses were crossed with homozygous Gal4
driver females (NGT- Nanos-Gal4-Tubulin) to UAS-transgene males (CidA-T2A-CidBwwmel)
because the Gal4 gene and UAS-target (gene X) are separated into two distinct transgenic lines.
Hence, the target gene X is turned on only in the progeny of the fo cross. Then heterozygous f1
males i.e., NaTCidA-Bwwmel were crossed to the f1 WT virgin female flies at temperatures shown in
fig. 2.1 F1 flies, which were heterozygous for both the NGT driver and the Gal4-UAS-transgene,
were aged 3-4 days at restrictive temperatures (Figure 2.2) and crossed one to one, male and
female, in a 3.5-ounce, round bottom, polypropylene Drosophila stock bottle. An apple juice-agar
plate (made by 104.4g of Dextrose, 52.1g of Sucrose, 39.6g of Agar, 48 mL of 1.25N NaOH, 810
mL of apple juice to 968 mL of de-ionized water followed by autoclaving) with a small amount of
yeast paste smeared in the center of plate; was placed in the bottle opening and affixed with tape.
Bottles were placed in incubator at respective temperatures. After 36 hr., we discarded the original
apple juice plates and replaced with freshly yeasted apple juice plates. Flies were allowed to
oviposit for 24 hr. before removing the plate. Eggs were given 36 hr. to hatch while being incubated
at the respective temperatures. Hatch rates were evaluated by microscopy and by counting hatched
and unhatched egg totals. Any crosses with less than ten total embryos were excluded out from the
hatch rate assay. Flies used in this study were white Canton-S (wCS; WT); nanos-Gal4-tubulin,
#4442; MTD-Gal4, #31777, which has multiple GAL4 inserts on all three large chromosomes,
including nanos-Gal4, nanos-Gal4:VP16, and otu-Gal4 and is infected with Wolbachia; and
UASp-Kap-a2, #25400 (Mason et al., 2002). Fly lines were created by us or obtained from the

Bloomington Stock Center (Bloomington, IN).
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2.3.4 DNA extraction

DNA was extracted by a Bead Ruptor Method {modified from the original “Y east Genomic
DNA Prep” protocol (Robert J. Tomko Jr., 2009)} from all the transgenic flies used in the
experiments. To describe: Ten male Drosophila melanogaster flies (stored at -800C) were taken
in a 200 mL screw-cap tubes. 200 uL of Buffer A (2mL of 2% Triton X-100, 5mL of 20% (w/v)
stock in dH20 of 1% SDS, 2mL of 5M stock in dH20 of 100mM NaCl, 1mL of 1M stock in dH20
of 10mM Tris pH 8.0 and 200uL of 500mM stock in dH20 of ImM EDTA) was added into it.
Then 200uL Phenol: Chloroform: Isoamyl alcohol (25:24:1) and ~200uL of 425-600um acid-
washed glass beads were added (Phenol solubilized the proteins whereas chloroform solubilized
the lipids, and isoamyl alcohol acted as an anti-foaming agent. These three made up the organic
phase, and DNA was in the aqueous phase). Screw caps were tightened, and tubes were placed in
the Bead Ruptor Elite machine, and the cycle was run (set at 20sec on, 20sec off x 4). Samples
were placed on ice. 200uL of dH20 was added and samples were centrifuged at 13,000 rpm for 10
minutes to separate phases (organic/aqueous). The top 400uL of the aqueous phase was transferred
to a new tube. Phenol: Chloroform: Isoamy! alcohol phase was disposed of according to chemical
safety guidelines. 800 pL (2 volumes) of 100 % ethanol and 120 pL (=10% total volume) Sodium
Acetate pH 5.4 were added. This is standard ethanol precipitation. Samples were held overnight at
-20°C for the DNA precipitation. Nucleic acids were pelleted by centrifugation at 13,000 rpm for
10 minutes next day. The supernatant was discarded, and the pellet was washed in 1 ml of 70%
ethanol and centrifuged at full speed for 10 minutes. The supernatant was discarded again

(carefully, to avoid dislodging the pellet of DNA). Tubes were allowed to sit on the benchtop for
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a minute to allow any residual ethanol to collect at the bottom of the tubes and aspirated. Dried the
pellet at 42°C heat block for 15 min (checked for dry pellet; it turned clear), then resuspended the
pellet in 100 pL TE (Tris-EDTA) or water. For the sonication, 100 puL (suspend) + 900 ul of
nuclease-free water (NFW) was added to make the final volume 1000 pL. Finally, samples were

divided as 200 pL (working stock stored at -20°C) + 800 uL (sample stock stored at -80°C).

2.3.5 Polymerase Chain Reaction (PCR)

All the fly lines used in the experiment were free of Wolbachia, were verified using PCR
and primers, recognizing a conserved region in the Wolbachia VirD4 gene (Figure 2.8). As a
positive control, we amplified the D. melanogaster histone H3 gene. The PCR reaction (50 pl)
contained 31.5 ul of Nuclease-Free Water (NFW); 1 X of 5x Phusion HF Buffer; 200 uM of 10
mM of DNTps; 0.5 uM each of the forward and the reverse primers; 2 uL (<250 ng) of template
DNA and 1.0 units/50 pl reaction of Phusion DNA polymerase. The forward primer and reverse
primers for the VirD4 from the Type IV SS Conserved region from wPpe with wRi were AC009
and ACO010 respectively (Table 1.1). We followed manufacturer’s protocol (New England BioLabs
Inc., MA) for the PCR reaction. The thermocycling protocol for reaction was an initial denaturing
step at 98°C for 5 min (hot start), 85°C for 30 seconds (paused and Phusion DNA polymerase
added at this step), 35 cycles of final denaturing step 95°C for 10 seconds, annealing at 64.3°C
for 30 seconds, followed by initial extension at 72°C for 15 seconds with a final extension at 72°C
for 5 minutes. For the positive control i.e., histone H3 gene forward and reverse primers were JFB
646 and JFB 647 respectively (Table 1.1). The thermocycling protocol for reaction remains the

same as described above for the VirD4 gene except for the annealing temperature, which is 59°C
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and the initial extension time, which is 10 seconds. PCR products were run on 2% agarose gels

and photographed with UV light illumination.

2.3.6 Statistical analysis

All statistical analyses were conducted in GraphPad Prism 8.4.2. One-way ANOVA with
multiple comparison followed by Dunn’s test of multiple corrections was performed. Outliers were

removed by the ROUT method. All P values are reported.

2.4 Results

2.4.1 Transgenic CI Induction strongly depends on temperature

To induce CI, two methods were utilized. The first is by transgenic expression of the CI
factors cidA and cidB in males crossed to wild-type females. The second is by a wild-type wMel
infection (in males) crossed to uninfected wild-type females. A precondition for studying
suppression of ClI was to optimize CI induction conditions for maximum reproducibility and data
precision, thereby lowering variance in the data. To study the gene expression and drive tissue-
specific conditional expression of the gene of interest Gal4/UAS system is widely used in
Drosophila (Brand & Perrimon, 1993). This system has two parts. These two components i.e.,
Gal4 and UAS, are held in separate parental fruit fly lines as chromosomal insertions. The first
one is Gal4, a transcription factor gene from yeast (Saccharomyces cerevisiae), which is part of a
larger Galactose metabolism genetic unit, Gal4 up-regulates transcription of any genes

downstream of an Upstream Activating Sequence (UAS). Therefore, the second part of the
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bimodal system is the UAS which can be inserted 5° (upstream) of any transgene of interest. In fly
genotypes that have both components, Gal4 binds to the UAS and turns on transcription of the
gene of interest (or the transgene) in Drosophila. Functionally, to activate a transgene requires
crossing a homozygous Gal4 line with a homozygous UAS-transgene line. All resulting F1
progeny will then bear the heterozygous genotype of Gal4/UAS-transgene; effectively turning it
on. In genotypes where a UAS-transgene is present, but also lacking Gal4, the transgene remains
in a relatively silent state {though this is not complete silence and leaky transcription does occur;

(Beckmann et al., 2017)}. Schematic representation of this system is shown in figure 2.1.

One hypothesis is that temperature is a factor that influences expression of Gal4/UAS
systems (which we used to drive transgene expression). Gal4 has temperature dependency showing
maximum and minimum activity at 290C and 160C, respectively. So by varying the temperature, a
wide range of expression levels of the responder genes can be achieved in Drosophila (Duffy,
2002). We envisioned that suppression of CI might be strong and also it could be weak. A weak
suppressor isn’t necessarily less relevant or less informative. As such, we hoped to optimize our
system such that we could detect both weak and strong CI suppression. To optimize expression
temperatures the following criteria was used: strong CI will produce hatch rates of 0% whereas
weak CI will produce hatch rates around 83%. Hatch rate (HR) of 83% was observed at 210C
suggesting that the CI transgenes were suppressed at colder temperatures. Thereafter, increasing
temperatures reduced hatchrates. We observed 35% at 220C, 21% at 230C (Figure 2.2), and around

zero percent at 250C (Figure 2.2).
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Cl induction is strongly dependent on temperature Although higher temperatures caused
larger reductions in the hatch rates, it was determined that 220C was the optimal temperature for

observing partial suppressive effects (and possibly enhancement effects) on CI.

2.4.2 Overexpressed Drosophila karyopherin’s and protamine-histone chaperones suppress

Cl

From the yeast CidB suppressor screen experiments, there were three strong suppressors
that suppressed the cidBwpip toxicity in Saccharomyces cerevisiae (Beckmann et al., 2019). These
were Srpl, Hrpl, and Rtt103. Srpl encodes yeast karyopherin-o. or importin-o a protein that is
linked to nuclear import (Chen & Madura, 2014). Hrpl encodes an RNA-binding protein and is
involved in the 3’-end processing of mMRNA precursors and mRNA export from the nucleus to the
cytoplasm (Kessler et al., 1997). Rtt103 is a transcriptional regulator and acts as a termination
factor for RNA polymerase Il (Nemec et al., 2017; Srividya et al., 2012). Srp1 was the most robust
suppressor. An independent proteomic pull-down screen identified the Drosophila melanogaster
ortholog of Srpl, Kap-a, as a physical binder of CidB. D. melanogaster has four paralogous of
karyopherin-o. gene which are al, a2, a3, and o4 (Hler et al., 1999; Phadnis et al., 2012; Pieper
et al., 2018). Kap-a.l was chosen for analysis because it is closest in sequence to yeast Srpl, and
Kap-a.2 was the top CidB* (CidB’s DUB domain is inactivated) interactome hit (Beckmann et al.,
2019). Additionally, P-32, and Napl, were identified from the Drosophila interactome screen
analysis as potential CidB substrates or cofactors (Beckmann et al., 2019). Those two proteins

interact within a complex that remodels sperm chromatin (Emelyanov et al., 2014). Therefore,

28



these two hits were also of interest to me because of a theoretical link to Cl phenotypes occurring
on sperm chromatin; paternal chromosomes fail to condense properly for the first cell cycle

(Landmann et al., 2009).

As described above transgenic cidA-Bwwmel-induced C1 was optimal at 22°C. Since both the
CidB suppressor screen for yeast and the interactome screen for Drosophila identified
karyopherin-a, we determined whether increased dosage of karyopherin-a genes in fruit fly
mothers might suppress Cl. Overexpression of either Drosophila karyopherin-a paralogs in the
female germline partially suppressed CI caused by transgenic expression of CidA-Bwwmel in males.
D.m Kap-a2 was a stronger and more significant (p<<0.0001) suppressor than D.m. Kap-al (Figure
2.4). We also tested yeast Srpl and Hrpl in a similar manner and found they were not able to
suppress the transgenic Cl. As a negative control, we also tested effects of transgenic GFP
expression under similar conditions. GFP would not be expected to suppress Cl. To our surprise,
GFP also caused a partial suppression that was not statistically distinguishable from the weak
karyopherin-al suppression, but it was distinguishable from karyopherin-o2’s suppression. To
summarize, weak suppression induced by a negative control caused us to rule out weak transgenic
ClI suppression of karyopherins as valid. We next tested whether maternal overproduction of P32
or Napl could suppress transgenic Cl and found that overexpression of P32 showed highly
significant suppression even relative to the GFP control, increasing egg hatch rates by ~30%.
Suppression was equivalent to the rescue observed with transgenic expression of the actual CidA

antidote. (Figure 2.4).
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Importantly, when we measured the suppressive effects of karyopherin-a and P32
overexpression in the female germline in mating’s with male flies carrying wMel bacterial
infections, partial but highly significant suppression was observed for both P32 and karyopherin-
a (Figure 2.4). Importantly, under this context, we did not observe false negative suppression by

GFP. We conclude that the suppression by karyopherin-a and P32 was relevant to natural CI.

2.4.3 Non-specific suppression of synthetic Cl by GFP

When we used transgenic GFP as a negative control, it also caused a weak suppression in
synthetic Cl (~15%). Moreover, this suppression was not statistically distinguishable from the
karyopherin-a2 suppression (Figure 2.4). But when we used transgenic GFP as a negative control
and crossed with males infected with wMel, it did not suppress the wild CI (Figure 2.5) and the
hatch rate difference was not statistically significant from the WT cross. So, in that case non-

specific suppression did not result when crossed to females expressing GFP.

2.4.4 CidAis an antidote and rescues embryonic viability

Females expressing CidAwmel by themselves rescue CI from males under both transgenic
cidABwwmel operons or wMel infections contexts (Figure 2.4 and 2.5). These supports and extends
previous studies which showed similar rescue effects with CidAwmer or CinAwpip transgenic
expression in female (Chen et al., 2019; Shropshire et al., 2018; Shropshire & Bordenstein, 2019).
These results support the general toxin-antidote model which states that CidA is an antidote that

can rescue the activity of the CidB toxin (Beckmann et al., 2019a).
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2.4.5 CI suppression by karyopherin’s is species specific

The yeast (Saccharomyces cerevisiae) karyopherin-o protein i.e., Srpl is a most robust
suppressor CidBwrip toxicity (Beckmann et al., 2019). We also tested whether this particular
ortholog could suppress CI in fruit flies. Thus, we overexpressed S.c. Kap-a/Srpl in addition to
the other karyopherin’s mentioned above in female insect germlines. Unlike Drosophila
karyopherin-a2, yeast Srpl failed to suppress the CI in the Drosophila melanogaster context.
Hatch rates were not statistically different from the WT cross or the GFP negative control (Figure

2.6). In sum, we concluded that suppression by karyopherin’s is species specific.

2.4.6 Karyopherin’s have maternal toxicity

One hypothesis was that we might be able to boost suppression by increasing the maternal
overexpression of our transgenes to extremely high levels. To test this, we turned to the stronger
maternal triple driver (MTD) line which provides robust germline expression throughout oogenesis
(Petrella et al., 2007) due to the insertion of three independent Gal4’s. However, when
karyopherin-a was overexpressed in females, it caused embryos to die independently of CI. We
reasoned then, that this driver would confound our measurements by conflating death by CI, with
death by maternal overexpression toxicity of karyopherin’s. When we used a weaker driver (NGT;
the Gal4 line used for the all the above work), the suppression effects were significant but relatively
small (Figure 2.7). Thus, we concluded that our measurements had utilized the most optimal Gal4

driver system.
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2.5 Discussion

The Wolbachia CidA and CidB proteins were recently found to be central to CI, but no
CidB targets were known. Two orthogonal screens of CidB genetic and physical interactions in S.
cerevisiae and D. melanogaster, respectively, identified the nuclear-import receptor karyopherin-
a (Kap-a). Kap-a bound to CidB and genetically suppressed CidB-derived defects when
overexpressed. The Kap-a NLS-binding site was required for suppression of CidB toxicity. CidB
also binds Drosophila P32 and Nap1, which promote protamine-histone exchange. Overexpression
of either Kap-a or P32 in female insect germlines suppressed natural as well as the transgenic CI.

We also show that CidA in mother flies is sufficient to rescue both transgenic and wild CI.

2.5.1 Mechanistic models of Cl induction and rescue

It is not yet clear if the Kap-a and P32, are deubiquitylated by the CidB enzyme or how
this could help account for their functions in CI. Srpl/Kap-a (and Hrp1, another top hit) are known
to be ubiquitylated in yeast based on proteomic surveys (Swaney et al., 2013). One highly
speculative model invokes CidB cleavage of ubiquitin from both Kap-a and histone chaperones
such as P32 (or the histones themselves), reducing their functionality. Histone H2A and H2B are
well characterized as ubiquitylated proteins, and histone H2B was identified in the CidB*-binding
screen. Its ubiquitylation may promote histone H3.3 loading and nucleosome formation. There is
evidence for ubiquitin-H2B and histone chaperones cooperating in replication-independent

nucleosome assembly (Wu et al., 2017).
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Ubiquitylation of Kap-o may also be important for its ability to promote nuclear import of
a key maternal protein(s) involved in protamine-histone exchange (or for a nuclear non-transport
function of Kap-a)) (Oka & Yoneda, 2018). Our crosses suggest both Kap-o and P32 are limiting
in Cl embryos because transgenic expression of either suppresses Wolbachia-induced
incompatibility. In regard to the above model, CidB deubiquitylation of ubiquitin-modified
histones, histone chaperones and/or Kap-a would be envisioned to impair histone deposition {but
not protamine removal (Landmann et al., 2009)}. Overexpressed Kap-a might enhance import of
histone chaperones or ubiquitylation factors to overcome the activity of CidB. Similarly,
overexpression of histone chaperones such as P32 could enhance nucleosome assembly.
Determination of exactly how the proteins we have identified contribute mechanistically to CI is

an important goal for future studies.

The fact that the antidote, CidA, contributes to both CI induction and rescue is seemingly
at odds with its designation as an antidote. However, this dual functionality is characteristic of
toxin-antidote (TA) operons (Yamaguchi et al., 2011). Previously described model envisioned co-
translation of CidA and CidB followed by CidA-B protein complex formation, possibly after
passage through a type IV secretion system into the host cytoplasm (Beckmann et al., 2017;
Beckmann & Fallon, 2013). We postulated that CidA antidote functionality has a dual purpose.
One function is to prevent premature toxicity of CidB during spermiogenesis. CidA may even
promote localization of the toxin into sperm. Rapid degradation of antidote, also characteristic of
TA operons, in the egg would activate the relatively stable CidB toxin if no fresh CidA is provided

by egg resident Wolbachia.
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To reiterate, induction of CI could proceed by multiple mechanisms based on the data in
hand. The simplest model is that CidB directly deubiquitylates a single key target, possibly Kap-
02. In this model ubiquitylated Kap-02 is crucial for delivery of some key factor, perhaps P32,
Napl, or histones to the male pronucleus. Alternatively, CidB may have multiple direct targets and
Cl results from the accumulated defects caused by these changes. A more indirect model would
posit that CidB binds Kap-02 as a way into the nucleus where its relevant substrates localize.

Localization studies will be crucial for determining the precise mechanisms.

In general, Nuclear transport as a target of Cl is tantalizing because it suggests divergent
selfish reproductive manipulators converge on related embryonic processes. Segregation Distorter
(SD) was also linked to nuclear import disruption (Larracuente & Presgraves, 2012; Merrill, 1999).
SD is a meiotic driver in natural D. melanogaster populations involving two autosomal loci. The
Sd driver locus encodes a truncated but catalytically active RanGAP (nuclear transport regulator)
that mislocalizes to the nucleus (Kusano et al., 2002) and the responder (Rsp) locus is a large block
of satellite DNA. During spermiogenesis, Sd-RanGAP alters the histone-to-protamine transition,
culling drive-sensitive spermatids. Phylogenomic analysis of karyopherins in Drosophila also
suggested frequent gain and loss of Kap-a genes, consistent with selection targeting nuclear
transport for host protection against genetic conflicts (Phadnis et al., 2012). Independently, a
Drosophila testes-specific X-linked Kap-a gene was found to be duplicated and overexpressed in
response to a sex-ratio driver (SR) that selectively blocks maturation of Y chromosome-bearing

sperm (Pieper et al., 2018). Hence, the molecular features of SD and SR show remarkable parallels
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with the processes we have linked to CI, particularly nuclear transport (Kap-a, Moleskin) and the

protamine-to-histone transition (P32 and Napl).

2.5.2 A Further Discussion on Non-specific suppression of synthetic Cl by GFP

Cytological studies indicate that CI toxicity may occur at multiple levels and embryos
develop various developmental abnormalities. Some embryos die in the first round of the zygotic
nuclear division, and remaining show arrested development at advanced developmental stages and
die just before hatching (Beckmann et al., 2017; Callaini et al., 1996). One possible reason for this
weak non-specific suppression may be that crosses to mothers with a transgene (GFP) driven by
the UAS mitigate a later, secondary stage of CI killing by reducing embryonic expression of the
transgenic CidB toxin in older embryos. It may result from the competitive binding of the Gal4
transcription factor to the insertions of the mother's UAS, which restricts binding to the transgenic
UAS-cidB gene. Owing to non-specific suppression, we advise caution about conclusions with
suppression of transgenic CI. Suppression results should be backed up by a study of suppression
against natural bacteria induced ClI, as we did for P32 and Kap-a. We finally concluded that weak

suppression by GFP was an artifact of the transgenic Cl model.

2.5.3 Host suppression of CI

Multiple Wolbachia systems have reported the host suppression of reproductive parasitism
involving CI (Cooper et al., 2017) and male killing (Hornett et al., 2006). Theory expects a gradual
progression of CI to weaker incompatibilities (Turelli, 1994). However different loci of the

suppressor gene were never identified. There are two reasons why genetic Cl suppressors are
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significant. First, they provide hints toward pathways targeted by CI. Secondly, they might co-
evolve as resistance factors to CI. Importantly, suppression of CI in vectors will reduce the
effectiveness of global mosquito control efforts harnessing Wolbachia and CI. We note that Kap-
a and P32 were both robust dosage suppressors of transgenic and natural CI (Figure 2.4 and 2.5)
and both are maternally deposited (Emelyanov et al., 2014; Emelyanov & Fyodorov, 2016;
Phadnis et al., 2012). Therefore, these proteins could well be important factors in the evolution of

host resistance to Wolbachia-induced CI.”
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Figure 2.1. Schematic structure of the Gal4/UAS system. Gal4 and UAS are held in separate
parental fruit fly lines. Gal4 is a transcription factor from yeast. Gal4 up-regulates transcription of
any gene downstream of an Upstream Activating Sequence (UAS). UAS can be inserted 5’
(upstream) of any transgene of interest. In fly genotypes that have both components, Gal4 binds to
the UAS and turns on transcription of the gene of interest. Resulting F1 progeny will bear the

heterozygous genotype of Gal4/UAS-transgene; effectively turning the gene on.
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Figure 2.2. Transgenic Cl was temperature-sensitive. Maximum hatch rate observed at 210C

and minimum hatch rate observed at 250C. GFP used as a control (no transgene). CidA-Bwmel is

the fly with synthetic CI. WT is the Wild Type fly. Error bars represent means  s.d. ‘n’ represents

the number of crosses done at respective temperatures.
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Figure 2.3. Rationale for observing partial suppressive effects on Cl at 220C. Mean difference
in hatch rate at 230C from the WT (control) cross was around 6% and at 220C was around 9%.
CidA-Bwmel is the fly with synthetic Cl. Kap-al is Drosophila melaongaster’s karyopherin-al WT
is the Wild Type fly. Error bars represent means + s.d. ‘n’ represents the number of crosses done
at respective temperatures. ***p<0.001,****p<0.0001 by by ANOVA with multiple comparison

between all groups and Tukey’s post-hoc analysis.
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Figure 2.4. At 220C overexpression of D.m.Kap-al, S.c.Rtt103, GFP, D.m.Nap1, D.m.Kap-

a2, D.m.P32 and CidAwwmel suppressed transgenic CI relative to the control. Both D.m.P32 and

CidAwwmel suppression were still highly significant when compared to the GFP control. Error bars

represent means + s.d. ‘n’ represents the number of crosses done at 220C. ns=p>0.05*p<0.05,

*#p<0.01, ****p<0.0001 by ANOVA with multiple comparison between all groups and Tukey’s

post-hoc analysis. Two outliers (x) removed by ROUT analysis.
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Figure 2.5. Overexpressed D.m.Kap-al, D.m.Kap-a2, D.m.P32 and CidAwme suppressed

wMel CI relative to the control as well as GFP. Error bars represent means + s.d. ‘n’ represents

the number of crosses done at 220C. ns=p>0.05*p<0.05, ****p<0.0001 by ANOVA with multiple

comparison between all groups and Tukey’s post-hoc analysis.
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Figure 2.6. Cl suppression by Karyopherin’s is species specific. D.m. Kap-al suppressed the
synthetic CI whereas yeast Kap-a not able to suppress the Cl in Drosophila melanogaster. Srpl is
Saccharomyces cerevisiae karyopherin and Kap-o is Drosophila melanogaster karyopherin. Error
bars represent means =+ s.d. ‘n’ represents the number of crosses done at 230C.

ns=p>0.05,***p<0.001, ****p<0.0001 by ANOVA with multiple comparison between all groups

and Tukey’s post-hoc analysis.
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Figure 2.7. Karyopherin’s have maternal toxicity. MTD is maternal triple driver and NGT is
Nanos-Gal4-Tubulin driver. Kap-al and Kap-a2 are the Drosophila melanogaster karyopherin
genes. WT is wild type. Error bars represent means + s.d. ‘n’ represents the number of crosses

done at respective temperatures.
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Primer Sequence Product length, bp

ACO009_F CTGGTAAAGGTGTTGGTTTTG

202
AC010_R GCAGTTGCAGTATCAATCAATG
JFB 646_F GGCCGCTCGCAAGAGTG

540
JFB 647_R CATAACCGCCGAGCTCTG

F- forward primer, R- reverse primer

Table 1.1. Primers used in this study for PCR or for Wolbachia infection checks in transgenic

flies used in the experiment (Figure 2.8)
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Figure 2.8. PCR analysis demonstrates that transgenic flies used in this study are not infected
with Wolbachia. VirD4 is a conserved Wolbachia gene. Amplification of the Drosophila
melanogaster Histone three gene served as a positive control. NGT is the Nanos-Gal4-Tubulin

driver (three replicates).
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CHAPTER 3
FUNCTIONAL GENETIC ANALYSIS OF KAPA2 AND P32 GENES IN
DROSOPHILA AND THEIR ROLE IN SUPPRESSION OF WOLBACHIA-

MEDIATED CYTOPLASMIC INCOMPATIBILITY

3.1 Abstract

Wolbachia is an endosymbiotic bacterium inherited maternally that infects nearly half of
all arthropod species. A Wolbachia deubiquitylating enzyme CidB is central to CI induction. Our
hypothesis is that Cl is induced via the interactions of CidB with insect karyopherins and
protamine-histone exchange factors, like P32. Overexpression of Kap-a or P32 in female
Drosophila suppressed CI induced by wild bacteria as well as an artificial transgenic CI system.
Our next question was focused on determining whether CidB cleaves ubiquitin directly off Kap-a
or P32 to induce CI. Here, we explore functional mutations and genetic modifications in these two
genes to test and fully evaluate the role of these two genes in the suppression and induction of CI
in Drosophila. One mutation that eliminates Kap-a2’s ability to bind NLS sequences eliminated
its ability to suppress Cl in flies. The results show that suppression of Cl by Kap-02 depends on
its nuclear importing ability. We also evaluate an uncleavable Ubiquitin-fusion to Kap-a2 as well
as to P32. The Ub-Kap-a2 and Ub-P32 constructs suppressed Cl even better than wild Kap-o2 and
P32 respectively. These data suggest that CidB cleaves Ubiquitin from Kap-a2 and P32 to induce
ClI. In addition, we build and evaluate fusions of 3XFLAG-P32 and 3XFLAG-Kap-02 as tools for

future immunoprecipitation studies.
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3.2 Introduction

Maternally inherited intracellular bacteria Wolbachia infect arthropods and filarial
nematodes (Ferri et al., 2011; Zug & Hammerstein, 2012). The bacterium alters the host
reproduction in several ways, which favors their spread (Werren et al., 2008) by hijacking the host
cellular machinery; of which the most common reproduction alteration is Cytoplasmic
Incompatibility (ClI) (Serbus et al., 2008). Cl is defined as the embryonic lethality that occurs when
the sperm modified by Wolbachia fail to fertilize eggs that are not infected with Wolbachia
(Larracuente & Presgraves, 2012). Contrary to this, the cross between an infected female with
Wolbachia infected or uninfected male will produce viable offspring (Poinsot et al., 2003b).
Recently, Wolbachia-induced CI has been widely exploited as biocontrol tool for the control of
vector-borne diseases (especially those spread by mosquitoes) such as Dengue, Zika, West Nile
and Yellow fever (Dorigatti et al., 2018; Dutra et al., 2016b; Slatko et al., 2014). However, the
mechanism behind this Wolbachia-induced CI is still not fully known yet. Wolbachia CidA and
CidB proteins were recently found to be central to CI (Beckmann et al., 2017, 2019a; Beckmann
etal., 2019). CidB is a deubiquitylating enzyme (DUB) and its cognate partner is an antidote, CidA
(Beckmann et al., 2017). Our best hypothesis is that CidB induces CI by cleaving ubiquitin from
an unknown substrate/s (Beckmann et al., 2017; Beckmann et al., 2019). Ubiquitin is a 76 amino
acid eukaryotic protein and is transcribed as a fusion protein N-terminally attached to other
proteins of high expression, such as ribosomal subunits (Welchman et al., 2005). From there,
ubiquitin is cleaved by cellular DUBs from the polyprotein and becomes available as a cellular tag

that can be attached to substrates. Ubiquitin post-translationally modifies many proteins and
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commonly regulates substrate stability and localization (Ronau et al., 2016). Isopeptide bond is
formed between the C-terminal glycine carboxyl group and the lysine of the substrate (Pickart,
2001; Weissman, 2001). CidB is most efficient at cleaving ubiquitin chains linked at Lys63
(Beckmann et al., 2017). In our last study, we proposed that CidB targets karyopherin-a, a nuclear-
import receptor and P32, protamine-histone exchange factor (Beckmann et al., 2019). Evidence in

support of this hypothesis is listed below.

Overexpression of Kap-a suppressed the CidB-derived toxicity in yeast as well as wild CI
in flies and artificial CI induced by transgenic CI operons in Drosophila (Beckmann et al., 2019).
Insect karyopherins were also found to co-precipitate in CidB purifications. Kap-a2 (karyopherin-
a/importin-a) is a highly conserved protein among eukaryotes (Goldfarb et al., 2004). Small
proteins can enter the nucleus on their own, whereas most of the proteins need transport factors
(carriers), which can escort them into the nucleus (Bayliss et al., 2000). The Nucleus is guarded
by nuclear pore complexes (NPC’s), to enter the nucleus, proteins require a component that can
enable to cross the barriers (Beck & Hurt, 2017). Kap-a binds to only those proteins which bear
Nuclear Localization Signals (NLS’s) (Kalderon et al., 1984; Leung et al., 2003). Kap-a binds
Kap-pB (karyopherin-f /importin-p) after recruiting a substrate/s and then the complex imports the
cargo into the nucleus through NPC (Chook, 2001). This nucleo-cytoplasmic traffic is driven by a
nuclear Ran-GTP gradient (Ryan et al., 2003). Ran-GTP dissociates this complex in the nucleus,
after this, Kap-o will again be transported back to the cytoplasm through a nuclear export signal

(Goldfarb et al., 2004). Kap-o performs alternative functions other than nuclear import. It is
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important for the execution of mitosis and inhibiting co-translational protein degradation, etc.

(Chen & Madura, 2014; Loeb et al., 1995).

Another factor of interest is P32, the protamine-histone exchange factor. This protein was
another the other suppressor identified, which suppressed wild-type and as well as transgenic ClI
when overexpressed in female transgenic Drosophila (Beckmann et al., 2019). P32 also binds
CidB in pull-downs (Beckmann et al., 2019). One function of P32 relates to zygotic chromosome
structures. Sperm chromatin inside the male gametes is compacted by protamines. Protamines are
small, positively charged arginine, and cysteine-rich proteins (Balhorn, 2007). After fertilization,
protamines are replaced with histones, and P32 is one core protein required for the removal of
protamines (Emelyanov et al., 2014). It is suggested that Cl impacts chromosome structure in the

male pronucleus (Landmann et al., 2009)

In this study, we address one possible explanation for the physical interactions of CidB
binding to Kap-a and P32. Different models can be proposed based on the ability of these
overexpressed proteins (Kap-o and P32) to suppress CidB toxicity. Here in this study, we tested
two hypotheses. One hypothesis was that CidB might cleave ubiquitin directly from Kap-a2 as
well as P32 to cause ClI. To test this hypothesis, we made uncleavable Ubiquitin fusion proteins
together with P32 and Karyopherin-a2. Our rationale was that if CidB induces CI by cleaving
ubiquitin from one of these substrates, we would be able to prevent CI by overexpression of an
uncleavable ubiquitin fusion form. Cellular DUBs rely on a C-terminal glycine motif to cleave
ubiquitin (Pickart & Cohen, 2004). To prevent cleavage, we mutated this motif from glycine to

alanine, which would eliminate a DUBs ability to cleave it (Lacombe et al., 2009). We then
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measure Cl penetrance when incompatible males are crossed to female flies overexpressing the
uncleavable ubiquitin fusion proteins. Our data suggest that Ub-Kap-02 and Ub-P32 fusions
suppress Cl even more than wild Kap-a2 and P32 respectively. From these data we suggest that
CidB might directly cleave Ubiquitin from Kap-a2 and P32 to induce CI. Another functional
analysis we perform is a mutagenic analysis of Karyopherin-a2. A mutation (S98F) which inhibits
nuclear localization signal binding also inhibits this proteins ability to suppress Cl. These data

clarify that the CI suppressing functions of Karyopherin-a2 in flies are linked to nuclear import.

3.3 Materials and methods

3.3.1 Fly strains and transgene constructs

For the D.m.P32 and D.m.Kap-a2 transgene constructs, P32 was cloned from cDNA clone
purchased from GenScript (Piscataway, NJ), and Kap-a2 transgene was cloned from Kap-a2
D.melanogaster transgenic flies (Beckmann et al., 2019; Mason et al., 2002) respectively by
designing specific oligonucleotides (primers used in this study are described in table 2.1) and using
PCR. Both genes were firstly cloned into a smaller plasmid, i.e., pBsk+ to genetically manipulate
the sequence before sub-cloning them into the destination vector. 5° Notl and 3’ BamH1 sites were
added to facilitate cloning. Internal BamH1 site was mutated by Quikchange mutagenesis because
downstream, we need to use BamHI for cloning into the destination vector. Three transgenic
constructs of P32 and four transgenic constructs of Kap-a2 (Figure 3.1) were prepared by us to
investigate further whether they are the actual targets of cidB or not. Ubiquitin was cloned from

the wild type D. melanogaster. We made a Ubc7ea mutation to make uncleavable Ub-P32 and Ub-
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KapA2 fusion constructs in order to test if CidB cleaves ubiquitin off the substrates (Lacombe et
al., 2009). We made another construct with Kap-a2sesr point mutation (=Srplsiier in yeast) to see
if suppression is dependent on NLS binding in Drosophila (Beckmann et al., 2019; Chen &
Madura, 2014). 3xFlag-transgene constructs were prepared by adding 3xflag sequence in forward
primer. These constructs were designed to do the pull-down assays to test if they are ubiquitylated
or not. As a negative control, we mutated the first methionine (start codon) to stop codon of P32
and Kap-a2 transgenes in another two constructs. Point mutations were introduced by Quikchange
mutagenesis. All the constructs designed above were fully sequenced and verified by sanger
sequencing to lack any spurious mutations.

DNA for the CidA-T2A-CidBwwmel operon (Beckmann et al., 2017) was codon-optimized
for Drosophila by Genscript. Transgenes were then sub-cloned from pbsk+ to destination vector,
i.e., pUASp-attb (Rerth, 1998; Takeo et al., 2012) by PCR and restriction digest. Final constructs
were again fully sequenced by sanger sequencing and also verified by restriction enzyme digests
(Figure 3.2). Transgene constructs were sent to BestGene, Inc. (Chino Hills, CA), for embryo
microinjection of D. melanogaster. Fly background #9744 (attP site on chromosome three) was
chosen for ®C31 integrase-mediated transgene insertion. At least 200 D. melanogaster embryos
per gene were injected by BestGene and based on w+ eye color; transformants were selected.
3.3.2 Fly maintenance

Flies were reared at room temperature on standard cornmeal, molasses, and yeast (CMY)
media. For the analysis of Cl, Fo crosses were initiated by crossing homozygous Gal4 driver
females (NGT- Nanos-Gal4-Tubulin) to UAS-transgene males (CidA-T2A-CidBwwmel). All the Fo
crosses were kept at 220C to control for any temperature-dependent maternal effects (Beckmann
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etal., 2019). The temperature was only temporarily lowered to 180C for overnight virgin collection
and was stored at room temperature after collections. All flies were kept under 12-h:12-h light:
dark cycle.
3.3.3 Transgenic Drosophila CI Crosses and hatch rate assays

CidA-T2A-CidBwwmel operon-transformed male flies were crossed with females from strain
#4442 carrying the nanos-Gal4-tubulin 3’ untranslated region (NGT) driver and wild type induced
ClI (Figure 3.4). This served as a phenotypic confirmation of transgene expression and agrees with
prior results (Beckmann et al., 2017; Beckmann et al., 2019; LePage et al., 2017). F1 flies, which
were heterozygous for both the NGT driver and the Gal4-UAS-transgene, were aged 3—4 days at
220C and crossed one to one, male and female, in a 5-ounce, round bottom, Dixie cups. An apple
juice-agar solution with a small amount of yeast paste smeared in the center of plate; was poured
in the lids of the cups and were affixed. Cups were placed in an incubator at 220C. After 36 hr.,
original lids with apple juice were discarded and replaced with lid having freshly yeasted apple
juice. Flies were allowed flies to oviposit for 24 hr. before removing the plate. Eggs were given 36
hr. to hatch while being incubated at the same temperature. Hatch rates were evaluated by
microscopy and by counting hatched and unhatched egg totals. Any crosses with less than ten total
embryos were excluded out from the hatch rate assay. Flies used in this study were white Canton-
S (WCS; WT); nanos-Gal4-tubulin, #4442, UASp-P32, and UASp-Kap-a2, #25400 (Mason et al.,
2002). Fly lines were created by us or obtained from the Bloomington Stock Center. We verified
that the transgenic flies used in the experiment are uninfected with Wolbachia using PCR and
primers, recognizing a conserved region in the Wolbachia VirD4 gene. As a positive control, we

amplified the ~500bp D. melanogaster histone H3 gene (Figure 3.6).
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3.3.4 Protein alignment

Kap-a is a highly conserved protein amongst eukaryotic organisms (Goldfarb et al., 2004).
The Multiple Sequence Alignment (MSA) of homologs of Kap-a2 protein from different species
presented in Fig. 3.3 (a) was generated by using the Clustal Omega alignment tool (Sievers et al.,
2011). Fig. 3.3 (b) shows the S98F mutation created in the D.m Kap-a2 gene similar to S116F
mutation created in Srpl (Kap-a2 homolog), which unable to suppress the CidB toxicity in yeast

(Beckmann et al., 2019).

3.3.5 Statistical analysis

All statistical analyses of hatch rates were performed using GraphPad Prism 8.4.2 software.
One-way analysis of variance (ANOVA) with multiple comparisons followed by Dunn’s test of
multiple corrections was performed on all the crosses used in the experiment. Outliers were

eliminated by using the ROUT method. All P values are reported.

3.4 Results

3.4.1 Mutating start codons to stop codons in Kap-a2 and P32 overexpression transgenes

eliminates suppression

Kap-02 and P32, when overexpressed in female transgenic Drosophila suppressed
synthetic as well as wild Cl (Beckmann et al., 2019). However, alternative explanations for this
suppression might be that the DNA sequence of these transgenes and/or impacts on Gal4/UAS

system might account for suppressive effects. To develop controls to clarify whether
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overproduction of the actual Kap-a2 and P32 proteins was the direct cause of suppression we
mutated the start codons of these transgenes to stop codons. Our hope for this control was that the
artificially psuedogenized transgenes would no longer suppress Cl. We inserted these new
transgenes into flies (as described above) and repeated the same crosses. As expected, we observed
that the psuedogenized transgenes (stopP32 and stopKap-a2) no longer suppressed wild and artificial
ClI (Figure 3.4 and 3.5). The results were not statistically different from the wild CI cross. We
conclude that suppression of Cl by Kap-a2 and P32 is directly attributed to their protein products.

We also used this data as an opportunity to reproduce our former data.

3.4.2 Cl suppression by Kap-a2 in fruit flies is dependent on its nuclear importing functions

Kap-a is encoded by Srpl in yeast, which is a homolog of Kap-02 (Figure 3.3a). Srpl
performs various biological functions which depend upon its ability to bind nuclear import signals
(Chen & Madura, 2014). We previously evaluated Srpl mutations in the yeast context.
Endogenous Srpl suppressed cidB toxicity in yeast; similarly, Kap-02 also suppressed CI in
Drosophila. An S116F mutation (srpl-31 allele) that interrupts the binding of Srpl and substrate
NLS elements, reduced Srpl’s ability to suppress the cidB toxicity in overexpression plasmids;
similarly, but reciprocally, a chromosomal S116F mutation of Srpl on the haploid yeasts only
copy was synthetic with overexpression of CidB; the mutation sensitized yeast to CidB toxicity
did not suppress the cidB toxicity (Beckmann et al., 2019). Based on these data, we wanted to
evaluate a similar mutation in transgenic flies. We constructed a fly with D.melanogaster
analogous mutation (S98F; see alignment Figure 3.3b). When mothers overexpressing, this

transgene were crossed to incompatible males the mutated karyopherin no longer suppressed CI.
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(Figure 3.4 and 3.5). In sum, we conclude that CI suppression by karyopherins is dependent on
NLS binding ability and nuclear import. These data add new fly data, which bolsters prior
discoveries made in yeast. There are various explanations for why suppression by Kap-a2 depends
on its ability to bind NLS sequences. One possible hypothesis is that Kap-o2 brings something

into the nucleus that counteracts toxic effects of CidB.

3.4.3 Uncleavable Ubiquitin P32 and Kap-a2 fusions suppress ClI more than wild-type P32

and Kap-a2 respectively

DUB’s cleave ubiquitin at a C-terminal glycine linked to a lysine of the substrate (Pickart,
2001; Weissman, 2001). Ubiquitin elongate in chaining linkages growing from lysine residues
within Ubiquitin itself. CidB most efficiently cleaves Lys63 linked Ub chains (Beckmann et al.,
2017). DUBs recognize and cleave ubiquitin at the C-terminal glycine. A mutation in that C-
terminus (G76A; UbG76A) leads to the formation of non-cleavable ubiquitin-substrate fusion
(Lacombe et al., 2009). Based on the hypothesis that CidB might cleaves ubiquitin off from the
Kap-02 and P32 to induce CI, we made a fly with uncleavable ubiquitin-Kap-a2 and ubiquitin-
P32 fusions. If our hypothesis were correct, mating females overexpressing Ubc7ea-Kap-a2 and
Ubc7ea-P32 crossed to incompatible males with synthetic or wild CI should lead to reduced
incompatibility and higher hatch rates; or in layman’s terms, ClI should no-longer work. To test
this hypothesis, we crossed, females, overexpressing Ubcrea-Kap-02 and Ubczea-P32 respectively
to CidA-T2A-CidBwmel males, and we observed significantly higher hatch rates ~15% in case of
Ubcrea-Kap-02 and ~10% in case of Ubc7ea-P32 (Figure 3.4). When crossed to incompatible

males infected with wild bacteria, the Ubc7ea-Kap-a2 and Ubc7ea-P32 fusions were even more
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effective at suppressing Cl and increased hatch rates by an effect size of about ~20% and ~15%
respectively when compared to the suppressive capability of wild Kap-a2 and P32 (Figure 3.5).
These results support the hypothesis that CidB induces ClI by cleaving ubiquitin from Kap-a2 and

P32; however, these are insufficient data to irrefutably conclude as much.

3.4.4 Inserting N terminus 3xFlag tags doesn’t affect the suppressive functions of Kap-a2

and P32.

To facilitated future immunoprecipitation studies of hypothesized CidB substrates we made
N-terminus 3XFLAG tagged fusion constructs to Kap-a2 and P32. However, for these experiments
to be valid, the functional capabilities of Kap-02 and P32 would need to remain intact, despite the
addition of the N-terminal 3XFLAG tags. Tags are known to effect protein functions (Beckmann
etal., 2019), so we also validated that these tags did not disrupt the suppressive functions of these
particular candidates. Therefore, we crossed females overexpressing these fusion constructs with
incompatible males, and the hatch rate was not statistically different from the crosses with females
overexpressing Kap-o2 and P32 alone (Figure 3.4 and 3.5). In sum, we conclude that 3XxFLAG

fusions behave in a similar way to wild alleles.

3.5 Discussion

Previous studies identified the Wolbachia proteins (CidA and CidB) known to cause CI in
insects (Beckmann et al., 2017, 2019a, 2019b; Beckmann & Fallon, 2013). CidB is a
deubiquitylase (DUB), which means it induces CI by cleaving ubiquitin from the substrate/s

(Beckmann et al., 2017). In our last study, we discovered that Kap-o2, nuclear-protein import
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factor, and P32, protamine-histone exchange factor might be the targets of Wolbachia’s CidB as
overexpressed Kap-a and P32 in female insect germlines suppressed natural as well as transgenic
CI (Beckmann et al., 2019). Previous findings led to an observation that the Kap-a NLS-binding
site is required for suppression of CI in yeast. Specifically, in yeast, suppression of CidB toxicity
by Kap-o was weakened by an S116F mutation which disrupts the binding of Kap-o and substrate
NLS elements (Beckmann et al., 2019). Prior to my work, this particular mutation and experiment
had not been tested within Drosophila. A final hypothesis was that CidB might induce CI by

cleaving ubiquitin from Kap-o2 or P32.

Here we test the above hypothesis, by showing that the Kap-a NLS-binding site is required
for suppression of Cl in Drosophila. Kap-a is highly conserved gene among eukaryotes (Goldfarb
et al., 2004). Therefore, we identified the analogous serine amino acid by alignment and
constructed an analogous mutant in D. melanogaster Kap-a2. The Multiple Sequence Alignment
(MSA) of Kap-a2 protein from Aedes to Drosophila shows the same (Figure 3.3a). As expected,
when we tested the same mutation in transgenic flies, we observed the same effect, mutated Kap-
a2 no longer suppressed the transgenic as well as wild CI. So, we conclude that the Kap-02 NLS-

binding site is required for CI suppression in fruit flies.

Our study also supports a hypothesis that CidB induces CI by cleaving ubiquitin from Kap-
a2 as well as P32. Srpl (homolog of Kap-02) as well as histones H2A and H2B are known to be
ubiquitylated (Swaney et al., 2013; Wu et al., 2017). Based on these data, CidB might somehow
reduce the functionality of these proteins by cleaving ubiquitin from them. To test, we made

uncleavable ubiquitin fusions to these putative substrates. In support of our hypothesis,
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uncleavable Kap-a2 as well as P32 suppressed CI even better than wild Kap-a2 as well as P32
respectively in both our transgenic and wMel model CI systems. This was not wholly what we had
expected. One favored hypothesis was that CI is induced by direct cleavage of ubiquitin from a
single target. If one of these proteins was the main target of CidB; then we would have expected
the two results to be divergent, i.e., perhaps one substrate would show enhanced suppression and
the other no effect. This was not the case as both showed enhanced suppression. Due to the positive
results derived from both Ub-fused substrates, this leads us to propose two scenarios. The first
scenario is that Cl is induced by cleavage of Ub from multiple substrates, included both Kap-a2
as well as P32, and possibly even others. Another scenario is that our experiment is flawed, and it
can be interpreted via a CidB sink mechanism, whereby toxic CidB is sequestered and chelated by
the overexpression of an uncleavable Ub-fusion. Therefore, in this model, uncleavable Ub fused
to literally any protein might produce these same results if overexpressed. One future experiment
required to eliminate this second model would be a better negative control testing overexpression
of an uncleavable Ub-GFP fusion. If this substrate also suppresses, we would be forced to conclude
that the experiments were flawed, and these data reflected non-specific experimental artifacts

rather than bona-fide CI mechanism observations.

However, as the data stand now, these are insufficient data to irrefutably conclude either
proposed model. Another experimental system that will allow us to draw more robust conclusions,
would be to explore immuno precipitation and western blotting to measure ubiquitylation status of
wild P32 and Kap-a2 in fruit flies. I have built the reagents required for these experiments. In the

future, my N-terminus 3xFLAG tagged clones would be used to directly pull-down Kap-02 and
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P32 from the fruit fly and immunoblot for ubiquitylation status. Studies might then be performed
under contexts with and without CI induction to directly determine if ubiquitylation status changes

in response. We also need ubiquitin-GFP control to validate that it is not a non-specific effect.
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Figure 3.1. Creation of transgenic D. melanogaster strains and transgene constructs (a)

pUASp-attb vector (Rarth, 1998; Takeo et al., 2012). Various components of the pUASp-attb

vector are: 1) UAS which is the upstream activating sequence for GAL4 2) P-element which is the

basal germline promoter. 3) MCS is the multi-cloning site. 4) K10 which has 3" untranslated region

from the K10 terminator that localizes transcripts to Drosophila oocyte (Serano & Cohen, 1995).

5) attb is the recombination site for ®C31 integrase. (b) Three transgenic constructs of P32 and (c)

four transgenic constructs of KapA2 were created by heterologous gene insertion into pUASp-attb

respectively on the N-terminus.
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Figure 3.2. Restriction enzyme digest confirms the presence of insert. Presence of transgenes
in the final constructs were verified by restriction enzyme digest. Done overnight at 370C with

Notl and BamH1 restriction enzymes. Ran on 0.8% Agarose gel.
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Primers Sequence (5°—3°)

Description

GDO001
GD002

GDO003
GD004

GDO009
GDO033
GDO013
GD025
GD023
GD024
GDoO17
GDO018

GD026
GD027

GD041
GD042

GDO028

GDO029

TTTTGCGGCCGCATGAACAGCCTAAGGACAGC

TTTTCTCGAGGGATCCTTACTTGCCACCGGCAGTG

CGGAGGTTCCGATCATGTAACCGTGTTGAATCTCC
CGGAACCTCCGGCTGTCACCGGCTTTTTGGTCATG

TTTTGCGGCCGCATGAGTAAGGCGGATTCTAAC

TTTTGGATCCTTAGAACGTGTAGC

CACAAAGGACCCGCGTGCCATCAAGGTGGTGCAGACG
GCACGCGGGTCCTTTGTGTCCAGCAAATCGATAAAAG

TTTTGCGGCCGCTAGAACAGCCTAAGGACAGCAAC
TTTTGGATCCCTTACTTGCCACCGGCAGTG
TTTTGCGGCCGCATGTTTTATATTGCTTTCAGTGACG
TTTTACTAGTACCACCACGCAGGCGGAGC
TTTTGCGGCCGCTAGAGTAAGGCGGATTCTAACTCAC
TTTTGGATCCTTAGAACGTGTAGCCACCTTC

CTCTTTCGGGAGCGCAATCCACCCATC

GGGTGGATTGCGCTCCCGAAAGAGCATCTTGC

TTTGCGGCCGCATGGACTACAAAGACCATGACGGT
GATTATAAAGATCATGACATCGACTACAAGGATGAC
GATGACAAGATGAACAGCCTAAGGACAGC

TTGCGGCCGCATGGACTACAAAGACCATGACGGTG
ATTATAAAGATCATGACATCGACTACAAGGATGACG

ATGACAAGATGAGTAAGGCGGATTCTAAC

Forward and reverse primers for amplification
of P32 gene from Hil (GenScript) clone to
clone into pbsK+ vector

Quikchange forward and reverse primers for
mutating internal BamH]1 site in P32 gene

Forward and reverse primers for amplification
of KapA2 gene from KapA2 D.melanogaster
flies

Quikchange forward and reverse primers for
mutating internal BamH|1 site in KapA2gene

Forward and R primers for mutating start
codon to stop codon in P32 gene

Forward and reverse primers for amplification
of ubiquting from WT D.melaongaster flies
with UB76A mutation in reverse primer

Forward and Reverse primers for mutating
start codon to stop codon in KapA2 gene

Quikchange forward and reverse primers for
inducing S98F mutation in KapA2 gene

Forward primer for adding 5° 3XFlagTag to
P32 gene

Forward primer for adding 5° 3XFlagTag to
KapA2 gene

Table 2.1. Primers used in this study
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(a) S. cerevisiae 92 MTQQLNSDDMQEQLSATVKFRQIL§REHRPPIDVVIQAGVVPRLY 136
D. melanogster 74 |VAAMNSEDQERQFLGMQSARKMLSRERNPPIDLMIGHGIVPICI 118

A. aegytpti 79 ILAYVNSGNAQKEFVAIQTARKMLSIREKNPPIDKMIGLGLVPICV 123

A. albopictus 79 ILSYVNSGNPQKEFVGVQTARKMLSREKNPPIDKMIGLGLVPICV 123

.k ok . . *oaow ko ok ok, * ok ok ok . * * oo ok k

(b) KapA2 74 IVAAMNSEDQERQFLGMQSARKMLgRERNPPIDLMIGHGIVPICI 118
KapA25%F 74 IVAAMNSEDQERQFLGMQSARKMLERERNPPIDLMIGHGIVPICI 118

Figure 3.3. KapA is a conserved gene (a) Multiple-sequence alignment (MSA) of D.m. Kapa-2
protein and its homologs (b) KapAsesr mutation in D. melanogaster highlighted with red color.
Black highlight indicates the NLS binding site. Asterisks indicates perfect alignment; colon
indicates a site belonging to group showing strong similarity and a dot indicates a site belonging

to a group showing weak similarity.
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Figure 3.4. At 220C overexpression of D.m.Kap-a2, D.m.P32, 3xflag-Kap-a2, 3xflagP32,
D.m.Ub-P32 suppressed transgenic Cl relative to the control. Kap-a2sssr failed to suppress
transgenic Cl. Error bars represent means + s.d. ‘n’ represents the number of crosses done at
220C. ns=p>0.05*p<0.05, **p<0.01, ****p<0.0001 by ANOVA with multiple comparison

between all groups and Tukey’s post-hoc analysis. Two outliers (x) removed by ROUT analysis.
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Figure 3.5. At 220C overexpression of D.m.Kap-a2, D.m.P32, 3xflag-Kap-a2, 3xflagP32,
D.m.Ub-P32, D.m.Ub-kapA2 suppressed wild CI relative to the control. Kap-a2sesr failed to
suppress wild CI. Error bars represent means + s.d. ‘n’ represents the number of crosses done at
220C. ns=p>0.05*p<0.05, **p<0.01, ****p<0.0001 by ANOVA with multiple comparison

between all groups and Tukey’s post-hoc analysis. Two outliers (x) removed by ROUT analysis.
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Figure 3.6. PCR analysis demonstrates that transgenic flies used in this study are not infected
with Wolbachia. VirD4 is a conserved Wolbachia gene. Amplification of the Drosophila
melanogaster Histone three gene served as a positive control. NGT is the Nanos-Gal4-Tubulin

driver.
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