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Chapter I.

Introduction to the history, implications, and mechanisms underlying
Wolbachia-induced cytoplasmic incompatibility

Introduction

Wolbachia are among the world’s most common animal-associated infections
(Hilgenboecker et al.,, 2008; Zug and Hammerstein, 2012) and often hijack their host’s
reproduction via cytoplasmic incompatibility (CI) (LePage and Bordenstein, 2013; Serbus et al.,
2008; Taylor et al., 2018; Werren et al., 2008). Cl is a powerful selfish-drive mechanism that has
a considerable impact on Wolbachia’s spread to high frequencies, and is characterized by
embryonic death when infected males fertilize uninfected eggs (Figure 1-1a) or eggs infected with
incompatible Wolbachia (Figure I-1b, c). Despite Wolbachia’s discovery in 1924 (Hertig and
Wolbach, 1924), and its linkage to Cl in 1973 (Yen and Barr, 1973), little is known about how CI
actually works. The contents of this dissertation identify and functionally interogate genes that
cause and rescue CI (Chapters 11, 111, & 1V), describe how genetic variation relates to phenotypic
variation (Chapter V), and determine regions of the proteins necessary for function (Chapter VI).
These works reveal that Cl is not strictly a Wolbachia trait and is instead encoded in Wolbachia’s
prophage WO. As such, these bacteriophage genes hold the power to control arthropod
reproduction. In this Introduction, we discuss the history of CI research, why CI is useful to
Wolbachia, CI’s implications in speciation and vector control, and what is known about CI’s
mechanistic basis. These works motivated our studies and provided a foundation for our work

determining CI’s genetic basis.

Jeo ' @ " 0@
olo|®e|oe|e|oole

Cl Rescue Cl Rescue Cl

e

Rescue Cl Rescue

Rescue Rescue

Unidirectional CI Unidirectional ClI Bidirectional CI

Figure I-1. Cytoplasmic incompatibility occurs in three forms.



(A) Unidirectional Cl results in embryonic lethality when infected males are crossed with uninfected females. Rescue
of this embryonic lethality occurs if the female carries a compatible infection. (B) In some cases, unidirectional Cl
can emerge when one strain can rescue another strain, but the other strain cannot reciprocate the rescue. (C)
Bidirectional CI happens when numerous incompatible strains are present in a population. Rescue occurs if the female
is likewise infected. Filled sex symbols represent infections. Different colors represent different infection types. Filled
symbols of the inner circles represent the offspring’s resulting infection state.

The enigma of insect biology

As early as 1938 and continuing into the 50s and 60s, incompatibility was reported between
geographically isolated strains of Culex pipiens mosquitos (Laven, 1951; Marshall, 1938), Aedes
scutellaris mosquitos (Smith-White and Woodhill, 1955), and Nasonia parasitoid wasps (Ryan
and Saul, 1968). In Culex and Aedes, these discoveries led to debate that these incompatible strains
should be designated as different species based on the Biological Species Concept (Laven, 1951),
which is founded on the premise that species are biological entities incapable of successful
interbreeding (Dobzhansky, 1937; Mayr, 1963). However, crossing experiments in both Culex and
Nasonia revealed that this incompatibility was maternally inherited and the contributing factor was
cytoplasmic (Laven, 1951; Ryan and Saul, 1968). Importantly, some cross types were
incompatible in one direction (unidirectional; Figure I-1a,b) and others were incompatible
regardless of the direction (bidirectional; Figure I-1c).

In 1924 Hertig and Wolbach discovered a peculiar Rickettsial bacteria residing in female
reproductive cells of Cu. pipiens (Hertig and Wolbach, 1924). This bacteria would later be named
Wolbachia pipientis: Wolbachia for Burt Wolbach and pipientis for the mosquito it was first found
in (Hertig, 1936). In 1971 Yen and Barr hypothesized a connection between CI and this long-
overlooked bacteria (Yen and Barr, 1971), and later tested this hypothesis using crossing
experiments with antibiotic treated mosquitos to confirm that Wolbachia is the etiological agent
of Cl (Yen and Barr, 1973).

Since then, Cl-inducing Wolbachia have been found in many Diptera (Baton et al., 2013;
Bian et al., 2013; Riegler and Stauffer, 2002), Hymenoptera (Betelman et al., 2017; Dittmer et al.,
2016), Coleoptera (Kajtoch and Kotaskova, 2018), Hemiptera (Ju et al., 2017; Ramirez-Puebla et
al., 2016), Orthoptera (Martinez-Rodriguez and Bella, 2018), Lepidoptera (Arai et al., 2018;
Hornett et al., 2008), Thysanoptera (Nguyen et al., 2017), Acari (Gotoh et al., 2007, 2003; Vala et
al., 2002), Isopoda (Cordaux et al., 2012; Sicard et al., 2014), and Arachnids (Curry et al., 2015).
Wolbachia are highly diverse and phylogenetically divided into 17 “supergroups” (denoted A-R,
excluding G), and Cl-inducing Wolbachia are restricted to supergroups A and B (Lo et al., 200743,
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2007b; G. H. Wang et al., 2016a). However, despite the considerable diversity in the Wolbachia
strains explored in published works (Table I-1), the most studied models are the Wolbachia of
Culex (wPip), Drosophila (wRi and wMel), Nasonia (wVitA), and the planthopper Laodelphax
striatellus (wsStr).

Table I-1. List of Wolbachia strains directly referenced in this dissertation and their native host species.
Some strains have been transinfected across species. Transinfected host species will be mentioned in the text when appropriate.

Host species Strain Supergroup | Phenotype
Aedes albopictus wAIbA A Cl

Ae. albopictus wAlbB B Cl
Brugia malayi wBm D Mutualist
Culex pipiens wPip B Cl
Drosophila mauritiana | wMau B Rescue only
D. melanogaster wMel A Cl

D. melanogaster wMelPop | A Cl

D. pandora wPanCl A Cl

D. pandora wPanMK | A MK

D. recens wRec A Cl

D. santomea wSan A Cl

D. simulans WAU A None

D. simulans wHa A Cl

D. simulans wNo B Cl

D. simulans WRi A Cl

D. suzukii wSuz A None

D. teissieri wTei A Cl

D. yakuba wYak A Cl
Hypolimnus bolina wBol B Cl, MK
Laodelphax striatellus wStri B Cl
Nasonia vitripennis WVitA A Cl

N. vitripennis wVitB B Cl
Rhagoletis cerasi wCer A Cl

Invasion and spread of Wolbachia

Understanding why Cl-inducing Wolbachia are so common requires an appreciation for

the models that explain Wolbachia’s spread with and without CI. Wolbachia commonly transmit



horizontally across evolutionary timescales (Boyle et al., 1993; Conner et al., 2017; Gerth et al.,
2013; Huigens et al., 2004; Tolley et al., 2019). For example, wRi has jumped between Drosophila
hosts 10-50 million years diverged from each other but has done so in only the past 5-27 thousand
years (Turelli et al., 2018a). The first boundary to a horizontally transmitted infection is population
invasion from low frequencies. Theoretical and empirical studies agree that Wolbachia invasion is
dependent on the relative fitness of infected and uninfected females (Bakovic et al., 2018;
Carrington et al., 2011; Hoffmann et al., 2011; Turelli, 1994; Turelli and Hoffmann, 1991).
Wolbachia confer a plethora of fitness advantages to their hosts including increased longevity and
fecundity (Fry et al., 2004; Maistrenko et al., 2016; Olsen et al., 2001; Versace et al., 2014),
reduced pathogen susceptibility (Ant et al., 2018; Blagrove et al., 2012; Caragata et al., 2016), and
nutrient provisioning (Hosokawa et al., 2010; Ju et al., 2019; Newton and Rice, 2019). If these
mutualistic attributes outweigh the fitness costs of carrying Wolbachia then Wolbachia will spread
regardless of Cl expression (Kriesner et al., 2013; Turelli, 1994). For example, male-killing wBol
Wolbachia of the butterfly Hypolimnus bolina and the non-parasitic wAu Wolbachia of D.
simulans have reached very high frequencies in their respective populations (Duplouy et al., 2010;
Hornett et al., 2009; Kriesner et al., 2013) presumably due to conferred relative fitness advantages
Wolbachia confers by increasing fecundity or protecting its host from viral infection (Alexandrov
et al., 2007; Teixeira et al., 2008). The ceiling to infection frequency is then determined by the
frequency of maternal transmission (Turelli, 1994). If maternal transmission is perfect and yields
100% infected offspring, then Wolbachia can be expected to reach fixation (Narita et al., 2009;
Turelli, 1994). Otherwise, the maximum infection frequency is dependent on the frequency of
imperfect maternal transmission.

ClI does not help with Wolbachia’s initial invasion, nor does it influence the infection
ceiling. Instead, CI increases Wolbachia’s rate of spread through a population in a manner
dependent on its infection frequency. For instance, when Wolbachia are common, infected females
are relatively more fit than uninfected females since they are compatible with infected Cl-inducing
males. However, these fitness gains are only achieved after Wolbachia has reached a frequency
exceeding the fitness cost of infection (Turelli, 1994). If infected females are 20% less fecund than
uninfected females, then Wolbachia s frequency must exceed 20% of the population before CI will
help with Wolbachia'’s spread (Hoffmann et al., 2011). Exceeding this fitness threshold is possible
via drift if fitness cost is minimal, but if Wolbachia yield fitness gains then CI will immediately



help spread Wolbachia into the population. Higher infection frequencies will be required for spread
if maternal transmission is not perfect since a proportion of their offspring will be uninfected
(Adekunle et al., 2019).

After Cl-inducing Wolbachia exceed the invasion threshold, they spread more quickly
when Cl is strong (high % embryonic death), the host organism disperses far, and infected females
are more fit than uninfected females. The most well-studied example is the wRi Wolbachia of D.
simulans which spread through California at a rate of 100 km per year in the late 1980s, reaching
a stable frequency above 95% in as little as 3 years (Turelli and Hoffmann, 1991). wRi-infected
females were as fecund as uninfected females, thus allowing Wolbachia to spread from very low
frequencies. Additionally, wRi caused an average of 45% CI (45% embryonic death) and
approximately 96% of offspring were infected when their mom was infected (Hoffmann et al.,
1990; Turelli et al., 1992; Turelli and Hoffmann, 1995). Since maternal transmission was not
perfect, Wolbachia-infection never completely reached fixation but reached a high frequency that
was stable with maternal transmission efficiency (Turelli and Hoffmann, 1995). Similar invasion
dynamics have been observed in the cherry fruit fly Rhagoletis cerasi where wCer2 Wolbachia
have been spreading across central Europe at a rate of 1-1.9 km per year (Bakovic et al., 2018;
Riegler and Stauffer, 2002; Schebeck et al., 2019).

A contrasting example is in Ae. aegypti mosquitos that were transinfected with wMel
Wolbachia for the purposes of vector control (discussed more below). These mosquitos were
released into uninfected populations in Cairns, Australia to replace the population with Wolbachia-
infected mosquitos. Unlike wRi which spread from low frequencies, wMel transinfected Aedes
were ~20% less fecund than wild uninfected females. As such, they were released to frequencies
between 20-30% before Wolbachia began to spread without intervention (Hoffmann et al., 2011).
Moreover, the rate of spatial spread was significantly slower than wRi’s spread through California,
at a rate of 100-200 m per year (Hoffmann et al., 2011). Since both strains are known to cause
strong CI (Blagrove et al., 2012; Dutra et al., 2015), factors such as host dispersal rate and
generation times may influence rate of spread. However, these Wolbachia have remained stable at
high infection frequencies since soon after release, supporting CI’s ability to not only spread
Wolbachia but to also reinforce high frequencies (O’ Neill et al., 2018).

A number of additional factors within a population can influence Wolbachia’s spread

dynamics via CI. These include variable age structures due to mortality and life history strategies



(Engelstadter and Telschow, 2009; Farkas and Hinow, 2010; Turelli, 2010), co-existence with
multiple Cl-inducing Wolbachia (Yoshida et al., 2019), heat-stress and environmental fluctuations
that impact Wolbachia density and CI strength (Foo et al., 2019; Hu et al., 2019; Ross and
Hoffmann, 2018), assortative mate choice that encourages uninfected females to avoid infected
males (Arbuthnott et al., 2016; Jaenike et al., 2006; Shropshire and Bordenstein, 2016), the range
of host dispersal, and other factors that can influence CI strength, maternal transmission, or
population structure. However, models that simply include CI strength, maternal transmission
efficiency, and fitness have been sufficient to predict the spread of Wolbachia in populations
monitored to date (Bakovic et al., 2018; Hoffmann et al., 2011; Turelli and Hoffmann, 1991).

ClI contributes to reproductive isolation

Charles Darwin proposed our modern framework for understanding organismal evolution
in the Origin of Species (Darwin, 1869). Dobzhansky, Mahr, and others then refined our definition
of species into the Biological Species Concept which describes groups of individuals as different
species if they cannot interbreed (Dobzhansky, 1937; Mayr, 1963). Under this paradigm, species
emerge through divergence caused by reproductive isolation between two populations.
Reproductive isolation can be subdivided into pre-mating barriers including geographic isolation
and mate discrimination and post-mating barriers including zygotic mortality and hybrid sterility
(Coyne, 2001). The concept that symbiosis can drive speciation was first proposed by the botanist
Konstantin Mereschkowski in the early 1900°s and later advanced by Ivan Wallin and Lynn
Margulis (Margulis, 1967; Mereschkowsky, 1910; Wallin, 1927). Since then, scientific consensus
has converged on an endosymbiotic theory of evolution where symbiotic interactions between two
entities became the basis for Eukaryotic life (Imachi et al., 2020; Zachar and Boza, 2020).
Moreover, it is increasingly appreciated that microbes are important in host nutrition, physiology,
development, behavior, and reproduction (Gilbert et al., 2012). Many such symbiotic interactions
are predicted to help drive speciation (Bordenstein, 2003; Brucker and Bordenstein, 2012a;
Shropshire and Bordenstein, 2016). Wolbachia-induced Cl is of particular interest as a mechanism
for symbiotic speciation since it can reduce nuclear gene flow between host individuals in the
absence of host genetic divergence or geographic isolation (Brucker and Bordenstein, 2012a;
Coyne, 2001; Hurst and Schilthuizen, 1998; Laven, 1967a; Shropshire and Bordenstein, 2016;
Thompson, 1987). Since Wolbachia and CI are common among arthropods (Weinert et al., 2015;
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Zug and Hammerstein, 2012), CI has been hypothesized to be a major contributor to the
considerable species richness of arthropods. Here, we highlight a few studies that suggest Cl can
contribute to reproductive isolation.

Bidirectional CI and unidirectional CI are predicted to have different consequences on
reproductive isolation. Since bidirectional CI restricts geneflow in both directions, it is likely to
establish reproductive isolation between populations with different infection states. Indeed, the
Nasonia species group has bidirectionally incompatible Wolbachia in a younger species pair which
diverged ~0.25 million years ago (N. giraulti and N. longicornis) and older species pair which
diverged ~0.8 million years ago (N. giraulti and N. vitripennis) (Bordenstein et al., 2001;
Bordenstein and Werren, 2007; Campbell et al., 1994). Curing each species of their Wolbachia
restored compatibility between the younger species pair, but only minimally improved
compatibility between the older species pair which also suffered from behavioral, spermatogenic,
and genetic incompatibilities (Bordenstein et al., 2001; Breeuwer and Werren, 1990; Clark et al.,
2010). These data suggest that CI can be a form of reproductive isolation that has emerged early
in the speciation of Nasonia (Bordenstein et al., 2001).

Although unidirectional Cl does not appear to contribute to speciation in some host-
Wolbachia symbioses (Cooper et al., 2017), it is likely a significant form of reproductive isolation
in others. For example, unidirectional CI reduces gene flow in the hybrid zone of North American
populations of D. recens, which are infected with Wolbachia, and D. subquinaria, which are not
(Jaenike et al., 2006; Shoemaker et al., 1999). Whenever D. recens males hybridize with D.
subquinaria females, their offspring are inviable due to CI, however the inverse crossing is
compatible (Shoemaker et al., 1999). This incompatibility relationship yields an asymmetrical
reduction in gene flow between these populations, but D. subquinaria females have strong mate
discriminating behaviors that prevent them from mating with infected D. recens males (Jaenike et
al., 2006). Together, these barriers prevent hybridization between these species (Jaenike et al.,
2006). Additionally, CI putatively acts as a form of reproductive isolation in other arthropod
species (Giordano et al., 1997; Maroja et al., 2008), and models suggest that low migration rates
make CI more likely to influence reproductive isolation (Telschow et al., 2007). While these works
suggest that unidirectional Cl can be a form of reproductive isolation when coupled with other

factors, more work is necessary to determine if Cl is a common form of reproductive isolation.



For CI to commonly be a significant form of reproductive isolation, then it must be
maintained long enough for host divergence to reinforce hybrid incompatibility. It remains
unknown if CI can persist in a species over evolutionary timescales, but theoretical and empirical
studies have investigated how long Wolbachia coevolves with particular host species. For instance,
theory predicts that hosts will develop resistance to Cl-inducing infections if Wolbachia maternal
transmission is imperfect (Koehncke et al., 2009; Turelli, 1994), driving Wolbachia to low titers,
ablating Cl phenotypes, and otherwise reducing its ability to spread. However, in D. melanogaster
populations that diverged 3263-13998 years ago, Wolbachia have been stably maintained with
particular mitochondrial haplotypes, suggesting that Wolbachia has associated with this host for
thousands of years (llinsky, 2013). Conversely, while numerous parasitic and non-parasitic
endosymbionts have rapidly invaded populations (Carrington et al., 2011; Kriesner et al., 2013;
Turelli and Hoffmann, 1991), rapid declines have been observed in as little as 10 years in Rickettsia
infecting whiteflies in North America (Bockoven et al., 2019). These case studies suggest that
while Wolbachia can quickly reach high prevalence in a population, its long-term association is
not guaranteed. Moreover, ClI strength (% embryonic death) will contribute to the amount of gene
flow that is allowed through this form of reproductive isolation, and influence the amount of time
necessary for ClI to contribute to emergence of other types of reproductive isolation. Weak CI may
still contribute to reproductive isolation, but it is likely to take longer for other forms of
reproductive isolation to emerge. In nature, it is common that even so-called “strong” CI inducers
will only prevent hatching of half of Cl-affected offspring (Turelli and Hoffmann, 1991). More
work is necessary to determine if Wolbachia can regularly be maintained over evolutionary

timescales and if ClI can be a persistent form of reproductive isolation.

Cl is a tool in vector control

ClI has achieved considerable scientific and public interest in recent years for its use in
vector control programs to curb the spread of mosquito-borne diseases. These efforts leverage
infertilities caused by Cl-induction and/or pathogen blocking characteristics of some Wolbachia
strains that prevent the replication of some RNA viruses in their host (Teixeira et al., 2008). The
World Health Organization recommended the development and deployment of Wolbachia-based
vector control strategies in response to Zika outbreaks in 2016 (Vector Control Advisory Group,

2016). Currently two distinct strategies are used in the field. First, the incompatible insect
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technique (I1T) releases Wolbachia-infected males into vector populations that are otherwise
uninfected. When the infected males mate with uninfected females, the population size will
decrease due to CI. Second, the population replacement strategy releases both Wolbachia-infected
males and females into uninfected populations. The combined ability of Cl and rescue enables the
replacement of the native mosquito population with the introduced population which is resistant
to disease transmission (Teixeira et al., 2008). There are many reviews that discuss Wolbachia and
vector control (Flores and O’Neill, 2018; Hoffmann et al., 2015; Jeffries and Walker, 2015, 2016;
LePage and Bordenstein, 2013; Lindsey et al., 2018a; Mohanty et al., 2016; Mustafa et al., 2016;
Niang et al., 2018; Nikolouli etal., 2018; O’Neill, 2018; Ritchie et al., 2018; Shaw and Catteruccia,
2019; Terradas and McGraw, 2017). Here, we discuss the historical perspective on CI’s use in
vector control and briefly review the recent literature regarding these two strategies.

The 11T was used in field trials long before Wolbachia was known to be responsible for CI
(Laven, 1967b; Yen and Barr, 1973). The earliest study aimed to eradicate a Cu. pipiens population
of mosquitos in the Okpo village north of Rangoon in Burma (Laven, 1967b). The population was
estimated to range from 4-20 thousand mosquitos and carried multiple bidirectionally incompatible
infections (Atyame et al., 2011a). When infected Cu. pipiens males, carrying Wolbachia
bidirectionally incompatible with the Burma strain were released, the Burmese Cu. pipiens
populations experienced a rapid decline. This decline was measured as the percentage of egg rafts
that hatched per week for 12 weeks (Laven, 1967b). Hatching started above 90% and declined to
below 10% after 8 weeks of releases. A monsoon prevented continued monitoring of mosquito
population recovery (Laven, 1967b), but this study provided the first proof-of-concept that the 11T
could be used as a means to quickly and significantly reduce arthropod population sizes.

Several decades passed between these initial studies and further investigation of CI’s use
with the IIT. More recent studies have investigated the IIT’s efficacy in Ae. polynesiensis, Ae.
albopictus, and Ae. aegypti revealing significant Cl in controlled semi-field releases of Wolbachia-
infected males (Caputo et al., 2019; Chambers et al., 2011; Mains et al., 2019, 2016; O’Connor et
al., 2012; Puggioli et al., 2016). Additionally, multiple organizations are now working to leverage
the 11T to reduce the spread of disease. These include MosquitoMate (Kentucky, USA), Verily
(California, USA), Commonwealth Scientific and Industrial Research Organization (Australia),
Singapore’s National Environment Agency (Singapore), among others. Verily’s Debug project is

the largest project, releasing millions of Wolbachia-infected Ae. aegypti males in Fresno



California, Innisfail Australia, and the Tampines neighborhood in Singapore. These efforts have
proven successful, seeing a 95% population reduction in California in 2018 (Debug Fresno,
2018a), more than 80% in Australia in 2018 (Debug Fresno, 2018b), and 90% in Singapore in
2019 (Debug Fresno, 2019). No reports have been published to suggest that these strategies are
reducing disease burden in release areas, and the cost-effectiveness of these efforts also remain
unknown. Despite this, work is being done to expand the use of the IIT to control programs for
other vectors and pests including the fruit pest Ceratitis capitate (Kyritsis et al., 2019) and the
protozoan vector Cu. quinquefasciatus (Ant et al., 2020). There are also efforts to combine the IIT
with the sterile insect technique which employs mutagenesis to impose infertility on males (D.
Zhang et al., 2015). These combined efforts would ensure that released males are completely
sterile, increasing the rate of population decline.

Conversely, the population replacement strategy leverages two aspects of Wolbachia
biology to curb disease transmission. The first is a pathogen suppression phenotype observed with
some Wolbachia strains (Moreira et al., 2009; Teixeira et al., 2008), and the second is Cl to spread
the pathogen suppression phenotype into the target population. Ae. aegypti mosquitos, a vector of
many human pathogens, do not naturally carry Wolbachia (Walker et al., 2011), making it a target
for Wolbachia-mediated control. The wMel Wolbachia, native to D. melanogaster was
transinfected into Ae. aegypti and conferred upon its host resistance to viruses including dengue,
Zika, Chikungunya, Yellow Fever, and others (Caragata et al., 2016; Moreira et al., 2009; Teixeira
et al., 2008; van den Hurk et al., 2012). As such, if wMel-infected mosquitos replace an otherwise
uninfected population then they are predicted to reduce the vectoral competence of the host
population, thus reducing disease burden in humans. The World Mosquito Program (previously
the Eliminate Dengue Program) is the predominant entity using the population replacement
strategy in vector control. Initial studies released mosquitos in Australia (Hoffmann et al., 2011;
O’Neill, 2018), and the World Mosquito Program is now operating in Brazil, Colombia, Mexico,
India, Indonesia, Sri Lanka, Vietnam, Fiji, Kiribati, New Caledonia, and Vanuatu
(https://www.worldmosquitoprogram.org/en/global-progress). In Australia, field trials began in
January of 2011 with the release of thousands of Wolbachia-infected mosquitos (Hoffmann et al.,
2011). Releases continued for 3 months and Wolbachia-infection frequencies continued increasing
after release until reaching a stable equilibrium near fixation that has persisted for several years

(Hoffmann et al., 2011; O’Neill et al., 2018). Reports from another release site in Townsville,
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Australia reveal that dengue transmission is nearly eliminated once Wolbachia reaches high
frequencies (O’Neill et al., 2018). Taken together, these studies have shown that the population
replacement strategy can work to drive Wolbachia to high frequencies to reduce the vectoral
capacity of mosquitos.

The mechanistic basis of CI remains mostly unresolved

Decades of research on Wolbachia-induced CI (Yen and Barr, 1973), have resulted in a
considerable body of evidence to describe and interrogate CI’s specific impact on reproduction,
factors that influence ClI strength, and host proteins and RNAs that correlate with Cl-induction.
While these works do not solve the mechanistic basis of Cl, they provide a significant foundation
for future works. A key limitation of many of the works below is that they are often correlative
studies that link Wolbachia-infection state with host outcomes. As such, it often remains unclear
if observations are related to Wolbachia-infection or to Cl-induction. Below, we review the
literature regarding the cytological assessment of CI, CI strength variation, and host proteins and
RNAs that correlate with Wolbachia-infection. We end with a review of the prior efforts to uncover

CI’s genetic basis and the findings derived from the following chapters in this dissertation.

Pre- and post-fertilization abnormalities during CI.

Since CI is the byproduct of a sperm-egg incompatibility, Cl-associated defects are
predicted to manifest during or prior to embryogenesis. Proper sperm maturation involves the
replacement of histones with protamines for packaging and then replacement of those protamines
post-fertilization with maternally derived histones. In Cl-affected embryos, histone deposition is
delayed after protamine removal (Landmann et al., 2009), presumably leading to retention of the
DNA polymerase cofactor proliferating cell nuclear antigen and delayed Cdk1 activation and
nuclear envelope breakdown in the male pronucleus (Landmann et al., 2009; Tram and Sullivan,
2002). These defects traditionally culminate in arrest of the first mitosis and chromatin bridging
(Callaini et al., 1996; Lassy and Karr, 1996; Ryan and Saul, 1968). In D. simulans, Ae.
polynesiensis and Cu. pipiens, embryonic arrests can occur after the first mitosis (Bonneau et al.,
2018Db; Callaini et al., 1997; Ryan and Saul, 1968). These later stage defects manifest as early

mitotic failures where there are several successful rounds of division before embryonic arrest, or
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regional mitotic failures where regions of the embryo fail to divide and others are successful.
Chromatin bridging often accompanies these defects. The cause of these later stage defects remains
unknown, but it has been hypothesized that the intensity of the earlier pronuclear delay may
determine whether later stage defects are observed. More specifically, if the male pronucleus is
considerably slowed, then it may result in complete exclusion of the male pronucleus from early
development and the embryo would undergo haploid development (Callaini et al., 1997; Tram et
al., 2006). In N. vitripennis where haploid individuals become males and diploid become females,
ClI can manifest in haploidization where even fertilized eggs develop as haploid (Bordenstein et
al., 2003; Ryan and Saul, 1968; Vavre et al., 2001, 2000). However, haploids are not viable in D.
simulans and other diploid species, resulting in arrest later in embryogenesis (Ferree and Sullivan,
2006). Understanding the underlying mechanisms that contribute to these distinct cytological
outcomes will be of interest for future research.

To date, histone deposition defects are the earliest detected aberrations post-fertilization,
but Cl-associated abnormalities have also been observed pre-fertilization. For example, infected
D. simulans and Ephestia moths produce fewer sperm, and stronger CI is induced when more
sperm are transferred during copulation in D. simulans (Awrahman et al., 2014; Lewis et al., 2011;
Snook et al., 2000). When females were mated to both infected and uninfected males, the sperm
of uninfected males were more likely to fertilize eggs (Champion de Crespigny and Wedell, 2006),
suggesting that Wolbachia-modified sperm are less competitive. Wolbachia-affected sperm cysts
exhibit abnormal morphology with some sperm being fused together and other having randomly
oriented axoneme-mitochondrial complexes which are responsible for sperm motility (Riparbelli
et al., 2007), perhaps explaining fertility defects and variation in sperm competition. However, the
underlying causes to sperm motility and morphology are unknown and it remains unclear if these
observations are directly related to ClI or are a byproduct of Wolbachia infection in the testes.

Understanding Wolbachia localization during spermatogenesis provides valuable insights
into CI’s mechanism. Spermatogenesis starts with the germline stem cell niche (GSCN) replicating
into spermatogonia which undergo mitosis to form a spermatocyst with 16 spermatocytes. Each
spermatocyte in the cyst then undergoes two rounds of meiosis to form four spermatids, for a total
of 64 spermatids in each cyst. The spermatids then undergo elongation and individualization before
becoming mature sperm and entering the seminal vesicle for storage until mating. Wolbachia are

not symmetrically distributed within infected testes, with only some spermatocysts being infected
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in the strong Cl-inducing wRi strain (Clark et al., 2003). Indeed, wRi is almost exclusively
localized to the GSCN , and some GSCN remain uninfected, suggesting that Wolbachia-derived
products responsible for CI must either act early in spermatogenesis or are diffusible factors that
can stably travel into later stages of spermatogenesis (Clark et al., 2003, 2002; Riparbelli et al.,
2007). Wolbachia that persist to infect spermatid tails are stripped during the individuation process
and are moved into waste bags where they are presumably degraded (Riparbelli et al., 2007). Not
only does this indicate that Wolbachia create a diffusible factor that interacts with sperm to cause
Cl, but also helps to explain why paternal Wolbachia transmission has not been observed (Yeap et
al., 2016).

Factors that influence CI strength variation.

The intensity of ClI can be highly variable within and between arthropod species. Studying
the factors that influence this variability can inform CI’s mechanism. Even within Drosophila
species, Cl varies from 100% embryonic death to 10-15% reductions in hatching (Awrahman et
al., 2014; Clark et al., 2003; Cooper et al., 2017; Hoffmann, 1988; Layton et al., 2019a; Reynolds
and Hoffmann, 2002; Turelli et al., 2018b; Yamada et al., 2007; Zabalou et al., 2004). In fact, a
number of Wolbachia including wMel of D. melanogaster and wYak of D. yakuba were initially
thought not to be parasitic strains (Charlat et al., 2004; Holden et al., 1993; Zabalou et al., 2004).
However, laboratory studies revealed both strains can cause CI when factors such as age are
controlled (Reynolds and Hoffmann, 2002), suggesting that environmental or technical variation
may contribute to CI strength. Additional support for this hypothesis came from wRi which was
known to cause relatively strong CI in nature (45% embryonic death) that enabled its rapid spread
through California but caused even stronger ClI in the lab (~90% embryonic death) (Carrington et
al., 2011; Mouton et al., 2006; Turelli and Hoffmann, 1995).

Temperature is a significant co-correlate of Cl strength variation and is likely to contribute
to the dynamics that govern Wolbachia’s spread (Foo et al., 2019). High temperatures usually
exceeding 27°C can have a significant negative impact on ClI strength in Wolbachia-infected Ae.
aegypti (Ross et al., 2020, 2019), T. urticae (van Opijnen and Breeuwer, 1999), D. simulans
(Hoffmann et al., 1986), D. melanogaster (Reynolds and Hoffmann, 2002), Ae. scutellaris (Trpis
et al., 1981; Wright and Wang, 1980), and Ae. albopictus (Wiwatanaratanabutr and Kittayapong,

2009). There is considerable evidence that temperature impacts Wolbachia densities in insect
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reproductive tissues. For instance, Wolbachia in D. simulans (Clancy and Hoffmann, 1998) and
Leptopilina heterotoma wasps (Mouton et al., 2006) replicate more quickly at warmer
temperatures, while Wolbachia decrease with rising temperatures in Ae. albopictus and Ae. aegypti
(Fooetal., 2019; Ross et al., 2020, 2019) or even cure host infection (Jia et al., 2009). It is unknown
what contributes to this variable impact of temperature on Wolbachia densities, but Wolbachia
titers in N. vitripennis and T. urticae have been shown to decrease with temperature alongside an
increase in lytic activity of Wolbachia’s phage WO (Bordenstein and Bordenstein, 2011; Lu et al.,
2012), suggesting that temperature may trigger phage lysis and reduce Wolbachia titers. In nature,
Wolbachia densities vary with season in the butterfly Zizeeria maha, and climate change appears
to be contributing to a decrease in infection frequencies in the tropics (Charlesworth et al., 2019;
Sumi et al., 2017). Notably, temperatures exceeding 27°C are common in the tropics, and can thus
may impact CI variability in those regions. However, it is possible that some species can become
at least partly resistant to temperature fluctuation by changing their behaviors. For example,
infected D. melanogaster are attracted to colder temperatures than their uninfected counterparts
(Truitt et al., 2018). This behavioral shift may mitigate the impact of temperature fluctuations on
Wolbachia titers and CI strength, allowing for infected individuals in nature to seek out
microenvironments that prevent loss of infection. Together, these data support a relationship
between CI strength, Wolbachia titers, and temperature in some Wolbachia-host associations.
Other co-correlates of Cl strength variation are related to male age (Awrahman et al., 2014;
Reynolds and Hoffmann, 2002), male mating rate (Awrahman et al., 2014; De Crespigny et al.,
2006), rearing density (Yamada et al., 2007), male developmental timing (Yamada et al., 2007),
and host nutrition (Clancy and Hoffmann, 1998). All of these factors are significantly impacted by
the structure of the population, resource availability, or behavior. For example, D. simulans males
mate more frequently than uninfected females, and the increased mating rate yields weaker CI in
later matings (Awrahman et al., 2014; De Crespigny et al., 2006). Infected males also transfer
more sperm during copulation than uninfected males during the first mating encounter, and
decreased sperm transfer in subsequent matings corresponds with weaker Cl (Awrahman et al.,
2014). As such, the increased mating frequency may be a behavioral adaptation employed by some
hosts to restore reproductive compatibility between infected males and uninfected females
(Awrahman et al., 2014). Older males, even when maintained as virgins for numerous days, cause

weakened CI in some strains (Karr et al., 1998; Reynolds and Hoffmann, 2002; Turelli and
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Hoffmann, 1995; Weeks et al., 2007), but age alone cannot explain decreased CI upon remating
(Awrahman et al., 2014). Moreover, Wolbachia titers decrease with male age (Binnington and
Hoffmann, 1989; Bressac and Rousset, 1993; Clark et al., 2002; Riparbelli et al., 2007; Veneti et
al., 2003), and while it has been hypothesized that variation in Wolbachia titers decrease upon
remating, this hypothesis has not been explicitly tested. Alternatively, it has also been
hypothesized that the amount of time that sperm remains in contact with Wolbachia or Cl-inducing
products corresponds with how strong CI can be (Karr et al., 1998), thus remating may contribute
to high sperm turnover that limits Wolbachia-sperm exposure.

Host genotype also co-correlates with CI strength variation. The relationship between
Wolbachia phenotypes and host genotypes are frequently investigated through artificial
transinfections were Wolbachia are purified from one strain or species and injected into adults,
embryos, or cell culture of another strain or species (Hughes and Rasgon, 2014). If the infection
becomes stable, then factors such as CI strength can be measured in the context of new genetic
backgrounds. For example, wMel Wolbachia of D. melanogaster traditionally cause weak Cl
(Holden et al., 1993), but induce consistently strong CI when transinfected into either D. simulans
or Ae. aegypti (Poinsot et al., 1998; Walker et al., 2011). Similar results have also been observed
when wYak, wTei, and wSan, which induce weak CI in the D. yakuba complex (Charlat et al.,
2004; Cooper et al., 2017; Zabalou et al., 2004), are transferred into D. simulans (Zabalou et al.,
2008). Moreover, genetic variation in the wasp N. longicornis has been shown to correlate with
whether its Wolbachia are unidirectionally or bidirectionally incompatible with other strains
(Raychoudhury and Werren, 2012). These studies support models that predict hosts will be
selected to develop resistance against Cl-induction (Prout, 1994; Turelli, 1994), and raise many
questions about how host genotypes control reproductive parasitism and how Wolbachia may enter
an evolutionary arms race with the host. As such, the pathway(s) that CI act(s) on in the host must
be conserved enough for CI to be transferable between species, but also malleable enough for the
pathway(s) to become resistant to Cl-induction.

These factors do not work on CI in isolation and instead seem to be mingled in a state of
perpetual complexity. For instance, age has a variable impact on CI strength in different host
backgrounds, suggesting that genotypic variation in either the host or Wolbachia strain may impact
these relationships (Reynolds and Hoffmann, 2002). Moreover, the impact of temperature on ClI

strength in D. melanogaster is dependent on male age, where 1-day old males reared at 25°C induce
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stronger CI than those reared at 19°C, but the inverse is true with 3 and 5-day old males (Reynolds
and Hoffmann, 2002). Age does not impact CI intensity in Cu. pipiens, suggesting that host
background or Wolbachia genotype significantly impact whether factors such as age can influence
Cl strength variation (O. Duron et al., 2007). These studies highlight the complexity of Wolbachia-
host-environment interactions and should motivate additional studies to resolve the factors that
underpin these variations and the genetic loci that influence how impactful each factor might be in

that particular host.

Host RNAs and proteins linked to CI.

It is common that researchers leverage correlations between Wolbachia infection state and
host expression phenotypes (RNA, protein, etc.) to understand how Wolbachia impact their host.
When differential expression is correlated with Cl phenotypes, these data can be valuable for
generating hypotheses surrounding CI’s mechanism. Significant correlations between Wolbachia
infection state and host expression are measurable in D. melanogaster (Biwot et al., 2019; He et
al., 2019; LePage et al., 2014, Liu et al., 2014; Ote et al., 2016; Xi et al., 2008; Yuan et al., 2015;
Zheng et al., 2011; Y. Zheng et al., 2019), D. simulans (Brennan et al., 2012; Clark et al., 2006;
Xi et al., 2008), La. striatellus (Huang et al., 2019; Ju et al., 2017; Liu et al., 2019), T. urticae
(Bing et al., 2019; Y.-K. Zhang et al., 2015), Cu. pipiens (Pinto et al., 2013), and Ae. albopictus
(Baldridge et al., 2017, 2014; Brennan et al., 2012, 2008). Problematically, as many as 1613 genes
are differentially expressed between Wolbachia infection states (Bing et al., 2019).

However, the most promising candidates are those that can be experimentally over- or
under-expressed to recapitulate Cl-like hatch rates and cytological defects. For example, over-
expression of the tumor suppressor gene lethal giant larvae [I(2)gl] and myosin 11 gene zipper in
Wolbachia-uninfected D. simulans induces a considerable reduction in hatching that is
accompanied with Cl-associated cytological defects (Clark et al., 2006). However, CI is not just
associated with hatch rate defects, but also the ability to rescue those defects. When 1(2)gl and
zipper overexpressing males were mated to infected females, no change in hatching was observed
(Clark et al., 2006), suggesting that infertilities caused by overexpression of these genes could not
be rescued and are thus unlikely to be directly associated with CI. That said, there have been
numerous studies that have identified host factors that contribute to ClI-like embryonic

abnormalities and can be rescued by infected females: the aminotransferase iLve which mediated
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branched-chain amino acid biosynthesis in La. striatellus (Ju et al., 2017), the SRNA nov-miR-12
which negatively regulated the DNA-binding protein pipsqueak (psq) in chromatin remodeling in
D. melanogaster (Y. Zheng et al., 2019), cytosol amino-peptidase-like (CAL) which are in the
sperm acrosome and involved in fertilization in La. striatellus (Huang et al., 2019), two seminal
fluid proteins (CG9334 and CG2668) with unknown function in D. melanogaster (Yuan et al.,
2015), the histone chaperone Hira in D. melanogaster and D. simulans (Zheng et al., 2011), a
Juvenile Hormone protein (JHI-26) involved in development in D. melanogaster (Liu etal., 2014),
and the immunity-related gene kenny (key) in D. melanogaster (Biwot et al., 2019). Since
misexpression of these host products in uninfected males mimic Cl-like embryonic defects in a
way that can be rescued by infected females, there is robust support that these products or their
pathways are involved in Cl. However, how these factors relate to cause CI remains unknown.
Additionally, infected D. melanogaster, D. simulans, Ae. albopictus, Ae. polynesiensis, and
T. urticae males often have higher reactive oxygen species (ROS) in their testes than uninfected
males (Brennan et al., 2012, 2008; Zug and Hammerstein, 2015). It has been hypothesized that
this variation in ROS expression patterns is due to an elevated host immune response to Wolbachia
infection (Zug and Hammerstein, 2015). However, multiple lines of evidence link ROS expression
with CI. For example, increased ROS levels are consistently observed among CI inducing strains
(Zug and Hammerstein, 2015) and ROS leads to DNA damage in spermatocytes in D. simulans
(Brennan et al., 2012). Additionally, lipid hydroperoxide markers of ROS-induced oxidative
damage are higher in infected D. melanogaster (Driver et al., 2004), and PCNA retention is another
marker for DNA damage and is observed during the first mitosis of Cl-affected embryos
(Landmann et al., 2009). Interestingly, overexpression of the D. melanogaster gene key increases
ROS levels and DNA damage in males when mimicking rescuable Cl-like hatching and embryonic
defects (Biwot et al., 2019). Together, these data support a role for ROS in CI’s mechanism, but
direct connections remain unknown and it remains unclear if the DNA damage induced by

Wolbachia-associated ROS can be rescued or may otherwise lead only to infertilities.

Determining the genetic basis of CI.

The genetic basis of Cl has remained elusive for decades. The intangibility of the CI genes
was due in no small part to the inability to genetically engineer Wolbachia (Iturbe-Ormaetxe et al.,

2007; Thiem, 2014) which has prevented the use of standard assays, such as knock-out libraries,
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to systematically identify genes involved in Wolbachia phenotypes (Cameron et al., 2008; Ito et
al., 2005; Yajjala et al., 2016). Progress became possible with the sequencing of the wMel
Wolbachia genome in 2004 which revealed it to contain numerous mobile elements including
phages (Wu et al., 2004). wMel’s genome is also enriched with ankyrins, proteins involved in
protein-protein interactions and common among eukaryotes but relatively rare in bacteria (Al-
Khodor et al., 2010). Additionally, the wBm genome from Brugia malayia, a mutualistic strain
found in nematodes, was sequenced in the following years and does not contain phages (Foster et
al., 2005). These findings motivated the hypotheses that ankyrin genes and/or phage genes may be
involved in CI.

The first study attempting to functionally dissect the genetic basis of Cl generated a list of
12 gene candidates in the wMel genome based on putative host interaction: nine ankyrin genes
(WD0294, WDO0385, WDO0498, WDO0514, WDO0550, WDO0633, WDO0636, WDO0754, and
WDO0776), two virulence-related genes (WD0579 and WDO0580), and one phage-associated
methylase gene (WD0594) (Yamada et al., 2011). Since Wolbachia are not genetically tractable,
alternative ways of testing the genetic basis that did not require genetic manipulation of Wolbachia
were required. Cleverly, Yamada et al. used the powerful genetic toolbox of D. melanogaster to
test their gene candidates. More specifically, they used the GAL4-UAS system where a genetic
construct containing a GAL4 transcription factor, native to yeast, is expressed under a tissue-
specific promoter and then binds to an upstream activating site (UAS) engineered upstream of their
candidate genes inside the D. melanogaster chromosome (Duffy, 2002). However, transgenic
expression revealed that none of these genes could cause CI (Yamada et al., 2011). These results
were supported by findings that variation in transcriptional regulation or sequence of Wolbachia’s
ankyrin genes is not correlated with a strain’s ability to induce CI (Olivier Duron et al., 2007;
Papafotiou et al., 2011).

The studies presented in this dissertation aim to answer the genetic basis of Cl (Chapters
[1-1V) and further characterize the genes involved (Chapters V and VI). First, Chapter Il
demonstrates that two genes from Wolbachia’s prophage WO that we call cytoplasmic
incompatibility factors A and B (cifA and cifB) are responsible for causing Cl. Chapter Il then
demonstrates that despite cifA contributing to Cl-induction when expressed in males, it can rescue
CI when expressed in females. Chapter IV further optimizes the expression system used to test

these genes and reveals that complete CI and rescue phenotypes can be synthetically engineered
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in the absence of Wolbachia-infection using the GAL4-UAS system in D. melanogaster. Chapter
V then tests if CI gene homologs are capable of causing and rescuing Cl and in the process reveals
that variation in cifB, but not cifA, significantly influences the phenotypic output of the proteins
when expressed in D. melanogaster. Chapter VI tests the impact of mutating conserved amino
acids in predicted domains on phenotypic output and demonstrates that cifA has an overlapping
function in CI and rescue and cifB is not amenable to changes in conserved sites. These works
resolve the genetic basis of Cl and make significant strides to understand how cif genetic variation

can influence phenotypic output.
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Chapter I1.

Prophage WO genes recapitulate and enhance Wolbachia-induced cytoplasmic

incompatibility”

Introduction

The genus Wolbachia is an archetype of maternally inherited intracellular bacteria that
infect the germline of numerous invertebrate species worldwide. They can selfishly alter arthropod
sex ratios and reproductive strategies to increase the proportion of the infected matriline in the
population. The most common reproductive manipulation is cytoplasmic incompatibility, which
results in embryonic lethality in crosses between infected males and uninfected females. Females
infected with the same Wolbachia strain rescue this lethality. Despite more than 40 years of
research (Yen and Barr, 1971) and relevance to symbiont-induced speciation (Brucker and
Bordenstein, 2012a; Shropshire and Bordenstein, 2016), as well as control of arbovirus vectors
(Dutra et al., 2016; O’Connor et al., 2012; Walker et al., 2011) and agricultural pests (Zabalou et
al., 2004), the bacterial genes underlying cytoplasmic incompatibility remain unknown. Here we
use comparative and transgenic approaches to demonstrate that two differentially transcribed, co-
diverging genes in the eukaryotic association module of prophage WO (Bordenstein and
Bordenstein, 2016) from Wolbachia strain wMel recapitulate and enhance cytoplasmic
incompatibility. Dual expression in transgenic, uninfected males of Drosophila melanogaster
crossed to uninfected females causes embryonic lethality. Each gene additively augments
embryonic lethality in crosses between infected males and uninfected females. Lethality associates
with embryonic defects that parallel those of wild-type cytoplasmic incompatibility and is notably
rescued by wMel-infected embryos in all cases. The discovery of cytoplasmic incompatibility
factor genes cifA and cifB pioneers genetic studies of prophage WO induced reproductive
manipulations and informs the continuing use of Wolbachia to control dengue and Zika virus

transmission to humans.

* This chapter is published in 2017 in Nature, 543(7644), 243-247 with Daniel LePage and Jason Metcalf as first
authors. Jungmin On, Jessie Perlmutter, Dylan Shropshire, Emily Layton, Lisa Funkhouser-Jones, and John
Beckmann were co-authors. Seth Bordenstein was senior author. | contributed Figures I11b and IVg.
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Results and discussion

We hypothesized that the genes responsible for cytoplasmic incompatibility (CI) (Figure
A-1a) are present in all Cl-inducing Wolbachia strains and absent or divergent in non-ClI strains;
we also predicted that these genes are expressed in the gonads of infected insects. To elucidate Cl
candidates, we determined the core genome shared by the Cl-inducing Wolbachia strains wMel
(from D. melanogaster), wRi (from Drosophila simulans), wPip (Pel strain from Culex pipiens),
and wRec (from Drosophila recens), while excluding the pan-genome of the mutualistic strain
wBm (from Brugia malayi). This yielded 113 gene families representing 161 unique wMel genes
(Figure I1-1a; Table A-1). We further narrowed this list by comparing it with (1) homologues of
genes previously determined by comparative genomic hybridization to be absent or divergent in
the strain wAu (Ishmael et al., 2009), a non-CI strain, (2) homologues to genes highly expressed
at the RNA level in wVitA-infected Nasonia vitripennis ovaries, and (3) homologues detected at
the protein level in wPip (Buckeye)-infected C. pipiens ovaries. We included ovarian data with the
reasoning that Cl genes might be generally expressed in infected reproductive tissues, or that the
Cl induction and rescue genes might be the same. Remarkably, only two genes, wMel locus tags
WDO0631 and WD0632, were shared among all four gene subsets (Figure 1l-1b; Table A-2-4).
Notably, the homologue of WD0631 in the Wolbachia strain wPip was found at the protein level
in the fertilized spermathecae of infected mosquitoes, lending support to its role in reproductive
manipulation (Beckmann and Fallon, 2013).

We analysed the evolution and predicted protein domains of these two genes and found
that their homologues are always paired within the eukaryotic association module of prophage
WOQOS8, and they co-diverged into three distinct phylogenetic groups that we designate types I, Il,
and Il (Figure Il-1c, e; Table A-5). These relationships are not evident in the phylogeny of the
Wolbachia cell division gene ftsZ, which exhibits the typical bifurcation of supergroup A and B
Wolbachia (Figure A-1b), or in the phylogeny of prophage WO baseplate assembly gene gpW
(Figure A-1c). This suggests that homologues of WD0631 and WD0632 evolve under different
evolutionary pressures than genes in the core Wolbachia genome or in a structural module of phage
WO.
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Figure I1-1. Comparative analyses reveal WD0631 and WDO0632 in the eukaryotic association module of
prophage WO as candidate CI genes.

a, Venn diagram illustrating the number of unique and shared gene families from four Cl-inducing Wolbachia strains.
b, Venn diagram illustrating the number of unique and shared wMel genes matching each criteria combination. c, e,
Bayesian phylogenies of (¢) WD0631 and (e) WD0632 and their homologues, on the basis of a core 256-amino-acid
(aa) alignment of WDO0631 reciprocal BLASTp hits and a core 462-aa alignment of WDO0632 reciprocal BLASTp hits.
When multiple similar copies exist in the same strain, only one copy is shown. Consensus support values are shown
at the nodes. Both trees are based on the JTT+ G model of evolution and are unrooted. d, Cl patterns correlate with
WD0631/ WD0632 sequence homology. wRi rescues wMel and both share a similar set of homologues (*). The
inability of wMel to rescue wRi correlates with a type (f) that is present in wRi but absent in wMel. Likewise,
bidirectional incompatibility of all other crosses correlates to divergent homologues. This diagram was adapted from
ref. 30. f, Protein architecture of the WD0631 and WDO0632 types is conserved for each clade and is classified
according to the WD0632-like domain. TM, transmembrane. Dotted shading represents the region of shared homology
used to construct phylogenetic trees. For ¢ and e, the WO-prefix indicates a specific phage WO haplotype and the w-
prefix refers to a “WO-like island’, a small subset of conserved phage genes, within that specific Wolbachia strain.
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Type | variants are the most prevalent among ten sequenced Wolbachia strains, and are
always associated with large prophage WO regions that often lack tail genes (Figure A-2); it is
unclear whether these WO regions forge fully intact or defective interfering particles. The
functions of type | WD0631 homologues are unknown, although type 1 WD0632 homologues
contain weak homology to a putative Peptidase C48 domain (wMel, National Center for
Biotechnology Information (NCBI) conserved domain E = 6.69 x 10—4, Figure 11-1f), a key feature
of Ulpl (ubiquitin-like-specific protease) proteases10. Type Il variants are located within more
complete phage haplotypes (Figure A-2), but the WD0632 homologues are truncated and lack
recognized protein domains (Figure I1-1f). Notably, all Wolbachia strains that contain type Il
variants contain at least one pair of intact type | variants. Type Ill variants possess WD0631
homologues with a weakly predicted cytochrome C552 domain involved in nitrate reduction (wNo,
NCBI conserved domain E = 3.79 x 10-3), while type IIl WD0632 homologues contain weak
homology to the PD-(D/E)XK nuclease superfamily (wNo, NCBI conserved domain E = 1.15 x
10-3) and to a transmembrane domain predicted by the transmembrane hidden Markov model
(Krogh et al., 2001) (Figure 11-1f). Finally, a putative type IV variant encoding a carboxy (C)-
terminal PD-(D/E)XK nuclease superfamily (NCBI conserved domain E = 3.69 x 10-3) was
identified in Wolbachia strains wPip and wAlbB, but not included in phylogenetic analyses
because the WD0632 homologues are highly divergent (28% identity across 17% of the protein)
and do not appear in reciprocal BLASTp analyses. The predicted functions of type Ill and IV
protein domains are not well understood, but a homologue of the putative nuclease domain was
previously found in a selfish genetic element that mediates embryonic lethality in Tribolium
beetles (Lorenzen et al., 2008). Uncertain annotations and substantial unknown sequence across
all of the phylogenetic types necessitate caution in extrapolating definitive gene functions.
Importantly, the region of shared homology among the WD0632 homologues (Figure 11-1f) is
outside the putative C-terminal Peptidase_C48 domain, suggesting that the unannotated regions
represent an ancestral Cl sequence core that warrants closer inspection.

Consistent with arole in CI, the degree of relatedness and presence/ absence of homologues
of WD0631 and WD0632 between Wolbachia strains correlates with known patterns of
bidirectional incompatibility (Figure I1-1d). Among the strains wRi, wHa, and wNo, only wRi

rescues wMel-induced CI in same-species crosses (Poinsot et al., 1998; Zabalou et al., 2008). We
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postulate that this is due to wRi and wMel sharing highly related type | homologues (99% amino-
acid identity), and thus probably sharing a rescue factor, while wRi also has a type Il homologue
that may explain its ability to induce CI against wMel. Meanwhile, bidirectionally incompatible
pairs are highly divergent, with only 29-68% amino-acid identity (Figure A-3a). Additionally,
variation in CI strength between strains appears to correlate with the number of copies of the
WDO0631/WD0632 pair (Figure A-3b). Strains with only one copy, such as wMel, have a
comparatively weak Cl phenotype, while those with two or three copies, such as wRi and wHa,
cause strong ClI (Poinsot et al., 1998).
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Figure 11-2. Relative expression of Cl candidate and prophage WO genes decreases as males age.

RNA expression in 1-day-old versus 7-day-old testes, normalized to expression of groEL in wMel-infected D.
melanogaster testes from the fastest-developing males. Values denote 272, n = 6 independent pools of 20 testes for
each group. Bars, mean £ s.d. * P < 0.05, ** P < 0.01 by Mann—Whitney U-test. This experiment was performed once.

Given the various lines of evidence that associate these two genes with CI, we next
examined the functional role of WD0631 and WDO0632 in CI. For comparison, the following
control genes were also used: WD0034, which has a predicted PAZ (Piwi, Argonaut, and Zwille)
domain (NCBI conserved domain E = 1.85 x 10—18); WDO0508, a prophage gene annotated as a
putative transcriptional regulator with two helix—turn—helix domains (NCBI conserved domain E
=9.29 x 10—12) in the Octomom region; and WD0625, a prophage gene annotated as a DUF2466
with a JAB1/MPN/Mov34 metalloenzyme (JAMM) domain (NCBI conserved domain E = 1.60 x
10—41). We first examined the expression of these genes in the testes of wMel-infected, 1-day-old
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and 7-day-old D. melanogaster males. Since CI strength decreases significantly in aged males
(Reynolds and Hoffmann, 2002), we predicted that a Cl factor would be expressed at a lower level
in 7-day-old males versus 1-day-old males that both emerged on day 1 of the cross. Indeed,
WDO0631 and WDO0632 showed a significantly lower transcription level in aged males (Figure
I1-2). Moreover, WD0631 exhibited 18.6- and 83.0-fold higher expression than WD0632 for
young and aged males, respectively (Figure 11-2). Coupled with RNA-seq expression data
(Gutzwiller et al., 2015) and operon predictor algorithms, evidence suggests that these genes are
not generally acting as an operon in wMel. Both prophage-associated control genes, WD0508 and
WDO0625, also exhibited this age-dependent expression pattern, but the non-prophage gene
WDO0034 did not (Figure 11-2). WD0640, which encodes prophage WO structural protein GpW,
was also reduced in older males, suggesting that prophage genes in general are relatively
downregulated in 7-day-old testes (Figure 11-2). The phenomenon of decreased CI in older males
was not due to decreases in Wolbachia titre over time, as the copy number of Wolbachia groEL
relative to D. melanogaster rp49 increased as males aged, and there was no significant difference
in absolute Wolbachia gene copies between 1-day-old and 7-day-old males (Figure A-4a, b). Since
ClI expression is also correlated with male development time, we examined gene expression in
early emerging ‘older brothers’ (emerged on day 1) and later emerging ‘younger brothers’
(emerged on day 5). Expression was statistically equivalent for WD0631 (Figure A-4c), and
slightly reduced in younger brothers for WD0632 (Figure A-4d). These results are consistent with
a small younger brother effect (Yamada et al., 2007), although we did not observe a statistically

significant effect on CI penetrance (Figure A-4e).
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Figure 11-3. Dual expression of WD0631 (cifA) and WD0632 (cifB) is necessary to induce Cl-like defects.

d the fastest developing males that were aged either (a, b) 1 day or (c) 2—4 days in parental
crosses; older males express incomplete Cl. Parental infection status is designated with filled symbols for wMel-
infected parents or open symbols for uninfected parents. Transgenic flies are labelled with their transgene to the right
of their male/female symbol. Unlabelled symbols represent WT flies. Data points are coloured according to the type
ClI crosses; purple, rescue crosses with wMel-infected females. n = 24-54 for each group.
05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by analysis of variance (ANOVA) with
Kruskal-Wallis test and Dunn’s multiple test correction. Statistical comparisons are between all groups (a, b); or
between CI crosses only (c). All experiments were performed at least twice, except for the increase of WT CI by
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To directly test involvement of these genes in CI, we generated transgenic D. melanogaster
expressing genes using an upstream activating sequence (UAS), since Wolbachia itself cannot be
genetically transformed. We used a nanos-Gal4 driver line for tissue-specific expression in the
male and female germline (Rarth, 1998; White-Cooper, 2012). We assessed CI by measuring the
percentage of embryos that hatched into larvae. While wild-type (WT) CI between infected males
and uninfected females led to significantly reduced hatch rates, expressing each of four candidate
transgenes in uninfected (fastest-developing, 1 day old) males did not affect hatch rates when
crossed to uninfected females (Figure 11-3a; Figure A-5a). These transgenes also had no effect on
sex ratios (Figure A-5b; Figure A-6a). There were no phenotypic effects despite confirmed
expression of each transgene in the testes (Figure A-7a-d).

As WD0631 and WDO0632 are adjacent, coevolving genes, we reasoned that dual
expression of WD0631 and WD0632 might be required to induce CI. Indeed, expression of both
transgenes in the same males significantly reduced hatch rates by 68% compared with uninfected
WT crosses (Figure 11-3b), with no effect on sex ratios (Figure A-6b). Roughly half of the crosses
with transgenic males yielded hatch rates within the range observed in WT CI (3.8 + 5.6% hatch
rate). Interestingly, there was a strong positive correlation between hatch rate and clutch size when
both transgenes were expressed (rs = 0.7; P = 0.0003), but not in WT CI, suggesting that dilution
of transgene products across larger clutches may explain variation in transgene-induced ClI. It is
also possible that full transgene induction of CI requires other factors, or that transgenes are not
expressed at the ideal time or place for complete Cl, although transgene expression in adult testes
was confirmed (Figure A-7c, d).

Importantly, transgene- induced lethality is fully rescued in embryos of wMel-infected
females (Figure 11-3b), indicating that these genes produce probable CI factors rather than artefacts
that reduce hatch rates through off target effects that would not be rescued. We therefore name and
hereafter refer to these genes as cytoplasmic incompatibility factor A (cifA) and B (cifB) for
WDO0631 and WD0632, respectively. Type I, I11, and IV homologues are designated cif-like until
experimental evidence demonstrates that they recapitulate CI. To test whether cifA (WD0631) and
cifB (WD0632) transgenes act additively with Wolbachia to enhance WT CI levels, wMel-infected
male flies expressing either transgene were aged 2—4 days to lower WT CI penetrance before
crossing with uninfected females. In support of transgene-induced enhancement of ClI, hatch rates

in these aged males decreased significantly compared with WT CI crosses of the same age (Figure
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I1-3c), with no effect on sex ratios (Figure A-6¢). In this context, wherein aged flies cause a weaker
level of WT CI, the transgenes appear to add to the quantity of ClI effectors in wMel-infected
tissues, causing stronger Cl overall. This effect was not observed when control transgenes
WDO0508 or WD0625 were expressed individually in wMel-infected males (Figure A-8a, b).
Moreover, dual expression of cifA and cifB in wMel-infected flies reduced hatch rates further than
either gene alone, yet was still fully rescued in embryos of wMel-infected females (Figure 11-3c).
Adding WDO0625 to cifB in aged wMel-infected males did not increase Cl beyond cifB alone
(Figure A-8Db), and had no effect on embryonic hatch rates from crosses with 1-day-old uninfected
males (Figure A-8c). Finally, none of these gene combinations affected offspring sex ratios (Figure
A-9). Taken together, these findings support the central conclusion that cifA and cifB are both
necessary to induce the CI phenotype, and they do not represent an artefact of the transgenic
system.

To rule out the possibility that transgene-induced enhancement of CI in infected lines is
due to increased Wolbachia titres, we quantitated amplicons of single-copy genes from Wolbachia
and D. melanogaster. Although there were some differences in Wolbachia titres between infected
transgenic lines (Figure A-10a-c), the variation did not correlate with induction or magnitude of
Cl, signifying that decreased offspring viability was due to the direct effect of transgene products
rather than changes in Wolbachia density. Most notably, densities significantly increased in
infected flies expressing the control Octomom transgene WDO0508 (Figure A-10a) but did not
enhance CI (Figure A-8).
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Figure 11-4. Dual expression of WD0631 (cifA) and WD0632 (cifB) recapitulates Cl-associated embryonic
defects.

a—f, Representative embryo cytology is shown for (a) unfertilized embryos, (b) normal multi-nucleated embryos at 1
h of development, (c) normal embryos near 2 h of development in which nuclei begin to migrate to the periphery of
the cytoplasm, and three different mitotic abnormalities: (d) failure of nuclear division after two to three mitoses, (€)
chromatin bridging, and (f) regional mitotic failure. g, The number of embryos with each cytological phenotype
resulting from the indicated crosses is shown. Infection status is designated with filled symbols for wMel-infected
parents or open symbols for uninfected parents. Transgenic flies are labelled with their transgene to the right of their
male/female symbol. Unlabelled symbols represent WT flies. Black lines on each graph indicates mean hatch rate for
the cross. *** P < 0.001, **** P < 0.0001 by two-tailed Fisher’s exact test comparing normal (phenotypes b and ¢)
with abnormal (phenotypes a, d—f) for each cross. h, Quantitation of cytological defects in control crosses. Cytology
for g was performed twice and for h once.
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Next, we tested whether transgene-induced Cl associates with canonical cytological defects
observed in Wolbachia-induced CI. Although CI is typically thought to cause failure of the first
mitotic division (Landmann et al., 2009; Serbus et al., 2008), nearly half of the embryonic arrest
in incompatible crosses occurs during advanced developmental stages in D. simulans (Callaini et
al., 1997; Lassy and Karr, 1996), Aedes polynesiensis (Wright and Barr, 1981), and C. pipiens
(Duron and Weill, 2006). We examined embryos from control and experimental crosses after 1-2
h of development and binned their cytology into one of six phenotypes. While a few embryos in
each cross were unfertilized (Figure I1-4a), most embryos in compatible crosses were either in
normal late-stage preblastoderm (Figure 11-4b) or syncytial blastoderm stages (Figure 1l-4c). In
WT ClI, significantly more embryos exhibited three defects: arrest of cellular division after two to
three mitotic divisions (Figure 11-4d), later stage arrest associated with chromatin bridging, as is
classically associated with strong Cl in D. simulans (Landmann et al., 2009) (Figure l1-4¢e), or
arrest associated with regional failure of division in one embryo region (Figure 11-4f). After blindly
scoring embryo cytology, we determined that aberrant phenotypes (a, d, e, and f) were significantly
more common in the offspring of dual cifA/cifB transgenic males mated to uninfected females, but
these abnormalities were rescued in embryos from wMel-infected females (Figure I1-4g). These
effects were not seen with control transgene WDO0508 or with singular expression of cifA or cifB
(Figure 11-4h). These data again validate that transgene-induced CIl, as measured through
cytological defects, recapitulates WT CI. Most of the embryos arrest after two to three mitotic
divisions.

This study identifies, for the first time, two differentially transcribed and codiverging
prophage WO genes that recapitulate and enhance CI. These rapidly evolving genes are not
chromosomal Wolbachia genes per se, but rather occur widely in the eukaryotic association
module of prophage WO (Bordenstein and Bordenstein, 2016). This module notably contains
genes with amino-acid sequences homologous to eukaryotes or annotated to interact with animal
cells, although cifA and cifB do not appear to have eukaryotic homology. CI can therefore be
categorized as a prophage WO-induced phenotype rather than a Wolbachia-induced phenotype.
We name the genes and close homologues cytoplasmic incompatibility factors A and B for
WDO0631 and WD0632, respectively. The cif name is conservatively grounded in phenotype and

makes no assumptions about mechanism, which is notable because there are unannotated core
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regions throughout the cif genes that may have as much bearing on mechanism as the annotated
domains.

The discovery of cifA and cifB genes that functionally recapitulate and enhance CI is the
first inroad in solving the genetic basis of reproductive parasitism, a phenomenon induced
worldwide in potentially millions of arthropod species (Zug and Hammerstein, 2012). These
prophage WO genes have implications for microbe-assisted speciation, because they can underlie
Cl-induced hybrid lethality observed between closely related species of Nasonia and Drosophila
(Bordenstein et al., 2001; Jaenike et al., 2006). Finally, cifA and cifB are important for arthropod
pest and vector control strategies, as they could be an alternative or adjunct to current Wolbachia-
based efforts aimed at controlling agricultural pests or curbing arthropod-borne transmission of
infectious diseases (Dutra et al., 2016; O’Connor et al., 2012; Walker et al., 2011; Zabalou et al.,
2004).

Materials and methods
Comparative genomics and transcriptomics.

MicroScope (Vallenet et al., 2009) was used to select the set of genes comprising the core
genomes of Cl-inducing Wolbachia strains wMel (NC_002978.6) (Wu et al., 2004), wRi
(NC_012416.1) (Klasson et al., 2009), wPip (Pel) (NC_010981.1) (Klasson et al., 2008), and the
recently sequenced wRec (GCA _000742435.1) (Metcalf et al., 2014), while excluding the pan-
genome of the mutualistic strain wBm (NC_006833.1) (Foster et al., 2005), using cutoffs of 50%
amino-acid identity and 80% alignment coverage. For the ‘absent in WAu’ criterion, wAu
microarray data were obtained from the original authors (Ishmael et al., 2009) and genes that were
present in Cl-inducing strains wRi and wSim but absent or divergent in the non-ClI strain wAu
were selected.

For ovarian transcriptomics, 1-day-old females from wVitA-infected N. vitripennis 12.1
were hosted as virgins on Sarcophaga bullata pupae (Werren and Loehlin, 2009) for 48 h to
stimulate feeding and oogenesis. Females were then dissected in RNase-free 1x PBS buffer, and
their ovaries were immediately transferred to RNase-free microcentrifuge tubes in liquid nitrogen.
Fifty ovaries were pooled for each of three biological replicates. Ovaries were manually
homogenized with RNase-free pestles, and their RNA was extracted using the RNeasy Mini Kit

(Qiagen) according to the manufacturer’s protocol for purification of total RNA from animal
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tissues. After RNA purification, samples were treated with RQ1 RNase-free DNase (Promega),
and ethanol precipitation was performed. PCR of RNA samples with Nasonia primers
NVS6KQTF4 and NVS6KQTR4 (Bordenstein and Bordenstein, 2011) confirmed that all samples
were free of DNA contamination. RNA concentrations were measured with a Qubit 2.0
Fluorometer (Life Technologies) using the RNA HS Assay kit (Life Technologies), and
approximately 5 p g of total RNA from each sample was used as input for the MICROBEnrich Kit
(Ambion) to enrich for Wolbachia RNA in the samples. Bacterial-enriched RNA was then ethanol-
precipitated, and rRNA was depleted from the samples using the Ribo-Zero Magnetic kit
(IMumina) according to the manufacturer’s protocol. Approximately 1.5 p g of enriched, rRNA-
depleted RNA for each replicate was shipped to the University of Rochester Genomics Research
Center for sequencing. Library preparation was performed using the Illumina ScriptSeq version 2
RNA-Seq Library Preparation kit, and all samples were run multiplexed on a single lane of the
Illumina HiSeq2500 (single-end, 100 base pair reads). Raw sequence reads were trimmed and
mapped to the wVitA genome (PRINA213627) in CLC Genomics Workbench 8.5.1 using a
minimum length fraction of 0.9, a minimum similarity fraction of 0.8, and allowing one gene hit
per read. With all three replicates combined, a total of 364,765 reads out of 41,894,651 (0.87%)
mapped to the wVitA genome, with the remaining reads mapping to the N. vitripennis host genome
(GCF_000002325.3). All Wolbachia genes with at least five RNA-seq reads, with the exception
of the 16S and 23S RNA genes, were selected. For non-wMel data sets, the closest homologues in
wMel were found using BLASTp in Geneious Pro version 5.5.6 (Kearse et al., 2012).

Protein extraction and mass spectrometry.

Protein was extracted from C. pipiens tissues as described previously (Beckmann and
Fallon, 2013). Ovaries from 30 wPip (Buckeye)- infected mosquitoes were dissected in 100%
ethanol and collected in a 1.5 ml tube filled with 100% ethanol. Pooled tissues were sonicated at
40 mA for 10 s in a Kontes GE 70.1 ultrasonic processor, and trichloroacetic acid was added to a
final concentration of 10% (v/v). After centrifugation at 13,000 r.p.m. in a microcentrifuge, pellets
were washed with acetone:water (9:1), dried, and stored at — 20 °C. Samples were directly
submitted to the University of Minnesota’s Center for Mass Spectrometry and Proteomics for
iITRAQ (isobaric tagging for relative and absolute quantification) analysis. Proteins were sorted
according to their relative abundance as determined by the number of spectra from the single most
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abundant peptide. Because proteins can often produce varying amounts of detectable tryptic
peptides, depending upon protein size and lysine/arginine content, we counted only the single most
abundant peptide for each protein. This quantification was justified by a previous report
(Beckmann et al., 2013) showing that the two most abundant proteins are the Wolbachia surface
protein (WSP; WP = 007302328.1) and another putative membrane protein (WP0576; WP =
012481859.1). Only proteins with at least three unique peptides (95% confidence) detected were

reported; using this criterion the false discovery rate was zero.

Evolutionary analyses.

WDO0631 (NCBI accession number AAS14330.1) and WD0632 (AAS14331.1) from wMel
were used as queries to perform a BLASTp search of NCBI’s nonredundant (nr) protein sequence
database with algorithm parameters based on a word size of six and BLOSUM®62 scoring matrix
(Johnson et al., 2008). Homologues were selected on the basis of the satisfaction of three criteria:
(1) E = <1020, (2) query coverage greater than 60%, and (3) presence in fully sequenced
Wolbachia and/or phage WO genomes. FtsZ and gpW proteins were identified for all
representative Wolbachia and phage WO genomes, respectively. Protein alignments were
performed using the MUSCLE plugin (Edgar, 2004) in Geneious Pro version 8.1.7 (Kearse et al.,
2012); the best models of evolution, according to corrected Akaike information criteria (Hurvich
and Tsai, 1993), were estimated using the ProtTest server (Abascal et al., 2005); and phylogenetic
trees were built using the MrBayes plugin (Ronquist et al., 2012) in Geneious. Putative functional
domains were identified using NCBI’s BLASTp, Wellcome Trust Sanger Institute’s PFAM
database (Finn et al., 2016), a transmembrane hidden Markov model (Krogh et al., 2001), and
EMBL’s Simple Modular Architecture Research Tool (SMART) (Letunic et al., 2012).
WDO0631/WD0632 protein homology (percentage amino-acid identity) was based on a 1:1
BLASTp analysis for each pair. Prophage/WO-like island association for each pair of genes was

based on prophage regions identified in a previous study8.

Gene expression assays and Wolbachia titres.

For the male age effect, native expression of CI candidates was tested with RT-gPCR on
replicate pools of 20 pairs of testes from the fastest-developing virgin males that were aged 1 day
or 7 days. RNA was extracted with a Qiagen RNeasy mini kit, DNase treated with TURBO DNase
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(Life Technologies), and cDNA generated with Superscript I11 Reverse Transcriptase (Invitrogen).
Primer sequences are listed in Table A-6. Quantitative PCR was performed on a Bio-Rad CFX-96
Real-Time System using iTag Universal SYBR Green Supermix (Bio-Rad). Thirty cycles of PCR
were performed against positive controls (extracted DNA), negative controls (water), RNA, and
cDNA with the following conditions: 95 °C 2 min, 30x (95 °C 155, 56 °C 30's, 72 °C 30 s), 72
°C 5 min. Values of 272 between the target gene and housekeeping gene groEL were used to
determine relative gene expression. These experiments were performed once with multiple
replicates for each condition.

For experiments on the younger brother effect, replicate pools of 20 pairs of testes were
collected from the fastest-developing virgin males that emerged on the first day (older brothers) or
fifth day (younger brothers). Male siblings for the younger brother effect analysis were also
collected concurrently for hatch rates as described for hatch rate assays by crossing the wMel-
infected males to 3- to 5-day-old wMel-infected or uninfected females. RNA was extracted using
the Direct-zol RNA MiniPrep Kit (Zymo), DNase treated with DNA-free (Ambion, Life
Technologies), cDNA was generated with SuperScript VILO (Invitrogen), and RT—qPCR was run
using iTaq Universal SYBR Green (Bio-Rad). Primers, PCR conditions, and analysis were the
same as for the male age effect above. These experiments were performed once with multiple
replicates for each condition.

For gene expression in Figure A-7, six pools of six pairs of testes were dissected from
parents used in hatch rate assays from a repeat of Figure 11-3a and Figure A-5. In samples
designated ‘High CI” and “No CI’, the males correspond to crosses that had lower or normal hatch
rates, respectively. For all other samples, the flies used were chosen at random. RNA was extracted
using the same method as the younger brother experiment above. Thirty cycles of PCR were
performed against positive controls (extracted DNA), negative controls (water), RNA, and cDNA
with PCR conditions described above. Gel image size and brightness were adjusted in some cases
for clarity. These experiments were performed once.

For the Wolbachia titres, pools of testes were dissected from 15 males in ice-cold PBS. For
Figure A-10a-c, brothers of those used in the corresponding hatch rates were used. DNA was
extracted using a Gentra Puregene Tissue kit (Qiagen). qPCR was done as described above.
Absolute quantification was achieved by comparing all experimental samples with a standard

curve generated on the same plate. Primers are listed in Table A-6. g°PCR conditions were as
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follows: 50 °C 10 min, 95 °C 5 min, 40x (95 °C 10 s, 55 °C 30 s), 95 °C 30 s. To obtain a more
accurate Wolbachia:host cell ratio, it was assumed that each host cell had two copies of rp49 and
each Wolbachia cell had one copy of groEL. These experiments were performed once but with a
sample size of eight for each condition.

Fly rearing.

D. melanogaster were reared on a standard cornmeal- and molasses- based media. Stocks
were maintained at 25 °C while virgin flies were stored at room temperature. During virgin
collections, stocks were kept at 18 °C overnight and 25 °C during the day. All flies were kept on
a 12-h light/dark cycle. Wolbachia-uninfected lines were generated through tetracycline treatment
for three generations. Briefly, tetracycline was dissolved in ethanol and then diluted in water to a
final concentration of 1 mg/ml. One millilitre of this solution was added to 50 ml of media (final
concentration of 20 p g/ml). Freshly treated media was used for each generation. Infection status
was confirmed with PCR using Wolb_F and Wolb_R3 primers (Casiraghi et al., 2005), and flies
were reared on untreated media for at least three additional generations to allow for mitochondrial
recovery before being used (Chatzispyrou et al., 2015).

Transgenic flies.

Each CI candidate gene was cloned into the pTIGER plasmid for transformation and
expression in D. melanogaster (Ferguson et al., 2012). pTIGER, a pUASp-based vector designed
for germline expression, exhibits targeted integration into the D. melanogaster genome using
PhiC31 integrase (Groth et al., 2004) and tissue-specific, inducible expression through the Gal4—
UAS system (Southall et al., 2008). Cloning was performed using standard molecular biology
techniques and plasmids were purified and Sangersequenced for confirmation before injection. At
least 200 D. melanogaster embryos were injected per gene by Best Gene (Chino Hills, California),
and transformants were selected on the basis of w+ eye colour. All transgenic lines were made in
the yw D. melanogaster background, and each was an isofemale line derived from the offspring of
a single transformant. Homozygous lines were maintained when possible, or heterozygous flies
were maintained when homozygous transgenics were inviable (WD0625/CyO). WD0508 and
WD0631 insertion was performed with the y* M{vas-int. Dm}ZH-2A w* ; P{CaryP}attP40 line.
WDO0625 was inserted into BSC9723 with the genotype y! M{vas-int.Dm}ZH-2A w* ; PBac{y+
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-attP-3B} VK00002. WD0632 insertion was done using BSC8622 with the genotype y* w67¢23;
P{CaryP}attP2.

Hatch rate and sex ratio assays.

Parental females were either infected or uninfected y'w* flies (wMel-infected or
uninfected) and aged for 2-6 days before crossing. Uninfected y'w* flies were generated as
described for transgenic lines. Parental males were created by crossing nanos-Gal4 virgin females
(wMel-infected or uninfected) with either y'w* or UAS-candidate gene-transgenic, uninfected
males. Only the first males emerging between 0 and 30 h from these crosses were used in Cl assays
to control for the younger-brother effect associated with CI (Yamada et al., 2007). To test whether
Cl can be increased by transgenes, virgin, day 1 males were aged for 2—4 days before crossing to
reduce the level of WT CI. Within experiments, care was taken to match the age of males between
experimental and control crosses. Thirty-two to 64 individual crosses were set up for each crossing
condition. The flies used were chosen at random from the desired group on the basis of age, sex,
and genotype. These sample sizes were based on previous studies of Cl in D. melanogaster that
detected significant differences between treatment groups (LePage et al., 2014).

To perform the hatch rate assays, a male and female pair was placed in an 8-ounce, round
bottom, polypropylene Drosophila stock bottle. A grape-juice—agar plate with a small amount of
yeast mix smeared on top was placed in the bottle opening and affixed with tape. To create grape
juice—agar plates, 12.5 g of agar was mixed in 350 ml of de-ionized water and autoclaved. In a
separate flask, 10 ml of ethanol was used to dissolve 0.25 g tegosept (methyl 4-hyrdoxybenzoate).
Welch’s grape juice (150 ml) was added to the tegosept mix, combined with the agar, and poured
into lids from 35 x10-mm culture dishes (CytoOne).

Hatch rate bottles were placed in an incubator at 25 °C overnight (~16 h). After this initial
incubation, the grape plates were discarded and replaced with freshly yeasted plates. After an
additional 24 h, the adult flies were removed and frozen for expression analysis, and the embryos
on each plate were counted. The counting was not blinded. These plates were then incubated at 25
°C for 36 h before the number of unhatched embryos was counted. Larvae from each pair of flies
were moved from these plates using a probe and placed in vials of standard fly media with one vial
being used for each individual grape plate to be assayed for sex ratios at adulthood. A total of 10—

20 vials were used for each cross type. Any crosses with fewer than 25 embryos laid were discarded
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from the hatching analysis while vials with fewer than ten adults emerging were discarded from
the sex ratio analysis. Statistical analysis and outlier removal, using the ROUT method, were

performed using Graphpad Prism version 6 software.

Embryo cytology.

Embryos were collected in a fashion similar to hatch rate assays except bottles contained
60-80 females and 15-20 males. All flies used were brothers and sisters of those used during
corresponding hatch rates. Embryo collections and hatch rates were performed side-by-side. After
initial mating overnight, fresh grape plates with yeast were provided and removed after 60 min.
The embryo-covered plates were then placed in the incubator at 25 °C for a further 60 min to
ensure each embryo was at least 1-2 h old. Embryos were then moved to a small mesh basket and
dechorionated in 50% bleach for 1-3 min. These were then washed in embryo wash solution (0.7%
NaCl, 0.05% Triton X-100) and moved to a small vial containing ~ 2 ml heptane. An equal amount
of methanol was added to the vial and then vigorously shaken for 15 s. After the embryos settled,
the upper heptane layer and as much methanol as possible were removed, and the embryos were
moved into ~ 500 p 1 fresh methanol in a 1.5 ml microcentrifuge tube. Embryos were stored
overnight at 4 °C. The old methanol was then removed and replaced with 250 p 1 of fresh methanol
along with 750 u 1 of PBTA (1x PBS, 1% BSA, 0.05% Triton X-100, 0.02% sodium azide). After
inverting the tube several times, the solution was removed and replaced with 500 u 1 PBTA.
Embryos were then rehydrated for 15 min on a rotator at room temperature. After rehydrating, the
PBTA was replaced with 100 p10of'a 10 mg/ml solution of RNase A (Clontech Labs) and incubated
at 37 °C for 2 h. The RNase was then removed and embryos were washed several times with PBS
followed by a final wash with PBS—azide (1x PBS, 0.02% sodium azide). After removing the
PBS-azide, embryos were mounted on glass slides with ProLong Diamond Antifade (Life
Technologies) spiked with propidium iodide (Sigma-Aldrich) to a final concentration of 1 p g/ml.
Imaging was performed at the Vanderbilt University Medical Center Cell Imaging Shared
Resource using a Zeiss LSM 510 META inverted confocal microscope. All scores were performed
blind (researcher was not aware of which slide represented which cross) and image analysis was
done using ImageJ software (Schneider et al., 2012). Matched scoring, where embryos were
derived from a side-by-side hatch rate, was performed once for conditions shown in Figure 11-4h
and twice for Figure 11-4g.
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Statistical analyses.

No statistical methods were used to predetermine sample size. The experiments were not
randomized. The investigators were not blinded to allocation during experiments and outcome
assessment, except scoring of cytology (Figure 11-4), which was done blindly. All statistical
analyses used GraphPad Prism software (either Prism 6 or online tools). When comparing gene
expression levels or Wolbachia titres between two sets of data, we used a two-tailed, non-
parametric Mann—-Whitney U-test since it does not require a normal distribution of the data. For
comparisons between more than two data sets, we used a non-parametric Kruskal-Wallis one-way
analysis of variance test that, if significant, was followed by a Dunn’s test of multiple comparisons.
This allowed robust testing between all data groups while avoiding multiple test bias. For the
cytology studies, embryos were classified as either ¢ normal’ or ‘CI-like’ in a 2 x 2 contingency

table, and statistical differences between the groups were calculated using a Fisher’s exact test.

Data availability.

WVIitA transcriptome data have been deposited in the Sequence Read Archive with
Bioproject PRINA319204 and BioSample SAMNO04881412. wPip-infected ovarian proteome data
have been deposited in the Proteome Xchange Consortium via the PRIDE (Vizcaino et al., 2016)
partner repository with the data set identifier PXD004047. All other source data are available as

Supplementary Information with this publication.
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Chapter I11.

One prophage WO gene rescues cytoplasmic incompatibility in Drosophila

melanogaster?

Abstract

Wolbachia are maternally inherited, intracellular bacteria at the forefront of vector control
efforts to curb arbovirus transmission. In international field trials, the cytoplasmic incompatibility
(CI) drive system of wMel Wolbachia is deployed to replace target vector populations, whereby a
Wolbachia-induced modification of the sperm genome kills embryos. However, Wolbachia in the
embryo rescue the sperm genome impairment, and therefore CI results in a strong fitness advantage
for infected females that transmit the bacteria to offspring. The two genes responsible for the
wMel-induced sperm modification of CI, cifA and cifB, were recently identified in the eukaryotic
association module of prophage WO, but the genetic basis of rescue is unresolved. Here we use
transgenic and cytological approaches to demonstrate that maternal cifA expression independently
rescues Cl and nullifies embryonic death caused by wMel Wolbachia in Drosophila melanogaster.
Discovery of cifA as the rescue gene and previously one of two CI induction genes establishes a
“Two-by-One” model that underpins the genetic basis of CI. Results highlight the central role of
prophage WO in shaping Wolbachia phenotypes that are significant to arthropod evolution and

vector control.

Significance

The World Health Organization recommended pilot deployment of Wolbachia-infected
mosquitoes to curb viral transmission to humans. Releases of mosquitoes are underway worldwide
because Wolbachia can block replication of these pathogenic viruses and deterministically spread
by a drive system termed cytoplasmic incompatibility (Cl). Despite extensive research, the
underlying genetic basis of CI remains only half-solved. We recently reported that two prophage

T This chapter is published in 2018 in Proceedings of the National Academy of Sciences, 115(19), 4987-4991 with
myself as first author. Jungmin On, Emily Layton, and Helen Zhou were co-authors. Seth Bordenstein was senior
author.
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WO genes recapitulate the modification component of Cl in a released strain for vector control.
Here we show that one of these genes underpins rescue of CI. Together, our results reveal the
complete genetic basis of this selfish trait and pave the way for future studies exploring WO
prophage genes as adjuncts or alternatives to current control efforts.

Introduction

The bacteria Wolbachia occur in an estimated 40-52% of arthropod species (Weinertet al.,
2015; Zug and Hammerstein, 2012) and 47% of the Onchocercidae family of filarial nematodes
(Ferri et al., 2011), making them the most widespread bacterial symbiont in the animal kingdom
(Zug and Hammerstein, 2012). In arthropods, Wolbachia mainly reside in the cells of the
reproductive tissues, transmit transovarially (Frydman et al., 2006), and often commandeer host
fertility, sex ratios, and sex determination to enhance their maternal transmission via male killing,
feminization, parthenogenesis, or cytoplasmic incompatibility (Cl) (LePage and Bordenstein,
2013; Werren et al., 2008).

Discovered nearly half a century ago (Yen and Barr, 1973), Wolbachia-induced CI is the
most common reproductive modification and results in embryonic lethality when an infected male
mates with an uninfected female, but this lethality is rescued when the female is likewise infected
(Serbus et al., 2008). As such, rescue can provide a strong fitness advantage to infected females,
the transmitting sex of Wolbachia (Hancock et al., 2011; Turelli and Hoffmann, 1999). Alone, CI-
induced lethality is deployed in vector control studies to crash the resident uninfected mosquito
population through release of Wolbachia-infected males (Atyame et al., 2011b; Dobson et al.,
2016; O’Connor et al., 2012; Ritchie et al., 2015; Zabalou et al., 2004; D. Zhang et al., 2015).
Together, Cl-induced lethality and rescue constitute a microbial drive system that is used in field
studies worldwide to stably replace an uninfected mosquito population with an infected one via
release of males and females harboring wMel Wolbachia (Hoffmann et al., 2014), which confer
resistance against dengue and Zika viruses (Dutra et al., 2016; Walker et al., 2011). The efficacy
of this drive system for spreading Wolbachia in target populations critically depends on
Wolbachia’s ability to rescue its own lethal sperm modifications.

While CI is gaining momentum as a natural, sustainable, and inexpensive tool for vector
control, the genes that underpin this microbial adaptation are not fully known. Our previous screen
of Wolbachia genomes and transcriptomes from infected ovaries identified two adjacent genes,
cifA and cifB, from the wMel strain in Drosophila melanogaster as the only genes strictly
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associated with CI (LePage et al., 2017). These two genes occur in the eukaryotic association
module of prophage WO (Bordenstein and Bordenstein, 2016) and recapitulate Cl when dually
expressed in uninfected male flies (Beckmann et al., 2017; LePage et al., 2017). Each gene alone
is incapable of inducing CI (LePage et al., 2017), and the rescue gene remains unknown. As cifA
and cifB are the only two wMel genes strictly associated with CI, we previously hypothesized that
the CI induction and rescue genes might be the same (LePage et al., 2017). Here we test the
hypothesis that transgenic expression of cifA and/or cifB genes from wMel Wolbachia in ovaries
can rescue Cl and nullify the associated embryonic defects in D. melanogaster.

Results and discussion

Since Wolbachia cannot be genetically transformed, we tested the ability of cifA to
transgenically rescue wild-type CI using a GAL4-UAS system for tissue-specific expression in
uninfected D. melanogaster females. In transcriptomes of wMel-infected D. melanogaster, cifA is
a highly expressed prophage WO gene (Gutzwiller et al., 2015). As such, we conducted the
transgenic experiments under the control of either nos-GAL4-tubulin in uninfected germline stem
cells or the maternal triple driver, MTD-GALA4, to drive higher transgene expression throughout
oogenesis. MTD-GALA4 utilizes two nos-GAL4 driver variants (including nos-GAL4-tubulin) and
an ovarian tumor driver (Petrella et al., 2007). Control Cl and rescue crosses with either driver
yielded the expected hatching rates. Crosses between infected males and uninfected females
expressing cifA under the control of MTD-GAL4 showed a markedly significant increase in
embryonic hatching relative to cifA expression under nos-GAL4-tubulin and at levels similar to
that in control rescue crosses (Figure I11-1a). These results are consistent with complete rescue of
ClI by cifA, in association with increased expression throughout the developing egg chambers.
Similar results with nos-GAL4-tubulin expression in uninfected ovaries resulted in a small
increase in hatch rate that was inconsistently significant among replicates (Figure B-1). An
analysis of cifA gene expression reveals MTD-GAL4 associates with a three-order-of-magnitude
increase over nos- GAL4-tubulin, supporting strength of expression as a factor for rescue (Figure
I11-1b).
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Figure I11-1. cifA rescues cytoplasmic incompatibility when it is highly expressed throughout oogenesis.

(A) Hatch rate assays were conducted with transgenic expression of cifA under the control of nos-GAL4-tubulin or
MTD-GALA4 drivers. Each dot represents a replicate. Rescue occurred only under MTD-GAL4 expression. Horizontal
dotted lines from top to bottom separate cross-types with ClI, cifA expression, and rescue. Wolbachia infections are
represented by filled sex symbols, and expressed genes are noted to the right of the corresponding sex. n = 27-59 for
each experimental cross across two experiments (both shown). Vertical bars represent medians, and letters to the right
indicate significant differences based on a = 0.05 calculated by Kruskal-Wallis and Dunn’s test for multiple
comparisons. (B) Gene expression fold change of cifA relative to the Drosophila housekeeping gene rp49 was
determined on a subset of abdomens from females expressing CifA via MTD-GAL4 or nos-GAL4-tubulin with 2744¢,
Horizontal bars represent medians with 95% confidence intervals, and letters above indicate significance based on a
Mann-Whitney U test. In both cases, statistical comparisons are between all groups. Exact P values are provided in
Table B-2. Hatch rate experiments testing expression of cifA under MTD-GAL4 or nos-GAL4-tubulin have been
repeated four and five times, respectively.

We expanded our evaluation of cif gene expression under the control of MTD-GALA4 in
uninfected females to test if cifB alone or in combination with cifA impacts Cl penetrance. As
expected, infected males crossed to either uninfected females or females transgenically expressing
cifB under MTD-GAL4 yielded similar CI penetrance (Figure 111-2). These results suggest that
cifB does not rescue CI when transgenically expressed in the ovaries, and its Cl-related function
is specific to testes. In contrast, MTD-GAL4 expression of cifA, by itself or in combination with
cifB, significantly rescued CI to levels comparable to rescue by infected females (Figure I11-2).
These results are consistent with cifA independently functioning as the rescue factor and suggest
that cifB does not inhibit cifA’s ability to rescue CI. As Wolbachia can induce phenotypes known
to bias sex ratios, we collected the surviving offspring from the transgenic and control rescue
crosses and sexed them to demonstrate normal sex ratios, indicating that rescue was not sex-

specific (Figure B-2).
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Figure 111-2. Rescue of cytoplasmic incompatibility is specific to cifA.

Hatch rate assays were conducted with transgenic expression of cifA, cifB, and cifA;B using the MTD-GAL4 driver
for expression throughout oogenesis. Each dot represents a replicate. Wolbachia infections are represented by filled
sex symbols, and expressed genes are noted to the right of the corresponding sex. n = 11-29 for each experimental
cross. Vertical bars represent medians, and letters to the right indicate significant differences based on o = 0.05
calculated by Kruskal-Wallis and Dunn’s test for multiple comparisons. Statistical comparisons are between all
groups. Exact P values are provided in Table B-2. Hatch rate experiments testing expression of cifA under MTD-
GAL4 have been repeated four times.

Next, we tested if the canonical cytological defects observed in early Cl embryos [early
mitotic failure, chromatin bridging, and regional mitotic failure (Landmann et al., 2009)] were
nullified under cifA-induced rescue. We examined embryos from control and transgenic crosses
after 1-2 h of development and binned their cytology into one of five phenotypes as previously
established for D. melanogaster CI (LePage et al., 2017). Nearly half of Cl-induced lethality in
embryos is the result of embryonic arrest during advanced developmental stages in Dipteran
species (Callaini et al., 1996; Duron and Weill, 2006; Lassy and Karr, 1996; Wright and Barr,
1981). As expected, the control CI cross yielded high levels of all three Cl-associated defects, and
the embryos from the control rescue cross developed with significantly fewer abnormalities
(Figure 111-3). MTD-GALA4 transgenic expression of cifA in uninfected females, either alone or
dually expressed with cifB, resulted in significantly fewer cytological defects (Figure 111-3). These
effects were not seen with transgenic cifB expression, again validating that cifA alone can

recapitulate wildtype rescue by Wolbachia.
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Figure 111-3. cifA rescues embryonic defects caused by cytoplasmic incompatibility.

The percent of embryos with each cytological phenotype resulting from the indicated crosses are shown. All crosses
were conducted in parallel and with sisters from the experiment in Figure I11-2. cifA, cifB, and cifA;B transgene
expression was under the control of MTD-GAL4. Wolbachia infections are represented by filled sex symbols and
expressed genes are noted to the right of the corresponding sex. Letters to the right indicate significant differences
based on a = 0.05 calculated by pairwise 32 analyses comparing defects (all shades of red) against normal (blue) with
Bonferroni adjusted P values. Exact P values are provided in Table B-2. This experiment has been conducted once.

These data are in contrast with previous work reporting the inability to transgenically
rescue Cl in D. melanogaster (Beckmann et al., 2017); however, there are three critical differences
between the studies. First, wPip’s homologs from Culex pipiens were used in the prior work instead
of wMel’s cif genes from D. melanogaster here. Thus, differences in host background interactions
could explain the discrepancy. Second, a T2A sequence between the wPip gene homologs was
used to allow for bicistronic expression, but ribosome skipping results in a C-terminal sequence
extension to the first protein and a proline addition to the second protein that generates sequence
artifacts and could alter function (Donnelly et al., 2001b). Finally, different insertion sites are
capable of different levels of expression due to their local chromatin environment (Akhtar et al.,
2013), thus the chosen sites may produce insufficient product to cause rescue.

cifA encodes a putative catalase-rel domain, a sterile-like transcription factor (STE)
domain, and a domain of unknown function (DUF3243) that shares homology with a putative Puf-
family RNA binding domain in cifA-like homologs (Lindsey et al., 2018b), whereas cifB has
nuclease and deubiquitilase domains (Beckmann et al., 2017; Lindsey et al., 2018b). Only the
deubiquitilase annotation has been functionally tested and confirmed (Beckmann et al., 2017).

Based on subcellular localization (PSORTDb) and transmembrane helix predictors (TMbase), CifA
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is a cytoplasmic protein without transmembrane helices (Figure B-3). Codon-based and Fisher’s
exact tests of neutrality demonstrate that closely related (76.2—99.8% pairwise nucleotide identity)
type I cifA homologs (LePage et al., 2017) largely evolve by purifying selection (Figure B-4a,b),
and sliding window analyses [sliding window analysis of Ka and Ks (SWAKK) and Java codon
delimited alignment, JCoDA] reveal that purifying selection is strongest on the catalase-rel domain
and the unannotated region at the N terminus, with considerably weaker purifying selection on the
putative DUF3243 and STE domains (Figure I11-4; Figure B-4c). This is supported by prior work
reporting stronger amino acid conservation within the type | CifA N terminus relative to the C

terminus (Lindsey et al., 2018b).
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Figure I11-4. Ka/Ks sliding window analysis identifies cifA regions evolving under negative selection.

A comparison between cifA homologs from wMel and wHa rejects the neutral expectation of Ka/Ks = 1 using a 25-
amino-acid sliding window across most of cifA. Strong purifying selection is observed in several cifA regions including
the sequence preceding the catalase-rel domain. Shaded regions denote previously described protein domain
predictions and white regions are unannotated (Lindsey et al., 2018b).

These findings illustrate that the Wolbachia prophage WO gene cifA recapitulates rescue
of wild-type CI. As cifA is one of two genes involved in induction of CI, results support the
hypothesis that a gene involved in CI induction is also the rescue gene (LePage et al., 2017). In
addition, transgenic expression of cifA in yeast inhibits a temperature-dependent growth defect
caused by cifB expression (Beckmann et al., 2017). The discovery that CI is induced by cifA and
cifB and rescued by cifA motivates a Two-by-One model of CI where two genes act as the Cl
modification factors (in the male), and one of these same genes acts as the rescue factor (in the

female). This modification-rescue model posits that each strain of Wolbachia has its own set of
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cifA- and cifB-associated Cl modifications and one cifA rescue factor. The different roles of cifA
in Cl and rescue are intriguing. We predict that the function of cifA is dependent on differential
localization and/or modification of gene products in testes/sperm (CI) relative to ovaries/embryos
(rescue). Moreover, one could speculate that the putative antioxidant catalase-rel domain of the
CifA protein acts as a functional switch in response to reactive oxygen species, known to be higher
in Wolbachia-infected testes (Brennan et al., 2012), whereas the Puf-family RNA binding domain
and STE are involved in RNA binding and transcriptional (mis)regulation of an unknown host
factor.

It has been hypothesized that divergence in modification and rescue genes leads to
bidirectional CI (Bonneau et al., 2018a; Charlat et al., 2001; LePage et al., 2017), which is a
reciprocal incompatibility between males and females infected with different Wolbachia strains
(Bordenstein et al., 2001; Bordenstein and Werren, 2007; O’Neill and Karr, 1990; Poinsot et al.,
1998; Yen and Barr, 1973). Comparative genomic analyses of cifA and cifB genes reveal extremely
high levels of amino acid divergence (LePage et al., 2017), strong codivergence (LePage et al.,
2017; Lindsey et al., 2018b), and recombination (Bonneau et al., 2018a), consistent with the very
rapid evolution of bidirectional CI across Wolbachia that can contribute to reproductive isolation
and speciation (Bordenstein et al., 2001; Brucker and Bordenstein, 2012a). Indeed, divergence of
the cifA and cifB genes into several phylogenetic types correlates with bidirectional CI patterns in
Drosophila and Culex (Bonneau et al., 2018a; LePage et al., 2017). There are at least two
explanations for how simple genetic changes in these genes can contribute to bidirectional CI.
First, a single mutation in the cifA gene could produce variation in the modification and rescue
components that render two Wolbachia strains incompatible. For instance, given an ancestral and
derived allele of cifA, males and females with Wolbachia carrying the same cifA allele are
compatible; however, males with Wolbachia carrying the ancestral cifA allele cause a sperm
modification that is unable to be rescued by embryos with Wolbachia carrying the derived cifA
allele, and vice versa. Thus, a single mutation in cifA alone can enable the switch from being
compatible to incompatible Wolbachia. Second, mutations in both cifA and cifB could be required
for the evolution of bidirectional Cl. For example, CifA-CifB protein binding (Beckmann et al.,
2017) and/or differential localization in the sperm and egg may underpin bidirectional CI between
Wolbachia strains. In this model, amino acid divergence in the Cif proteins may contribute to

weakened binding, which in turn yields Wolbachia strains incapable of CI but capable of rescuing
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Cl by the ancestral variant (Bourtzis et al., 1998; Zabalou et al., 2004). A compensatory
substitution in the other Cif protein could in theory restore binding and yield bidirectional
incompatibility with the ancestral Cif variants. Codivergence between amino acid sequences of
these proteins is consistent with this model. Under both models, the presence of multiple WO
prophages carrying cifA genes may also promote incompatibilities through the production of
multiple Cl product complexes simultaneously (LePage et al., 2017). In support of these
hypotheses, complex diversification and duplication of cifA and cifB have been reported in
Drosophila and C. pipiens that harbor a variety of incompatible Wolbachia strains (Bonneau et al.,
2018a; LePage et al., 2017).

In conclusion, our findings reveal the connected genetic basis of Cl and rescue and
highlight the fundamental impact of prophage WO genes on the adaptive phenotypes of an obligate
intracellular bacteria. In addition to genetically dissecting this widespread form of reproductive
parasitism and microbial drive, we also establish a Two-by-One model to explain the modification
and rescue components of CI. Finally, beneficial applications of Cl and rescue genes as transgenic
drive constructs may be possible as adjuncts or alternatives to pest control or vector control
strategies currently deploying Wolbachia-infected mosquitoes (Hoffmann et al., 2014; Ritchie et
al., 2015; Zabalou et al., 2004; D. Zhang et al., 2015).

Materials and methods
Fly rearing and strains.

D. melanogaster stocks y'w* (BDSC 1495), nos-GAL4- tubulin (BDSC 4442), MTD-GAL4
(containing nos-GAL4-tubulin, nos-GAL4-VP16, and otu-GAL4-VP16; BDSC 31777), and UAS
transgenic lines homozygous for cifA, cifB, and cifA;B (LePage et al., 2017) were maintained at
12:12 light:dark at 25 °C and 70% relative humidity (RH) on 50 mL of a standard media. GAL4
lines were found to be infected with wMel Wolbachia, and uninfected lines were produced through
tetracycline treatment as previously described (LePage et al., 2017). Infection status was frequently
confirmed via PCR using WolbF and WolbR3 primers (Casiraghi et al., 2005) (Table B-1). During
virgin collections, flies were stored at 18 °C overnight to slow eclosion rate, and virgin flies were

kept at room temperature.
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Hatch rate and sex ratio assays.

Virgin MTD-GAL4 females were collected for the first 3 d of emergence and aged 9-11 d
before crossing to nonvirgin homozygous UAS (cifA, cifB, or cifA;B) males. The start of
collections for the maternal and paternal lineages was staggered by 7 d. Single pair matings
occurred in 8-0z bottles, and a grape-juice agar plate was smeared with yeast and affixed to the
opening of each bottle with tape. The flies and bottles were then stored at 25 °C and 70% RH for
24 h, at which time the plates were replaced with freshly smeared plates and again stored for 24 h.
Plates were then removed and the number of embryos on each plate were counted and stored. After
30 h the remaining unhatched embryos were counted (Figure B-6). The hatch rate was calculated
by dividing the number of hatched embryos by the initial embryo count and multiplying by 100.
Hatch rate was plotted against clutch size for 3 MTD-GAL4 and 4 nos-GALA4-tubulin rescue
crosses conducted in this study to reveal a significant correlation (Figure B-5), and a threshold
clutch size for analysis was set equal to exclusion of 99% of plates with a hatch rate of 0 for each
genotype (31 for nos-GAL4-tubulin and 48 for MTD-GAL4). Larvae were moved into vials of
standard media and the offspring sex ratio determined after 15-18 d (Figure B-6). Hatch rates
testing MTD-GAL4 or nos-GAL4-tubulin expression of cifA were conducted four and five times,

respectively. Sex ratio experiments were conducted once.

Gene expression.

To compare the level of UAS-cIfA expression between MTD-GAL4 and nos-GAL4-tubulin
flies, mothers from hatch rate assays were collected after the allotted laying period, abdomens were
immediately dissected, and samples were frozen in liquid nitrogen and stored at —80 °C until
processing. RNA was extracted using the Direct-zol RNA MiniPrep Kit (Zymo), DNase treated
with DNA-free (Ambion, Life Technologies), and cDNA was generated with SuperScript VILO
(Invitrogen). Quantitative PCR was performed on a Bio-Rad CFX-96 Real-Time System using
iTag Universal SYBR Green Supermix (Bio-Rad). Forty cycles of PCR were performed against
positive controls (extracted DNA), negative controls (water), no RT control (RNA), and cDNA
with the following conditions: 50 °C 10 min, 95 °C 5 min, 40x (95 °C 10's, 55 °C 30 s), 95 °C 30
s. Primers used were cifA opt and rp49 forward and reverse (Table B-1). Fold expression of UAS-
cifA relative to the D. melanogaster housekeeping gene rp49 was determined with 2724, This

experiment and corresponding hatch rate were performed once.
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Embryo cytology.

Flies were collected as described for the hatch rate assays, but with 60 females and 12males
in each bottle with a grape-juice agar plate attached. All flies used were siblings of those from the
hatch rate, grapejuice plates replaced as described above, and embryos collected in parallel to egg
laying by hatch rate females. Embryos were collected, dechorionated, washed, methanol fixed,
stained with propidium iodide, imaged, and categorized as previously described (LePage et al.,
2017) (Figure B-6). This experiment was performed once. Putative CifA Localization. The
PSORTb v3.0.2 web server (Yu et al., 2010) was used to predict subcellular localization of the
wMel CifA protein to either the cytoplasm, cytoplasmic membrane, periplasm, outer membrane,
or extracellular space. A localization score is provided for each location, with scores of 7.5 or
greater considered probable localizations. The TMpred web server (46) was used to predict
transmembrane helices in wMel CifA. TMpred scores were generated for transmembrane helices
spanning from inside-to-outside (i-0) and outside-to-inside (o-i), and scores above 500 are

considered significant.

cifA selection analyses.

Selection analyses were conducted using four independent tests of selection: codon-based Z
test of neutrality, Fisher’s exact test of neutrality, Sliding window analysis of Ka and Ks
(SWAKK), and Java Codon Delimited Alignment (JCoDA) (Kumar et al., 2016; Liang et al., 2006;
Steinway et al., 2010). The first two analyses were conducted using the MEGA7 desktop app with
a MUSCLE translation alignment generated in Geneious v5.5.9. The SWAKK 2.1 web server and
the JCoDA v1.4 desktop app were used to analyze divergence between wMel and wHa cifA with
a sliding window of 25 codons and a jump size of 1 codon for SWAKK and 5 codons for JCoDA.
Statistical Analyses. All statistical analyses were conducted in GraphPad Prism (Prism 7 or online
tools). Hatch rate and sex ratio statistical comparisons were made using Kruskal-Wallis followed
by a Dunn’s multiple comparison test. Expression was compared using a Mann—Whitney U test.
Correlations between hatch rate and clutch size were determined using Spearman rho. Pairwise y2
analyses were used for cytology studies to compare defective and normal embryos followed by
generation of Bonferroni adjusted P values. An unpaired t test was used for statistical comparison

of RNA fold expression. All P values are reported in Table B-2.
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Chapter IV.

Two-by-One model of cytoplasmic incompatibility: Synthetic recapitulation

by transgenic expression of cifA and cifB in Drosophila*

Abstract

Wolbachia are maternally inherited bacteria that infect arthropod species worldwide and
are deployed in vector control to curb arboviral spread using cytoplasmic incompatibility (Cl). CI
kills embryos when an infected male mates with an uninfected female, but the lethality is rescued
if the female and her embryos are likewise infected. Two phage WO genes, CifAwwver and CifBumel
from the wMel Wolbachia deployed in vector control, transgenically recapitulate variably
penetrant Cl, and one of the same genes, cifAwmel, rescues wild type CI. The proposed Two-by-
One genetic model predicts that Cl and rescue can be recapitulated by transgenic expression alone
and that dual cifAwmer and cifBwwel €xpression can recapitulate strong CI. Here, we use hatch rate
and gene expression analyses in transgenic Drosophila melanogaster to demonstrate that Cl and
rescue can be synthetically recapitulated in full, and strong, transgenic CI comparable to wild type
Cl is achievable. These data explicitly validate the Two-by-One model in wMel-infected D.
melanogaster, establish a robust system for transgenic studies of Cl in a model system, and
represent the first case of completely engineering male and female animal reproduction to depend

upon bacteriophage gene products.

Author summary

Releases of Wolbachia-infected mosquitos are underway worldwide because Wolbachia
block replication of Zika and Dengue viruses and spread themselves maternally through arthropod
populations via cytoplasmic incompatibility (CI). The CI drive system depends on a Wolbachia-
induced sperm modification that results in embryonic lethality when an infected male mates with

an uninfected female, but this lethality is rescued when the female and her embryos are likewise

t This chapter is published in 2019 in PLOS Genetics. 16(6), e1008221 with myself as first author. Seth Bordenstein
was senior author.
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infected. We recently reported that the phage WO genes, cifA and cifB, cause the sperm
modification and cifA rescues the embryonic lethality caused by the wMel Wolbachia strain
deployed in vector control. These reports motivated proposal of the Two-by-One model of CI
whereby two genes cause lethality and one gene rescues it. Here we provide unequivocal support
for the model in the Wolbachia strain used in vector control via synthetic methods that recapitulate
Cl and rescue in the absence of a Wolbachia infections. Our results reveal the set of phage
WOgenes responsible for this powerful genetic drive system, act as a proof-of-concept that these
genes alone can induce gene drive like crossing patterns, and establish methodologies and
hypotheses for future studies of CI in Drosophila. We discuss the implications of the Two-by-One
model towards functional mechanisms of CI, the emergence of incompatibility between Wolbachia

strains, vector control applications, and CI gene nomenclature.

Introduction

Wolbachia are the most widespread endosymbiotic bacteria on the planet and are estimated
to infect half of all arthropod species (Weinert et al., 2015; Zug and Hammerstein, 2012) and half
of the Onchocercidae family of filarial nematodes (Ferri et al., 2011). They specialize in infecting
the cells of reproductive tissues, are primarily inherited maternally from ova to offspring, and often
act in arthropods as reproductive parasites that enhance their maternal transmission by distorting
host sex ratios and reproduction (LePage and Bordenstein, 2013; Taylor et al., 2018). The most
common type of reproductive parasitism is cytoplasmic incompatibility (CI), which manifests as
a sperm modification in infected males that causes embryonic lethality or haploidization in matings
with uninfected females upon fertilization (Bordenstein et al., 2003; Serbus et al., 2008; Yen and
Barr, 1973). This embryonic lethality is rescued if the female is infected with the same Wolbachia
strain. As such, CI selfishly drives Cl-inducing Wolbachia into host populations (Hancock et al.,
2011; Hoffmann et al., 1990; Leftwich et al., 2018; Turelli, 1994; Turelli et al., 2018b), and the
incompatibilities between host populations cause reproductive isolation between recently diverged
or incipient species (Bordenstein et al., 2001; Brucker and Bordenstein, 2012a; Jaenike et al., 2006;
Miller et al., 2010; Shropshire and Bordenstein, 2016).

In the last decade, Wolbachia and CI have garnered significant interest for their utility in

combatting vector borne diseases worldwide. Two strategies are currently deployed: population

51



suppression and population replacement. The population suppression strategy markedly crashes
vector population sizes through the release of only infected males that induce CI upon mating with
wild uninfected females (Dobson et al., 2002; Lees et al., 2015; Nikolouli et al., 2018; O’Connor
et al., 2012). In contrast, the population replacement strategy converts uninfected to infected
populations through the release of both infected males and females that aid the spread Wolbachia
via Cl and rescue (Huang et al., 2018; O’Neill, 2018). Replacing a vector competent, uninfected
population with infected individuals can notably reduce the spread of arthropod borne diseases
such as Zika and dengue (Caragata et al., 2016; Hoffmann et al., 2011) because Wolbachia appear
to inhibit various stages of viral replication within arthropods based on diverse manipulations of
the host cellular environment (Bhattacharya et al., 2017; Brennan et al., 2012; Caragata et al.,
2013; Geoghegan et al., 2017; Lindsey et al., 2018a; Molloy et al., 2016; Schultz et al., 2017). The
combination of Wolbachia’s abilities to suppress arthropod populations, drive into host
populations, and block the spread of viral pathogens have established Wolbachia in the vanguard
of vector control efforts to curb arboviral transmission (Caragata et al., 2016; Huang et al., 2018;
Hughes et al., 2011; O’Connor et al., 2012; O’Neill, 2018; Schmidt et al., 2017; Turelli and Barton,
2017).

An unbiased, multi-omic analysis of Cl-inducing and Cl-incapable Wolbachia strains
revealed two adjacent genes, cifA and cifB, in the eukaryotic association module of prophage WO
(Bordenstein and Bordenstein, 2016) that strictly associate with Cl induction (LePage etal., 2017).
Fragments of the CifA protein were found in the fertilized spermathecae of wPip infected Culex
pipiens mosquitoes (Beckmann and Fallon, 2013), and these genes are frequently missing or
degraded in diverse Cl-incapable strains (Lindsey et al., 2018b; Sutton et al., 2014). Dual
transgenic expression of cifA and cifB from either of the Cl-inducing strains wMel or wPip in
uninfected male flies causes a decrease in embryonic hatching corresponding to an increase in ClI
associated cytological abnormalities including chromatin bridging and regional mitotic failures
(Beckmann et al., 2017; LePage et al., 2017). Single transgenic expression of either cifAwmer or
cifBwmer in an uninfected male was insufficient to recapitulate CI, but single transgenic expression
of either gene in an infected male enhances wMel-induced CI in a dose-dependent manner (LePage
et al., 2017). Importantly, dual transgenic CI induced by cifAwmer and cifBwwmel expressing males
was rescued when they were mated with wMel-infected females (LePage et al., 2017). Moreover,

transgenic expression of cifAwmer alone in uninfected females rescues embryonic lethality and
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nullifies cytological defects associated with wild type CI caused by a wMel infection (Shropshire
etal., 2018).

As such, we recently proposed the Two-by-One genetic model of CI wherein dual
expression of cifAwmer and cifBwmer causes Cl when expressed in males and expression of CifAwmel
rescues Cl when expressed in females (Shropshire et al., 2018). However, confirmation of the
model’s central prediction requires the complete synthetic replication of CI-induced lethality and
rescue in the absence of any Wolbachia infections since it remains possible that other Wolbachia
or phage WO genes besides cifA and cifB contribute to wild type Cl and rescue by wMel
Wolbachia. Moreover, CI induced by dual cifAwmer and cifBwmer expression previously yielded
variable offspring lethality with a median survival of 26.5% of embryos relative to survival of
0.0% of embryos from CI induced by a wild type infection under controlled conditions (LePage et
al., 2017). The inability to recapitulate strong wild type CI suggests other CI genes are required,
other environmental factors need to be controlled, or the transgenic system requires optimization.

Here, we utilize transgenic expression, hatch rates, and gene expression assays in
Drosophila melanogaster to test if an optimized expression system can generate strong transgenic
Cl and whether bacteriophage genes cifAwmver and cifBwwer can fully control fly reproduction by
inducing and rescuing CI in the complete absence of Wolbachia (Figure 1V-1). We further assess
if both cifwwmel genes are required for Cl induction in the optimized system and whether cifAwmel in
females can rescue transgenic Cl. Results provide strong evidence for the Two-by-One model in
wMel-infected D. melanogaster, offer context for conceptualizing CI mechanisms and the
volution of bidirectional incompatibilities between different Wolbachia strains, raise points for CI
gene nomenclature, and motivate further research in developing these genes into a tool that
combats vector borne diseases. To the best of our knowledge, they also represent the first case of
completely engineering animal sexual reproduction to depend upon bacteriophage gene products.
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Figure 1V-1. Two-by-One model of CI is governed by cifA and cifB genes in the eukaryotic association
module of prophage WO in Wolbachia.

The Two-by-One model of Cl predicts that D. melanogaster males and females can be engineered to recapitulate both
Cl and rescue phenotypes in the absence of Wolbachia, thus depending completely on phage genes for successful
reproduction. Schematics are not to scale. Insect, sperm, and embryo art were obtained and modified using
vecteezy.com. Phage gene schematics modified from (Beckmann and Fallon, 2013). CifA and CifB protein annotation
from (Lindsey et al., 2018b). Purple indicates eukaryotic association module genes as indicated by (Bordenstein and
Bordenstein, 2016).
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Results

Optimizing transgenic CI.

Dual transgenic expression of cifAwmer and cifBwwer Was previously reported to induce
highly variable and incomplete ClI relative to CI caused by an age-controlled wMel infection [38],
indicating either the presence of other genes necessary for strong CI, environmental factors
uncontrolled in the study, or inefficiency of the transgenic system. Here, we test the latter
hypothesis by dually expressing cifAwwmer and cifBwmer in uninfected D. melanogaster males under
two distinct GAL4 driver lines that express in reproductive tissues: nos-GAL4-tubulin and nos-
GAL4:VP16 (Ni et al., 2011). Both driver lines contain a nos promoter region, but differ in that
nos-GALA4-tubulin produces a transcription factor with both the DNA binding and transcriptional
activating region of the GAL4 protein, and nos-GAL4:VVP16 produces a fusion protein of the
GAL4 DNA binding domain and the virion protein 16 (VP16) activating region (Doren et al.,
1998; Tracey et al., 2000). The GAL4:VP16 transcription factor is a particularly potent
transcriptional activator because of its binding efficiency to transcription factors (He et al., 1993;
Sadowski et al., 1988). Additionally, the nos-GALA4-tubulin driver has a tubulin 3’ UTR, and nos-
GAL4:VP16 has a nos 3° UTR that may contribute to differences in localization within cells or
between tissues (Doren et al., 1998; Ni et al., 2011; Tracey et al., 2000). As such, we predict that
differences in the expression level or profile of these two driver lines will lead to differences in
the penetrance of transgenic Cl.

Since Cl manifests as embryonic lethality, we measure hatching of D. melanogaster
embryos into larvae to quantify the strength of CI. We confirm previous findings (LePage et al.,
2017) that dual transgenic expression of CifAwmer and cifBwwver under nos-GAL4-tubulin in
uninfected males yields low but variable embryonic hatching in crosses with uninfected females
(Mdn = 26.3%, IQR = 10.4-38.1%) that can be rescued in crosses with wMel-infected females
(Mdn =97.5%; IQR = 94.2-100%) (Figure 1\VV-2a). However, dual cifAwmel and cifBwmel expression
under nos-GAL4:VP16 in uninfected males yields significantly reduced embryonic hatching
relative to nos-GAL4-tubulin (p = 0.0002) with less variability (Mdn = 0%; IQR = 0.0-0.75%)
and can be comparably rescued (Mdn = 98.65%; IQR = 95.93-100%; p > 0.99) (Figure 1V-2a).
Together, these results support that dual cifAwmer and cifBwver expression under nos-GAL4:VP16
induces the strongest CI and that the transgenic system, not the absence of necessary ClI factors,
contributed to the prior inability to recapitulate strong wild type CI.
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Figure 1V-2. cifAwver and cifBwwmel induce strong Cl when transgenically expressed in males under the nos-
GAL4:VP16 driver.

(A) Two different driver lines, nos-GAL4-tubulin (purple; top) and nos-GAL4:VP16 (green; bottom) were tested for
their ability to induce CI when transgenically expressed in uninfected, male Drosophila. Filled sex symbols represent
infection with wMel Wolbachia, and gene names to the right of a symbol represent expression of those genes in the
male line. Vertical bars represent medians. Letters to the right indicate significant differences with an a = 0.05
calculated by a Kruskal-Wallis analysis followed by Dunn’s multiple comparison test. (B,C) To test if nos-GAL4-
tubulin and nos-GAL4:VP16 generate different levels of gene expression, (B) cifAwme and (C) cifBwmel fold expression
difference relative to the Drosophila housekeeping gene rp49 in male abdomens under the two drivers was measured
using qPCR. Males tested for gene expression were the same used in the hatch rate experiment in A. Letters above
indicate significant differences with an o = 0.05 calculated by a Mann-Whitney U test.

Next, we tested the hypothesis that differences in the penetrance of transgenic CI between
the two drivers are due to differences in the strength of expression. To assess this, we used gPCR
to measure the gene expression of cifAwmer and cifBwwer under the two drivers relative to a
Drosophila housekeeping gene (rp49) in male abdomens (Figure 1V-2b, c). Fold differences in
RNA transcripts of cifAwver relative to rp49 reveal nos-GAL4-tubulin (Mdn = 0.0098; IQR =
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0.0082-0.122) drives significantly stronger and more variable cifAwwvel expression relative to nos-
GAL4:VP16 (Mdn = 0.0075; IQR = 0.0064-0.0090) (p = 0.016, MWU, Figure 1\VV-2b). The same
is true for cifBwmer expression where nos-GAL4-tubulin (Mdn = 0.022; IQR = 0.0165- 0.0265)
drives significantly stronger cifBwwmer expression than nos-GAL4:VVP16 (Mdn = 0.0168; IQR =
0.0135-0.0179) (p = 0.02, MWU, Figure IV-2c). Moreover, while cifAwmel and cifBwmel eXpression
significantly correlate with each other under both nos-GAL4-tubulin (R2 = 0.85; p <0.0001) and
nos-GAL4:VP16 (R2=0.75; p <0.0001; Figure C-1a), neither cifAwmer (R2 =0.02; p = 0.62; Figure
C-1b) nor cifBwMel (R2 = 0.04; p = 0.48; Figure C-1c) expression levels under the nos-GAL4-
tubulin driver correlate with the strength of Cl measured via hatch rates. Notably, CifBumel is
consistently more highly expressed than cifAwmer Within the same line (Figure C-1a). We predict
that expression differences are due to either differences in transgenic insertion sites or more rapid
degradation of cifAwwmer relative to cifBwwvel. Taken together, these results suggest that an increase
in Cl penetrance in these crosses is not positively associated with higher transgene transcript

abundance from different drivers.

Optimizing transgenic rescue.

cifAwvel expression under the maternal triple driver (MTD) in uninfected females can
rescue Cl induced by a wild type infection (Shropshire et al., 2018). MTD is comprised of three
drivers in the same line: nos-GALA4-tubulin, nos-GAL4:VP16, and otu-GAL4:VP16 (Ni et al.,
2011). We previously reported that cifAwwer expression under the nos-GAL4-tubulin driver alone
is rescue-incapable (Shropshire et al., 2018). Here, we test if cifAwmver expression under either of
the other components of the MTD driver independently recapitulate rescue of wMel CI. Hatch rate
experiments indicate that CI is strong and expectedly not rescued when an infected male mates
with a non-transgenic female whose genotype is otherwise nos-GAL4:VP16 (Mdn = 0.0%; IQR =
0.0-0.0%) or otu-GAL4:VP16 (Mdn = 0.0%; IQR = 0.0-0.0%) (Figure IV-3a). Transgenic
expression of cifAwwel in uninfected females under either of the two drivers rescues Cl induced by
wMel. However, rescue is significantly weaker under cifAwmer expression with the otu-GAL4:VP16
driver (Mdn = 70.4%; IQR = 0.0-90.45%) as compared to the nos-GAL4:VP16 driver (Mdn =
94.2%; IQR = 83.3-97.1%; p = 0.0491) which produced strong transgenic rescue (Figure 1V-3a).
Gene expression analysis of cifAwwel relative to rp49 in the abdomens of uninfected females reveals
that nos-GAL4: VP16 expresses CifAwmer significantly higher (Mdn = 1.08; p < 0.0001) than otu-
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GAL4:VP16 (Mdn = 0.03) (Figure IV-3b), suggesting that high expression in females may
underpin the ability to rescue. Alternatively, nos-GAL4:VP16 and otu-GAL4:VP16 are known to
express GALA4 at different times in oogenesis, with the former in all egg chambers and the latter

in late stage egg chambers (Ni et al., 2011).
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Figure 1V-3. cifAwvel can induce strong rescue when expressed in uninfected females under the nos-
GAL4:VP16 driver.

(A) Two different driver lines, nos-GAL4:VVP16 (green; top) and otu-GAL4:VP16 (pink; bottom), were tested for their
ability to rescue wMel induced CI. Filled sex symbols represent infection with wMel Wolbachia, and gene names to
the right of a symbol represent expression of those genes in the corresponding sex of that cross. Vertical bars represent
medians. Letters to the right indicate significant differences with an o = 0.05 calculated by a Kruskal-Wallis analysis
followed by Dunn’s multiple comparison test. (B) To test if nos-GAL4-tubulin and nos- GAL4:VP16 generate
different levels of RNA expression, cifAwme fold expression difference relative to the Drosophila housekeeping gene
rp49 in male abdomens under the two drivers was measured using qPCR. Females tested for gene expression were
the same used in the hatch rate experiment in A. Letters above indicate significant differences with an a = 0.05
calculated by a Mann-Whitney U test.

The Two-by-One model of CI.

With the transgenic expression system optimized for both transgenic CI and rescue, we
then tested the hypothesis that the Two-by-One model can be synthetically recapitulated by dual
cifAwwmel and cifBwmel expression in uninfected males to cause Cl and single cifAwwvel expression in
uninfected females to rescue that transgenic Cl. Indeed, dual cifAwme and cifBwwel €xpression in
uninfected males causes hatch rates comparable to wild type Cl (Mdn = 0.0%; IQR = 0.0%-2.55;
p > 0.99) (Figure IV-4). Transgenic CI cannot be rescued by single cifBwmer expression in
uninfected females (Mdn = 1.25%; IQR = 0.0-3.35%). Transgenic Cl can be rescued by single
cifAwmer expression (Mdn = 98.6%; IQR = 97.35-100%; p = 0.41) or dual cifAwver and cifBwmel
expression (Mdn = 96.7%; IQR = 88.3-98.2%; p > 0.99) to levels comparable to rescue from a
wild type infection (Mdn = 95.6%; IQR = 92.5-97.4%). In addition, cifAwwel rescues a wild type
infection at comparable levels to wild type rescue (Mdn = 96.6%; IQR = 93.5-98.85%; p > 0.99).
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These data provide strong evidence for the Two-by-One model in wMel infected D. melanogaster,
namely that Cl induced by transgenic dual cifAwmel and cifBwwer expression is sufficient to induce

strong Cl, and that cifAwwer alone is sufficient to rescue it.
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Figure 1V-4. Cl and rescue can be synthetically recapitulated under transgenic expression in the absence of
Wolbachia.

Single cifAwme and dual cifAwmve and cifBwve expression under nos-GAL4:VP16 in uninfected females (open circles)
were tested for their ability to rescue transgenic Cl under the same driver in uninfected males. Filled sex symbols
represent infection with wMel Wolbachia, and gene names beside a symbol represent expression of those genes in the
corresponding sex of that cross. Vertical bars represent medians. Letters to the right indicate significant differences
with an a = 0.05 calculated by a Kruskal-Wallis analysis followed by Dunn’s multiple comparison test.

Next we reevaluated if single cifAwwel or CifBumel expression under the more potent nos-
GAL4:VP16 driver in uninfected males can recapitulate Cl. Hatch rates indicate that dual CifAwwel
and cifBwwmel expression induces strong transgenic CI (Mdn = 0.0%; IQR = 0.0-1.15%) that can be
rescued by a wild type infection (Mdn = 93.8%; IQR = 88.2-97.4%), whereas single expression
of cifAwmer (Mdn = 96.1%; IQR = 97.78-98.55%; p < 0.0001) or cifBwwmel (Mdn = 92.85%; IQR =
84.28-96.4%; p < 0.0001) failed once again to produce embryonic hatching comparable to
expressing both genes together (Figure 1V-5). In one replicate experiment, we note a statistically
insignificant (p = 0.182) decrease in hatching under cifBwmel expression relative to wild type rescue
cross. Thus, both cifAwmer and cifBwmer are required for strong Cl. Together, these and earlier results
validate the Two-by-One model of CI in wMel whereby cifAwver and cifBwmer €Xpression are

required and sufficient for strong ClI, while cifAwver expression is sufficient to rescue it.
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Figure 1V-5. Neither cifAwvel or cifBumel alone can induce Cl when expressed under nos-GAL4:VVP16.

cifAwmer and cifBumel Were tested for their ability to induce CI individually under nos-GAL4:VVP16 expression in
uninfected males (open circles). Filled sex symbols represent infection with wMel Wolbachia and gene names to the
right of a symbol represent expression of those genes in the corresponding sex of that cross. Vertical bars represent
medians. Letters to the right indicate significant differences with an o = 0.05 calculated by a Kruskal-Wallis analysis
followed by Dunn’s multiple comparison test.

Discussion

Cl is the most common form of Wolbachia-induced reproductive parasitism and is
currently at the forefront of vector control efforts to curb transmission of dengue, Zika, and other
arthropod-borne human pathogens (Caragata et al., 2016; Huang et al., 2018; Hughes et al., 2011;
O’Connor et al., 2012; O’Neill, 2018; Schmidt et al., 2017). Two prophage WO genes from wMel
Wolbachia cause CI (cifAwwmel and cifBwwmel) and one rescues wild type CI (cifAwwver) (LePage et al.,
2017; Shropshire et al., 2018), supporting the proposal of a Two-by-One model for the genetic
basis of CI (Shropshire et al., 2018). However, dual transgenic expression of cifAwwvel and cifBwwel
recapitulates only weak and highly variable ClI as compared to Cl induced by a wild type infection
(LePage et al., 2017). In addition, the Two-by-One model predicts that both CI and rescue can be
synthetically recapitulated by dual cifAwmer and cifBwwmer expression in uninfected males and
cifAwmer expression in uninfected females. Here we optimized the transgenic system for CI and
rescue by these genes, further validated the necessity of expressing both cifAwmel and cifBuwwmer for
Cl, and synthetically recapitulated the Two-by-One model for CI with transgenics in the absence
of Wolbachia.

Cl induced by wMel Wolbachia can be highly variable and correlates with numerous

factors including Wolbachia density (Bourtzis et al., 1996), cifAwvel and cifBwmel expression levels
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(LePage et al., 2017), host age (Awrahman et al., 2014; Reynolds et al., 2003; Reynolds and
Hoffmann, 2002), mating rate (Awrahman et al., 2014), rearing density (Yamada et al., 2007),
development time (Yamada et al., 2007), and host genetic factors (Cooper et al., 2017; Jaenike,
2007; Poinsot et al., 1998; Reynolds and Hoffmann, 2002). Some of these factors, such as age, are
known to also correlate with the level of cifwwve gene expression (LePage et al., 2017). As such, we
hypothesized that prior reports of weakened transgenic CI could be explained by low levels of
transgenic cifAwmer and cifBwmer expression in male testes (LePage et al., 2017).

Indeed, strong CI with a median of 0% embryonic hatching was induced when both cifAwmel
and cifBwver Were expressed under the nos-GAL4:VP16 driver. However, contrary to our
expectations, nos-GAL4:VP16 generates significantly weaker cifAwve and cifBwwel expression
than the nos-GAL4-tubulin driver previously used to recapitulate weak CI (LePage et al., 2017).
Thus, the expression data conflict with previous reports in mammalian cells wherein the
GAL4:VP16 fusion protein is a more potent transcriptional activator than GAL4 (Sadowski et al.,
1988). Other differences between the two driver constructs may explain phenotypic differences,
including the presence of different 3> UTRs that may contribute to differences in transcript
localization (Ni et al., 2011). While it remains possible, though unlikely, that other Wolbachia or
phage WO genes may contribute to ClI, the induction of near complete embryonic lethality
confirms that cifAwver and cifBwmer are sufficient to transgenically induce strong CI and do not
require other Wolbachia or phage WO genes to do so. Moreover, comparative multi-omics
demonstrated that cifA and cifB are the only two genes strictly associated with CI capability
(LePage et al., 2017).

We previously recapitulated transgenic rescue of wMel-induced CI by expression of
cifAwwmel under the Maternal Triple Driver (MTD) (Shropshire et al., 2018), which is comprised of
three independent drivers (Ni et al., 2011). Expression of cifAwmel using one of the MTD drivers in
flies was previously shown to be rescue-incapable (Shropshire et al., 2018); the other drivers had
not been evaluated. Here, we tested the hypothesis that expression of cifAwmer using either of the
two remaining drivers is sufficient to rescue Cl, and we found that cifAwmer expression under both
driver lines recapitulates rescue, but at different strengths. Indeed, rescue is strongest when CifAwmel
transgene expression is highest. These data are consistent with reports that cifAwmel is a highly
expressed gene in transcriptomes of wMel-infected females (Gutzwiller et al., 2015) and the

hypothesis that rescue capability is largely determined by the strength of cifAwmer expression in
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ovaries (Shropshire et al., 2018). These results combined with those for transgenic expression of
CI now establish a robust set of methods for future studies of transgene-induced CI and rescue in
the D. melanogaster model.

The central prediction of the Two-by-One model is that transgenic CI can be synthetically
rescued in the absence of Wolbachia through dual cifA and cifB expression in uninfected males
and cifA expression in uninfected females. Here, we explicitly validate the model that two genes
are required in males to cause ClI, and one in females is required to rescue it using wMel cif gene
variants. However, to confirm that the optimized expression system does not influence the ability
of cifAwmer or cifBwMel alone to induce CI, we singly expressed them with the improved driver
and found that embryonic hatching does not statistically differ from compatible crosses. Coupled
with prior data in wMel (LePage et al., 2017; Shropshire et al., 2018), these results strongly support
the Two-by-One genetic model whereby dual cifAwmer and cifBwwer €xpression is required in the
testes to cause a sperm modification that can then be rescued by cifAwmel expression in the ovaries
(Figure 1V-6).

oL
® O

Rescue

Figure 1V-6. The Two-by-One model of CI.

The Two-by-One genetic model of CI explains that cifA and cifB dual expression in uninfected males is necessary for
embryonic lethality (CI; skull) when crossed to uninfected and nonexpressing females. However, females expressing
cifA can rescue CI in their offspring (rescue; open circle). Skull art is from vecteezy.com.

While the genetic basis of unidirectional Cl appears resolved, it remains unclear how
cifAwmer and cifBwmer functionally operate to generate these phenotypes. Numerous mechanistic
models have been proposed over the last two decades (Beckmann et al., 2019a; Bossan et al., 2011,
Ferree and Sullivan, 2006; Landmann et al., 2009; Poinsot et al., 2003; Shropshire et al., 2019;
Tram and Sullivan, 2002). We can broadly summarize these models into either host-modification
(HM) (Shropshire et al., 2019) or toxin-antidote (TA) (Beckmann et al., 2019a) models. HM

62



models suggest that Cl-inducing factors modify host products in such a way that would be lethal
unless they are later reversed by rescue factors (Bossan et al., 2011; Ferree and Sullivan, 2006;
Landmann et al., 2009; Poinsot et al., 2003; Shropshire et al., 2019; Tram and Sullivan, 2002).
Conversely, TA models state that the Cl-inducing factor is toxic to the developing embryo unless
it is crucially bound to a cognate antidote provided by the female (Beckmann et al., 2017, 2019a;
Shropshire et al., 2019). There are numerous lines of evidence in support of both sets of hypotheses
and while the Two-by-One genetic model does not explicitly support or favor one set of models
over the other, it can be used to generate hypotheses related to the mechanism of CI.

HM models (Shropshire et al., 2019) predict that CI factors directly interact with host
products in the testes, modify them, and are displaced. These modifications travel with the sperm,
in the absence of pronuclei are delayed in the first mitosis during embryonic development in Cl
crosses (Callaini et al., 1997; Ferree and Sullivan, 2006; Tram et al., 2006). Since the first mitosis
is initiated when the female pronucleus has developed, the delay of the male pronuclei leads to
cytological defects (Tram and Sullivan, 2002). It is thus proposed that rescue occurs through
resynchronization of the first mitosis by comparably delaying the female pronucleus (Ferree and
Sullivan, 2006; Tram and Sullivan, 2002). The Goalkeeper model expands the mistiming model
to propose that the strength of the delay is what drives incompatibility between different
Wolbachia strains (Bossan et al., 2011). There are numerous hypotheses to explain the role of the
Cif products in these kinds of models. One such hypothesis would be that CifA is responsible for
pronuclear delay, thus capable of delaying both the male and female pronuclei, but it requires CifB
to properly interact with testis-associated targets. This hypothesis may predict that CifB acts to
either protect CifA from ubiquitin tagging and degradation, localize it to a host target, or bind CifA
to elicit a conformational change required for interacting with male-specific targets. Alternatively,
Cl-affected embryos express defective paternal histone deposition, protamine development,
delayed nuclear breakdown, and delays in replication machinery (Callaini et al., 1997; Ferree and
Sullivan, 2006; Landmann et al., 2009; Lassy and Karr, 1996; Serbus et al., 2008; Tram et al.,
2006; Tram and Sullivan, 2002). Any of these factors could be explained by modifications
occurring from HM-type interactions between Cif and host products.

TA models (Beckmann et al., 2019a) contrast to HM models and require that the CI toxin
transfers with or in the sperm and directly binds to a female-derived antidote in the embryo. If the

antidote is absent, the CI toxin would induce cytological embryonic defects (Callaini et al., 1997,
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Ferree and Sullivan, 2006; Landmann et al., 2009; Lassy and Karr, 1996; LePage et al., 2017,
Serbus et al., 2008; Tram et al., 2006; Tram and Sullivan, 2002). There is mixed evidence in
support of this model. First, mass spectometry and SDS-PAGE analyses in Culex pipiens reveal
that CifAwrip peptides are present in female spermatheca after mating, suggesting CifAwpip iS
transferred with or in the sperm (Beckmann and Fallon, 2013). CifBwrip Wwas not detected in these
analyses, curiously suggesting that the CifB toxin was not transferred (Beckmann and Fallon,
2013). These results are inconsistent with the TA model, but the lack of transferred CifB may
occur because cifB gene expression is up to nine-fold lower than that of cifA (Gutzwiller et al.,
2015), and the concentration may have been too low to be observed via these methods. Second,
CifA and CifB bind in vitro (Beckmann et al., 2017). However, it remains unclear if CifA-CifB
binding enables rescue since this binding has no impact on known enzymatic activities of CifB
(Beckmann et al., 2017). While the Two-by-One model does not explicitly support or reject the
TA model, it does further inform it. Most intriguing is to understand how CifA acts as a contributor
to Cl when expressed in testes and as a rescue factor when expressed in ovaries. One hypothesis
is that CifA and CifB bind to form a toxin complex that is later directly inhibited by female derived
CifA (Shropshire et al., 2019, 2018). The difference in function between these two environments
could be explained by post-translational modification and/or differential localization of CifA in
testes and embryos (Shropshire et al., 2019, 2018). Alternatively, CifB may be the primary toxin,
but is incapable of inducing CI unless a CifA antidote is present in both the testes and the ovaries
(Beckmann et al., 2019a). This hypothesis predicts that male-derived CifA rapidly degrades,
leaving CifB with or in the sperm. On its own, CifB would induce lethal cytological embryonic
defects (Ferree and Sullivan, 2006; Landmann et al., 2009; Poinsot et al., 2003; Tram and Sullivan,
2002) unless provided with a fresh supply of CifA from the embryo.

It has been suggested that divergence in Cl and rescue factors causes the incipient evolution
of reciprocal incompatibility, or bidirectional ClI, between different Wolbachia strains (Bonneau
et al., 2018a; Charlat et al., 2001; LePage et al., 2017; Shropshire et al., 2018). Here, we review a
non-exhaustive set of hypotheses that we previously proposed to explain the emergence of
bidirectional Cl and are consistent with the Two-by-One model (Shropshire et al., 2018). First, the
simplest explanation for CifA’s role in both CI and rescue is that it has similar functional effects
in both testes/sperm and ovaries/embryos. Thus, instead of requiring a separate mutation for Cl

and another for rescue (Charlat et al., 2001), bidirectional ClI may emerge from a single CifA
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mutation that causes incompatibility against the ancestral strain while maintaining
selfcompatibility. Second, CifA in testes and ovaries may also have different functions,
localizations, or posttranslational modifications that contribute to CI and rescue. If this occurs, or
if CifB is also an incompatibility factor, the evolution of bidirectional Cl may require two or more
mutations, and the strain may pass through an intermediate phenotype wherein it becomes
unidirectionally incompatible with the ancestral variant or loses the capability to induce either CI
or rescue before becoming bidirectionally incompatible with the ancestral variant. In fact, some
Wolbachia strains are incapable of inducing CI but capable of rescuing Cl induced by other strains
(Bourtzis et al., 1998), and some can induce CI but cannot be rescued (Zabalou et al., 2008).
Furthermore, sequence variation in both cifA and cifB from Wolbachia strains in Drosophila
(LePage et al., 2017) and in small regions among strains of wPip Wolbachia (Bonneau et al.,
2018a) have been correlated to incompatibility, suggesting that variation in both genes influence
incompatibility.

Additionally, it remains possible that significant divergence in cifA, cifB, or both may be
necessary to generate new phenotypes. Indeed, comparative genomic analyses reveal high levels
of amino acid divergence in CifA and CifB that correlates with incompatibility between strains
(LePage et al., 2017; Lindsey et al., 2018b). Moreover, some Wolbachia strains harbor numerous
phage WO variants, each with their own, often divergent, cif genes, and the presence of multiple
variants likewise correlates with incompatibility (Bonneau et al., 2018a; LePage et al., 2017;
Lindsey et al., 2018a). Thus, horizontal transfer of phage WO (Bordenstein and Bordenstein, 2016;
Chafee et al., 2010; Kent et al., 2011; G. H. Wang et al., 2016b, 2016a; N. Wang et al., 2016) can
in theory rapidly introduce new compatibility relationships, and duplication of phage WO regions,
or specifically cif genes, in the same Wolbachia genome may relax the selective pressure on the
cif genes and enable their divergence. Determining which of the aforementioned models best
explains the evolution of incompatibilities between Wolbachia strains will be assisted by
additional sequencing studies to identify incompatible strains with closely related cif variants.

The genetic bases of numerous gene drives have been elucidated in plants (Yang et al.,
2012), fungi (Grognet et al., 2014; Hammond et al., 2012; Hu et al., 2017; Nuckolls et al., 2017),
and nematodes (Ben-David et al., 2017; Seidel et al., 2011). Some gene drives have also been
artificially replicated with transgenic constructs (Akbari et al., 2014, 2013; Chen et al., 2007).
However, to our knowledge, the synthetic replication of the Two-by-One model of CI represents

65



the first instance that a gene drive has been constructed by engineering eukaryotic reproduction to
depend on phage proteins. Additionally, vector control programs using Wolbachia rely on their
ability to suppress pathogens such as Zika and dengue viruses, reduce the size of vector
populations, and spread Wolbachia into a host population via ClI and rescue. However, there are
limitations to these approaches. Most critically, not all pathogens are inhibited by Wolbachia
infection and some are enhanced, such as West Nile Virus in Culex tarsalis infected with wAIbB
Wolbachia (Dodson et al., 2014). Additionally, it requires substantial effort to establish a
Wolbachia transinfection in a target non-native species (Hughes and Rasgon, 2014) that could be
obviated in genetically tractable vectors utilizing transgenic gene drives.

The complete synthetic replication of Cl and rescue via the Two-by-One model represents
a step towards transgenically using the cif genes in vector control efforts. The separation of Cl
mechanism from Wolbachia infection could theoretically expand CI’s utility to spread ‘payload’
genes that reduce the vectoral capacity of their hosts (Champer et al., 2016) into a vector population
by, for instance, expressing the Cl genes and the payload gene polycistronically under the same
promoter in the vector’s nuclear or mitochondrial genomes. Moreover, these synthetic constructs
have potential to increase the efficiency of Wolbachia-induced CI if they are transformed directly
into Wolbachia genomes. For these efforts to be successful, considerable work is necessary to (i)
generate a constitutively expressing cif gene drive that does not require GAL4 to operate, (ii)
understand the spread dynamics of transgenic CI, (iii) characterize the impact of cif transgenic
expression on insect fitness relative to wild vectors, (iv) generate and test effective payload genes
in combination with cif drive, (v) explore and optimize the efficacy of cif drive in vector competent
hosts such as mosquitoes, (vi) assess the impact of host factors on cif drive across age and
development, (vii) compare the efficacy of a cif gene drive to other comparable technologies
(CRISPR, homing drive, Medea, etc), in addition to numerous other lines of study. For example,
while a substantial body of literature exists to describe the spread dynamics of CI (Hoffmann et
al., 1990; Jansen et al., 2008; Rasgon, 2008; Turelli, 1994; Turelli et al., 2018b; Turelli and Barton,
2017), none yet describe how the Two-by-One model would translate into nuclear or mitochondrial
spread dynamics in the absence of Wolbachia. As such, this study represents an early proof of
concept that these genes alone are capable of biasing offspring survival in favor of flies expressing
these genes under strictly controlled conditions, and should motivate additional study towards its

application in vector control.
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The generality of the Two-by-One model remains to be tested because it may be specific
to certain strains of Wolbachia and/or phage haplotypes. For instance, transgenic expression of
cifBwpip from C. pipiens in yeast yields temperature sensitive lethality that can be rescued by dual-
expression of cifAwpip and cifBwrip (Beckmann et al., 2017). Moreover, attempts to generate a
cifBwrip transgenic line failed, possibly due to generalized toxicity from leaky expression
(Beckmann et al., 2017). Therefore, cifBwpip alone could in theory cause Cl. However, this model
has not been explicitly tested, it has not been explained how cifAwpip and cifBwpip dual-expression
induces CI in transgenic Drosophila but prevents Cl in yeast, and transgenic wPip CI has not been
rescued in an insect. As such, it remains possible that cifBwpip lethality could be explained by
artefactual toxicity of overexpression or toxic expression in a heterologous system. Thus,
confirmation of an alternative model for CI in wPip is precluded by lack of evidence that cifBupip
alone can induce rescuable lethality in an insect. Since cifBwpip transgenic UAS constructs have
not been generated due to toxicity from leaky expression, alternative PhiC31 landing sites or
expression systems (i.e., the Q System) could prove valuable in addressing these questions.

Finally, these results further validate the importance of cifAwmer as an essential component
of ClI and underscore a community need to unify the nomenclature of the CI genes. When the CI
genes were first reported, they were described as both CI factors (cif) and as CI deubiquitilases
(cid), both of which are actively utilized in the literature. The cif nomenclature was proposed as a
cautious naming strategy agnostic to the varied biochemical functions to be discovered, whereas
the cid nomenclature was proposed based on the finding that the B protein is in part an in vitro
deubiquitilase that, when ablated, inhibits Cl-like induction (Beckmann et al., 2017; LePage et al.,
2017). A recent nomenclature proposal suggested that the cif gene family name be used as an
umbrella label to describe all Cl-associated factors whereas cidA and cidB would be used to
describe the specific genes (Beckmann et al., 2019a). However, we do not agree with this
nomenclature revision despite the appeal of combining the two nomenclatures. CifA protein is not
a putative deubiquitilase (Lindsey et al., 2018b), does not influence deubiquitilase activity of CifB
(Beckmann et al., 2017), functions independently to rescue CI (Shropshire et al., 2018) and, as
emphasized by the work in this study, is necessary for Cl induction and rescue. The competing
nomenclature presumes that it is appropriate to name the A protein cid because it could be
expressed in an operon with the B protein. However, the evidence for the operon status of the

genes is weak, and more work is needed to describe the regulatory control of these genes before
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they can be categorized as an operon (Shropshire et al., 2019). Moreover, distant homologs that
cluster into distinct phylogenetic groups are proposed to be named CI nucleases (cin) (Beckmann
etal., 2017) yet the merger of these two groups into one name lacks phylogenetic rationality as the
two lineages are as markedly divergent from each other as they are from cid (Shropshire et al.,
2019). In addition, none of these distant homologs have been functionally characterized as Cl
genes (LePage et al., 2017; Lindsey et al., 2018b). As such, it is more appropriate to call these
genes “Cif-like” to reflect their homology and unknown phenotypes. Thus, the holistic and
conservative cif nomenclature with Types (e.g., I-1V) used to delineate phylogenetic clades is
appropriately warranted in utilizing and unifying CI gene naming.

In conclusion, the results presented here support that both cifAwmer and cifBwvel phage genes
are necessary and sufficient to induce strong ClI. In addition, cifAwwmel iS the only gene necessary
for rescue of either transgenic or wild type wMel CI. These results confirm the Two-by-One model
of CI in wMel Wolbachia and phage WO with implications for the mechanism of CI and for the
diversity of incompatibility between strains, and they provide additional context for understanding
Cl currently deployed in vector control efforts. The synthetic replication of CI in the absence of
Wolbachia marks an early step in developing CI as a tool for genetic and mechanistic studies in
D. melanogaster and for vector control efforts that may drive payload genes into vector competent

populations.

Materials and methods

Fly rearing and strains.

D. melanogaster stocks yw* (BDSC 1495), nos-GAL4-tubulin (BDSC 4442), nos-
GAL4:VP16 (BDSC 4937), otu-GAL4:VP16 (BDSC 58424), and UAS transgenic lines
homozygous for cifA, cifB, and cifA;B (LePage et al., 2017) were maintained at 12:12 light:dark
at 25°C and 70% relative humidity (RH) on 50 ml of a standard media. cifA insertion was
performed with y*M{vas-int.Dm}ZH-2A w*; P{CaryP}attP40 and cifB insertion was performed
with y'w67¢23; P{CaryP}attP2, as previously described (LePage et al., 2017). UAS transgenic
lines and nos-GAL4:VVP16 were uninfected whereas nos-GAL4-tubulin and otu-GAL4:VVP16 lines
were infected with wMel Wolbachia. Uninfected versions of infected lines were produced through

tetracycline treatment as previously described (LePage et al., 2017). WolbF and WolbR3 primers
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were regularly used to confirm infection status (LePage et al., 2017). Stocks for virgin collections

were stored at 18°C overnight to slow eclosion rate, and virgin flies were kept at room temperature.

Hatch rate assays.

To test for CI, hatch rate assays were used as previously described (LePage et al., 2017;
Shropshire et al., 2018). Briefly, GAL4 adult females were aged 9-11 days post eclosion and mated
with UAS males. Age controlled GAL4-UAS males and females were paired in 8 oz bottles affixed
with a grape-juice agar plate smeared with yeast affixed to the opening with tape. 0-48 hour old
males were used since CI strength rapidly declines with male age (Awrahman et al., 2014;
Reynolds and Hoffmann, 2002). The flies and bottles were stored at 25°C for 24 h at which time
the plates were replaced with freshly smeared plates and again stored for 24 h. Plates were then
removed and the number of embryos on each plate were counted and stored at 25°C. After 30 h
the remaining unhatched embryos were counted. The percent of embryos hatched into larvae was
calculated by dividing the number of hatched embryos by the initial embryo count and multiplying
by 100.

Expression analyses.

To assay transgenic RNA expression levels under the various gene drive systems, transgene
expressing flies from hatch rates were immediately collected and frozen at -80°C for downstream
application as previously described (Shropshire et al., 2018). In brief, abdomens were dissected,
RNA was extracted using the Direct-zol RNA MiniPrep Kit (Zymo), the DNA-free kit (Ambion,
Life Technologies) was then used to remove DNA contamination, and cDNA was generated with
SuperScript VILO (Invitrogen). Quantitative PCR was performed on a Bio-Rad CFX-96 Real-
Time System in duplicate using iTaq Universal SYBR Green Supermix (Bio-Rad) using the
cifA_opt and rp49 forward and reverse primers as previously described (Shropshire et al., 2018).
Samples with a standard deviation >0.3 between duplicates were excluded from analysis. Fold
expression of CifA relative to rp49 was determined with 2724, Each expression study was

conducted once.
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Statistical analyses.

All statistical analyses were conducted in GraphPad Prism (Prism 8). Hatch rate statistical
comparisons were made using Kruskal-Wallis followed by a Dunn’s multiple comparison test. A
Mann-Whitney-U was used for statistical comparison of RNA fold expression. A linear regression
was used to assess correlations between hatch rate and expression. All p-values are reported in
Table C-1.
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Chapter V.

Cif genotypes and cytoplasmic incompatibility phenotypes: impacts on strain

(in)compatibilities and penetrance

Abstract

Wolbachia are maternally-transmitted, intracellular bacteria that occur in roughly half of
arthropod species. Within species, Wolbachia often rapidly spread through populations via a
selfish drive system termed cytoplasmic incompatibility (CI). According to the Two-by-One
genetic model of CI, offspring die as embryos when males dually expressing prophage WO genes
cifA and cifB are crossed with uninfected females or females harboring an incompatible Wolbachia
strain. However, females with a compatible strain expressing cifA rescue embryos from CI. Thus,
CI mediated by cif genes confers a relative fitness advantage to females that transmit Wolbachia
and phage WO. However, the genetic determinants of (in)compatibilities between Wolbachia
strains and CI level variation remain unknown. cifA and cifB sequences diverged into at least 5
distinct phylogenetic clades referred to as Types 1 - 5. Here, we engineer Drosophila melanogaster
to transgenically express cognate and non-cognate pairs of Type 1 and 2 cif variants and assess
their Cl and rescue potential. The combinatorial approach reveals that a resident cognate cif pair
in D. melanogaster causes strong Cl, but cognate cif pairs from Type 1 and Type 2 homologs from
other Drosophila species cause weak transgenic Cl. We take advantage of this variation in
transgenic Cl levels to explicitly link variation in the more rapidly evolving cifB sequence to weak
transgenic Cl, and determine that all Type 1 cifA sequences evaluated can contribute to strong
transgenic Cl and interchangeable rescue despite their evolutionary divergence. However, while
we present the first evidence that Type 2 cifA and cifB can contribute to rescue and CI in cognate
and non-cognate pairings with Type 1 genes, they cause only weak reductions in hatching. Finally,
we find that Type 1 cifA can rescue Type 2 transgenic ClI, but the inverse is not compatible, thus
indicating a unidirectional CI between Type 1 and 2 cifs. Results add new support to the Two-by-
One genetic model of CI and reveal previously unrecognized relationships between cif genotype,
host genotype, and CI phenotype as it relates to transgenic CI levels and compatibility
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relationships. We discuss the relevance of these findings to evolutionary and mechanistic models

of the CI drive system.

Introduction

Wolbachia are the most common intracellular bacteria in animals, occurring in 40-65% of
arthropod species (Charlesworth et al., 2019; Hilgenboecker et al., 2008; Weinert et al., 2015; Zug
and Hammerstein, 2012). While often horizontally transmitted between species (Boyle et al., 1993;
Frydman et al., 2006; Gerth et al., 2013; Huigens et al., 2004; Tolley et al., 2019), vertical
transmission from mother to offspring predominates within species (Narita et al., 2009; Turelli and
Hoffmann, 1991). Wolbachia can increase their rate of spread through the matriline by causing
cytoplasmic incompatibility (CI), which results in embryonic death when Wolbachia-modified
sperm fertilize uninfected embryos or embryos carrying an incompatible Wolbachia strain (Yen
and Barr, 1973). Embryos with compatible Wolbachia are rescued from this lethality, yielding a
relative fitness advantage to Wolbachia-infected females that transmit Wolbachia to their offspring
(Hoffmann et al., 1990; Turelli, 1994; Turelli and Hoffmann, 1995). Cl-inducing Wolbachia are
at the forefront of vector control programs to reduce the spread of pathogenic RNA viruses,
including dengue and Zika, since CI can be used to either suppress mosquito population sizes
(Dobson et al., 2002; Lees et al., 2015; Nikolouli et al., 2018; O’Connor et al., 2012) or to replace
uninfected mosquito populations with mosquitoes infected with Wolbachia that block arbovirus
replication/transmission (Moretti et al., 2018; O’Neill, 2018). Moreover, CI can act as a
mechanism of incipient speciation by reducing gene flow between populations of different
infection states (Brucker and Bordenstein, 2012; Shropshire and Bordenstein, 2016), such as in
Nasonia wasps (Bordenstein et al., 2001) and Drosophila flies (Jaenike et al., 2006)

The genetic basis of CI is captured by the Two-by-One genetic model (Figure V-1A)
(Shropshire and Bordenstein, 2019). Two adjacent genes in the eukaryotic association module of
Wolbachia’s prophage WO cause Cl when expressed in males (cifA and cifB) (Beckmann et al.,
2017; Bordenstein and Bordenstein, 2016; Chen et al., 2019; LePage et al., 2017; Shropshire and
Bordenstein, 2019) and one gene expressed in females (cifA) rescues Cl (Chen et al., 2019;
Shropshire et al., 2018; Shropshire and Bordenstein, 2019). Singly expressing cifA or cifB does
not cause Cl (Beckmann et al., 2017; Chen et al., 2019; LePage et al., 2017; Shropshire and
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Bordenstein, 2019). The Two-by-One model has been validated using cif transgenes from the
wMel Wolbachia of D. melanogaster and is supported by transgenic expression of cifA and cifB
genes from wPip Wolbachia of Culex pipiens mosquitoes (Beckmann et al., 2017; Chen et al.,
2019; Shropshire and Bordenstein, 2019). Phylogenetic analysis of the cif genes reveals at least
five distinct clades designated Types 1 — 5 (Bing et al., 2020; LePage et al., 2017; Lindsey et al.,
2018). The only cif genes functionally validated to induce and rescue CI are those in Type 1
(Beckmann et al., 2017; LePage et al., 2017; Shropshire et al., 2018; Shropshire and Bordenstein,
2019) and Type 4 clades (Chen et al., 2019), leaving a considerable amount of phylogenetic
diversity untested.

ClI frequently manifests between arthropods infected with different Wolbachia strains.
Strains may be reciprocally incompatible (bidirectional CI), or only one of the two strains can
rescue the other’s sperm modification (unidirectional CI). The genetic basis of incompatibilities
between Wolbachia strains remains unknown but is hypothesized to be caused by divergence in
the gene(s) underpinning CI and rescue (Bonneau et al., 2018; Charlat et al., 2001; LePage et al.,
2017; Shropshire et al., 2018). Phylogenetic and sequence analyses of cif genes from incompatible
Wolbachia strains in Drosophila or Culex reveal that incompatible strains differ in genetic
relationship and/or copy number (Bonneau et al., 2019, 2018; LePage et al., 2017). Moreover,
since cifA is involved in both Cl-induction and rescue, a simple, single-step evolutionary model
for bidirectional CI can be hypothesized where potentially a single mutation in cifA leads to
incompatibility between the ancestral and derived variants while retaining compatibility with the
emergent variant (Shropshire et al., 2018). These studies and models suggest a correlation between
cif gene sequence variation (and perhaps copy number variation) with (in)compatibility
relationships between strains. However, these hypotheses have not been empirically tested.

Here, we test cif homologs for their ability to induce and rescue CI when transgenically
expressed in uninfected D. melanogaster. We focus on three strains of Cl-inducing Wolbachia:
wMel from D. melanogaster, wRec from D. recens, and wRi from D. simulans. wRec and wRi are
strong CI inducers that cause high degrees of embryonic death (Shoemaker et al., 1999; Turelli
and Hoffmann, 1991; Werren and Jaenike, 1995) and both have phylogenetic Type 1 cif genes
similar to wMel (LePage et al., 2017) (Figure V-1B). wRi also harbors phylogenetic Type 2 cif
genes highly diverged from wMel (LePage et al., 2017) (Figure V-1B). The wRi and wMel
Wolbachia are unidirectionally incompatible: wRi can rescue wMel-induced ClI, but wMel cannot
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rescue wRi-induced CI (Poinsot et al., 1998) (Figure V-1C). We hypothesize that both wRi’s Type
1 and 2 genes are functional, wRi can rescue wMel-induced CI because it has Type 1 genes
comparable to wMel, and wMel cannot rescue wRi because it does not have genes capable of
rescuing wRi’s Type 2 genes (LePage et al., 2017) (Figure V-1D). We also predict that wRec Type
1 genes cause Cl that is rescuable by the closely-related wMel genes (Figure V-1C, D). We discuss
our results in the context of evolutionary (co)divergence between cognate cifA and cifB genes,
mechanistic models of CI, the emergence of incompatibility phenotypes, and the role of host
background in CI expression.

A Q Q B Type1WMel
TOo] |

d Cl Rescue wRec
C wMel
wRec WwRi
wRi
D wMe
/ I \ Type 2
! cifwrifrz) R

j—ii irescuesii
j——eii i does not rescue ii —CifA — CifB

Figure V-1. Two-by-One model, Cif phylogeny, and predicted relationships between wMel, wRec, and wRi
strains and cif gene variants.

(A) The Two-by-One genetic model of Cl states that males expressing cifA;B cause CI that can be rescued by females
expressing cifA. This model is based on experimental evidence from transgenic experiments using the CI genes of
wMel (Shropshire and Bordenstein, 2019). (B) Schematic of the evolutionary relationships between CifA and CifB
proteins from wMel, wRec, and wRi (LePage et al., 2017). (C) Putative (in)compatibilities between wMel, wRec, and
WRi Wolbachia strains. Unidirectional Cl between wMel and wRi is expected based on crossing experiments after the
transinfection of wMel into D. simulans (Poinsot et al., 1998). Compatibility between wMel and wRec is based on the
prediction that strains with closely-related cif gene sequences would be compatible. (D) Predicted (in)compatibility
relationships between cif homologs from each of the three strains, based on phylogenetic Type and previously
published CI data (LePage et al., 2017; Shropshire et al., 2018). cif is purposely used here instead of cifA and cifB to
maintain an agnostic view that cifA in females may rescue potential cifA- and/or cifB-induced modifications expressed
in males. Lines between strains/genes indicate compatibility relationships. If the line ends in an arrowhead then the
strain/gene(s) at the beginning of the arrow can rescue CI caused by the strain/gene(s) the arrow points towards. If the
line ends in a circle then rescue is not expected. Skull art is modified from vecteezy.com with permissions.
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Results

To distinguish between different cifA and cifB genetic variants, we use a gene nomenclature
system that identifies the Wolbachia strain in subscript and the cif phylogenetic Type associated
with the variant in brackets (Shropshire et al., 2019). For instance, cif genes of the wMel strain
belong to the Type 1 clade and are referred to as cifAwmelrtyy and cifBwmelrryy. We test cif genetic
variants using the GAL4-UAS system (Duffy, 2002) to drive the germline expression of cif
transgenes in D. melanogaster males and females and evaluate their role in CI and rescue,
respectively. Since Cl manifests as embryonic death, we measure CI as the percentage of embryos
that hatch into larvae. All statistical comparisons within hatch rate experiments are relative to a
compatible control where CI caused by CifA;Bwweirt1; males is rescued by cifAwmelrr1y females, as
expected from prior transgenic studies (LePage et al., 2017; Shropshire et al., 2018; Shropshire
and Bordenstein, 2019). This cross is included in all experiments and will hereafter be referred to
as the “compatible control”. All transgenes are expressed in uninfected flies using the nos-
GAL4:VP16 driver previously shown to allow for strong Cl and rescue when driving the

expression of cifumelrryy transgenes (Shropshire and Bordenstein, 2019).

Do phylogenetic Type 1 cif genes from wRec transgenically induce and rescue CI?

wRec naturally occurs in D. recens and is a strong CI inducer that causes near-complete
embryonic death (Shoemaker et al., 1999; Werren and Jaenike, 1995). Genomic sequencing of the
wRec Wolbachia strain revealed it harbors a highly reduced prophage WO genome with retainment
of approximately a quarter of its genes (Metcalf et al., 2014). This reduced phage WO genome
helped narrow the list of candidate CI genes in an unbiased, multi-omics analysis of genes in wMel
Wolbachia (LePage et al., 2017). Relative to Cifwmerrr1yy genes, CifAwrecry has two amino acid
substitutions in unannotated regions: one prior to CifA’s putative DUF3243 and another after the
annotated STE domain (Figure V-2A). CifBurec[t1) has 13 amino acid changes that include a seven
amino acid extension on the N-terminus, four substitutions in the N-terminal unannotated region,
a single substitution in the first putative PD-(D/E)XK-like nuclease domain (hereafter PDDEXK),
and a stop codon that truncates 1032-1173 amino acids on the C-terminus of the protein (Figure
V-2A). All annotations are taken from a prior structural homology search using HHpred (Lindsey
et al., 2018). Since wRec causes strong Cl in D. recens (Shoemaker et al., 1999; Werren and
Jaenike, 1995), the wRec genome lacks other cif genes (Metcalf et al., 2014), and these variants
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are highly similar to cifumeirryy genes (Figure V-2A), we predicted that transgenic CifA;Burec[t1]
expression in uninfected males causes Cl, transgenic cifAwrect1] €Xpression in uninfected females
rescues that Cl, and that ClI induced by cifwrecrt1y transgenes are compatible with cCifwmelry

transgenes.
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Figure V-2. Schematics and functions of Cifwrec[T1) proteins transgenically expressed in D. melanogaster.

(A) Protein architecture of Cifuwmerr1yand Cifwrecrray (Lindsey et al., 2018). Substitutions inside schematics represent
sequence identity relative to the Cifwmerryy reference protein based on a pairwise MUSCLE alignment. Substitutions
marked with a circle above the protein schema are shared between Cifyrecr1; and Cifurirry proteins. Hatch rate analyses
testing (B) CifAwrecrr1], CifBwrecrr1y, and CifA;Bwrecrrag for Cl and rescue (N = 12-51 where each dot represents a clutch
of embryos from a single mating pair), (C) cifAwmelrriy;CifBurecrryy for Cl (N = 36-55), and (D) CifAwrecrray; CifBwmelrry
for CI (N = 27-58). Horizontal bars represent median embryonic hatching from single pair matings. Genotypes for
each cross are illustrated below the bars where the genes expressed in each sex are represented by colored circles.
Blue circles represent cifuverrray genes and green circles represent cifurecrryy genes. All flies were uninfected with
Wolbachia. Each hatch rate contains the combined data of two replicate experiments, each containing all crosses
shown. Asterisks above bars represent significant differences relative to a control transgenic rescue cross (denoted
Ctrl) with an o = 0.05 calculated by a Kruskal-Wallis analysis followed by Dunn’s multiple comparison test. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Replicate data was statistically comparable in all cases.
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Consistent with prior reports in D. melanogaster, cifA;Bwwmeityy €xpression in uninfected
males induces strong Cl and cifAwmerry uninfected females rescue that Cl (Figure V-2B)
(Shropshire and Bordenstein, 2019). Dual cognate expression of cifA;Bwrec[r1] in uninfected males
also reveals a small but statistically significant reduction in hatching (Mdn = 75.4% hatching; p <
0.0001; Figure V-2B), and cifAwrec[r1) females rescue this hatch rate reduction in a manner similar
to the compatible control cross (p > 0.99), suggesting that cifAwrec[T1] iS @ rescue gene, and weak
CifA;Bwrecrryy-induced Cl is rescuable (Figure VV-2B). Rescue did not occur when dual CifA;Bwrec[t1)
males were crossed with dual cifA;Bwrecrryy females (Mdn = 79.6% hatching; p = 0.0054),
signifying that cifBwrecrt1) may reduce cifAwrec1] rescue capacity in embryos, perhaps owing to
expression in the foreign D. melanogaster background. These data support the Two-by-One
genetic model of CI for wRec CI, namely that CifA;Bwrecrr1y induces weak Cl, and cifAwrec[r1) alone
rescues Cl in D. melanogaster.

We also tested if singly expressing CifAwrecrr OF CifBurecrra) Causes Cl. Since our previous
work demonstrated that CifAwmelrr1; and CifBwmeirtay do not induce Cl alone, we predicted that
neither CifAwrecrryy nor CifBwrecrr1y Would reduce hatching. Indeed, cifAwrecrryy males did not
statistically reduce hatching (p > 0.99). However, cifBwrec[r1] males caused near-complete lethality
of embryos (Mdn = 0% hatching; p < 0.0001), but it was not rescuable by crossing to CifAwrec[t1]
(Mdn = 0% hatching), cifA;Burecrt1; (Mdn = 0% hatching), cifAwwmeirtyy (Mdn = 0% hatching), or
wMel-infected (Mdn = 0% hatching) females (Figure V-2B; Figure D-1). We interpret the
CifBwrecry1-induced embryonic death to be a likely sterility artifact and not bona fide CI due to the
lack of rescue (Figure V-2B). Next, we aimed to determine if the cifBwrec[r1] artifact was associated
with cytological defects in early embryos (LePage et al., 2017) using a propidium iodide nucleotide
stain on RNAse treated 1-2hr old embryos. As anticipated, control cifA;Bwweirrzy males induce high
levels of embryonic defects when mated to uninfected females but few defects when mated to
CifAwmelrt1y Or CifA;Bwrecityy females owing to rescue (Figure D-2). Consistent with a sterility
artifact, single cifBwrec[r1y males had a high percentage of early mitotic failures and single puncta
indicative of unfertilized embryos or embryos undergoing mitotic failure in the first division that
are not rescuable (Figure D-2).

Next, we tested the hypothesis that transgenic CifA;Bwweirryy Cl is rescuable by cifAwrect1]
and vice versa. When cifA;Bwweirtyy males mate CifAwrecrr1y (p > 0.99) or CifA;Buwrecrr1y (p = 0.10)

females, hatching was statistically similar to the compatible control (Fig. 2B). These data indicate
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that ovarian expression of cifAwrecit1) can rescue cifA;Bwmeirryy Cl, and thus the two amino acid
changes in cifAwrec[Ty] are not sufficient to alter rescue between these phylogenetic Type 1 variants.
Similarly, hatching levels were relatively high when CcifA;Bwmeirriy males were crossed to
CifA;Buwrecryy females (Mdn = 84.4% hatching), suggesting that cifA;Bwrec[r1 females may partially
rescue CifA;Bwwmeirryy Cl relative to cifA females (Figure V-2B). However and curiously,
CifA;Bwrecrryy females appear unable to rescue Cl induced by cifA;Buwrecrt1y males relative to
CifAwrecTyy females (Figure V-2B). Thus, a firm conclusion cannot be made on whether or not
CifA;Bwrecrryy females can rescue cifA;Bwweirty Cl. Notably, full rescue occurs when cifA;Burec[t1)
males are mated to both CifAwrecrr1) and cifAwmelrr1y females (p > 0.99) relative to the compatible
control, suggesting that cifBwrecr1] hinders the ability of cifAwrecrTy] to rescue. Together, these data
indicate that cifAwmerrti) and CifAwrec[1] rescue the other strain’s transgenic CI, but females
expressing CifBwrecrryy along with cifAwrecrt1) hamper cifA-mediated rescue and/or artifactually
alters the fertility of expressing mothers or viability of resulting embryos, thus causing a reduction
in hatching.

Finally, since cifA;Bwrecrryy males induce weak CI relative to cifA;Bwmerrryy males, we
hypothesized that sequence variation in either cifAwrec[1] OF CifBwrect1) Underpins that variability.
We tested this hypothesis by engineering and dual expressing combinations of Cifwrec[r1] genes
with cifwmelry) genes. When CifAwwmel[t1);CifBwrecity males mate with uninfected females, we
observe a weak but statistically significant reduction in hatching relative to the compatible control
(Mdn = 77.6% hatching; p = 0.0008; Figure V-2C). Notably, this hatch rate reduction was
comparable to that of cognate CifA;Burecrtyy (Mdn = 75.4% hatching; Figure V-2B), and it was
likewise rescued when expressing males were crossed with cifAwmeirryy (p > 0.99) or CifAwrecrt1] (P
> 0.99) females (Figure V-2C). However, CifAwrec[T1];CifBwmeirte) males caused strong transgenic
CI (Mdn = 0% hatching; p < 0.0001) that was rescued by CifAwrecrt1; (Mdn = 97.1% hatching; p >
0.99) or cifAwmerrtiy (Mdn = 95.9% hatching; p > 0.99) females (Figure V-2D). Together, these data
demonstrate that non-cognate pairings between closely-related cifwmeirtyy and Cifwrecfryy are
interchangeable. They cause rescuable ClI, and sequence variation in cifB determines CI level

variability when cifwrecr1] transgenes are expressed in D. melanogaster.
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Do phylogenetic Type 1 cif genes from wRi transgenically induce and rescue CI?

wRi naturally infects D. simulans and is a strong CI inducer that can cause near complete
embryonic death in the lab and ~45% CI in the field (Carrington et al., 2011; Mouton et al., 2006;
Turelli and Hoffmann, 1995). On multiple occasions, wRi-like Wolbachia have been observed to
make rapid sweeps through D. simulans populations (Turelli et al., 2018; Turelli and Hoffmann,
1991). Genomic and phylogenetic analyses of wRi reveal two distinct cif gene pairs in the Type 1
and Type 2 clades (LePage et al., 2017; Lindsey et al., 2018), and crossing experiments revealed
unidirectional CI is caused between wMel- and wRi-infected D. simulans flies (Poinsot et al.,
1998). Here, we focus our attention on testing the cifuwrirryy genes for Cl and rescue and

(in)compatibility between the cifwmeirt1y and cifwrirr1y gene variants.
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Figure V-3. Schematics and functions of cifwrifr1) proteins transgenically expressed in D. melanogaster.

(A) Protein architecture of Cifwmerrry and Cifwrirryy (Lindsey et al., 2018). Substitutions inside schematics represent
sequence identity relative to the Cifumerry) reference protein based on a pairwise MUSCLE alignment. Substitutions
marked with a circle above the protein schema are shared between Cifwrecrry) and Cifurifray proteins. Hatch rate analyses
testing (B) CifAwrirray, CifBurirri:t2a], and CifA;Burirri;t2a1 for Cl and rescue (N = 26-44 where each dot represents a
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clutch of embryos from a single mating pair), (C) CcifAwmerry;CifBurirri;r2a1 for ClI (N = 32-56), and (D)
CifAwrirry;CifBwmerryy for CI (N = 27-47). Horizontal bars represent median embryonic hatching from single pair
matings. Genotypes for each cross are illustrated below the bars where the genes expressed in each sex are represented
by colored circles. Blue circles represent cifumeirri genes and orange circles represent cifwrirri; genes. All flies were
uninfected with Wolbachia. Each hatch rate contains the combined data of two replicate experiments, each containing
all crosses shown. Asterisks above bars represent significant differences relative to a control transgenic rescue cross
(denoted Ctrl) with an o = 0.05 calculated by a Kruskal-Wallis analysis followed by Dunn’s multiple comparison test.
*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Replicate data was statistically comparable in all cases.

Relative to CifAwmerrryy, CifAwriTy protein sequence length is identical and has five amino
acid substitutions in unannotated regions (Figure V-3A). One of these CifA amino acid
substitutions is also present in CifAwrecrr1). Relative to CifBwmelrryy, CifBurirryy has an in-frame
stop codon introduced at residue 213 in the 1173 amino acid long protein (Figure V-3A). Glimmer
3 predicts another protein begins with a valine start codon upstream of this stop codon at residue
229. Thus, we predicted that cifBwrirryy may yield two protein products: an N-terminal 212 amino
acid protein and a C-terminal 945 amino acid protein. We refer to the gene sequence yielding the
N-terminal peptide as cifBwriftz;ny @and the gene sequence yielding the C-terminal peptide as
CifBwrifr1:c). CifBuwrifti;ng has two amino acid substitutions, a seven amino acid N-terminal
extension, and an early stop codon relative to CifBwmeiry. In this region, CifBwrec[r1) has the same
sequence variations, excluding the early stop codon in addition to one extra substitution.
CifBurir1;c] has three substitutions relative to CifBwwmeirry), one of which is in the first PDDEXK
domain (Figure V-3A). In this C-terminal region, CifBwrec[t1) Shares two of these substitutions.
There are 15 amino acids in the gap between the N-terminal stop codon and the C-terminal start
codon. We predicted that cifA;Bwrir1) expressing D. melanogaster males would cause CI and that
cifAwrirry) females would rescue that Cl. In addition to testing transgene-induced CI of cifBurifti:n
and cifBwrirt1;c] singly or dually with cifA genes, we also generated a polycistronic CifBurifty
transgene that expressed both the N-terminal and C-terminal peptides from a single transcript using
a T2A sequence between the two proteins (Donnelly et al., 2001b, 2001a). We refer to this
polycistronic transgenic construct as CifBwrifr1;72a].

Again, control cifA;Bwweirt1y males induce strong Cl that is rescued by cifAwmeirr1 females
(Figure V-3B). Since CI manifests under cognate male expression of both cif genes, we first tested
CifA;Buwrit1;1241 males for their ability to induce Cl. However, CifA;Buwrift1:t241 males did not
significantly reduce hatching (p = 0.55) (Figure V-3B). Males dually expressing cifAwrifryy with
either cifBwrirt:ng (p = 0.55; Figure D-3A) or cifBuwrirt:cy (p = 0.32; Figure D-4A) also failed to
reduce hatching, suggesting that dual expression of cifwrifr1] transgenes cannot recapitulate Cl-like
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hatching. Additionally, we tested if singly expressing cifAuwrifr1y (p > 0.99) or CifBurift1:T2] (p >
0.99) males cause CI when crossed to uninfected females (Figure VV-3B). Neither transgene alone
induced significant reductions in embryonic hatching (Figure V-3B), consistent with results for
singly expressing cifwwel genes (LePage et al., 2017; Shropshire and Bordenstein, 2019). Next, to
test if cifwrirray genes can rescue Cifwwmelrry transgenic Cl, we crossed CifA;Bwwmeirtyy males with
CcifAwrirr1y (p > 0.99) and cifA;Bwrir1;t241 (p > 0.99) females, both of which yielded hatching levels
comparable to cifAwwverrtyy rescue (Figure V-3B). Taken together, these results indicate that
cifAwrirr1y IS @ rescue gene and cifwrifryy transgenes do not cause Cl when singly or dually expressed
in D. melanogaster. We discuss the implications of these results below with regards to host
background effects on Cl, the cif genotype — CI phenotypic relationship, and technical artifacts of
polycistronic transgene expression.

To further evaluate if cifwrifryy transgenes are capable of Cl-induction and whether variation
in cifA or cifB may underpin the lack of Cl above, we engineered and dually expressed non-cognate
pairs of cifwrirt) genes with cifumeirryy genes. CifAwmelrriy;CifBurift;T2a; males did not yield a
reduction in hatching compared to the compatible cross (p > 0.99; Figure V-3C). Similarly, dual
males with cifAwmeirryy and either cifBurirring (p > 0.99; Figure D-3B) or cifBurifr:cy (p > 0.99;
Figure D-4B) do not reduce hatching. However, cifAwrirri);CifBuwmelte) males caused near-complete
embryonic death (Mdn = 0% hatching; p < 0.0001) that could be rescued by cifAwrifrzy and
cifAwmverrryy females; (Figure V-3D). Taken together with the rescue results above, the findings
support the conclusion that cifAwrifryg is functional and contributes to both rescue and Cl-induction
in D. melanogaster, but cifBwrifryy transgenes also fail to cause Cl-induction in D. melanogaster.
The non-cognate expression experiments here mirror the results with cCifurecrrz;. Namely, cifA
homologs with two-to-five amino acid changes are interchangeable, whereas sequence variation
in cifB encompassing six amino acid changes across the protein, an N-terminal seven amino acid
extension, a C-terminal truncation, and an in-frame stop codon in cifB inhibits CI inducibility or

causes artifacts in D. melanogaster. We discuss the centrality of cifA to strong Cl and rescue below.

Do the phylogenetic Type 2 cif genes from wRi transgenically induce and rescue C1?

As noted, wRi has two cif genes in the Type 1 and Type 2 cif clades. Pairwise MUSCLE
alignments of Cifwwmeir1y and Cifwrit2) proteins (488 and 1239 amino acids for CifA and CifB
respectively) reveal significant divergence between the proteins. First, CifAwwmelrt1; and CifAwri[r2]
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differ by 267 sites (45.3% identical sites), with 221 amino acid substitutions and 46 gap sites in
the alignment (Figure V-4A; Figure D-5). CifAuriftz) also has substitutions in all six of the sites
that vary in CifAwrect1) and CifAwrirr1y, and two of the CifAwrifr2) substitutions are shared with
both proteins and a third is shared with CifAwrirry. Second, CifBwmeirry and CifBurirrz differ by
991 sites (20% identical sites), with 433 substitutions and 558 gap sites in the alignment (Figure
V-4A; Figure D-5). Additionally, cifBwrift2; has substitutions in four of the six sites that vary in
CcifBwrirryy and cifBuwrec[t1), but the specific amino acids are unique to cifBurirr2; (Figure D-5).
Moreover, while the sequence lengths of the two CifA variants are comparable, CifBurifr2; does
not have the C-terminal Ulpl domain that for other distant Type 1 Cif variants acts in vitro as a
deubiquitinase (Beckmann et al., 2017). It also has an eight amino acid N-terminal extension
(Figure D-5), of which four amino acids are shared in the N-terminal extensions of CifBwrec[t1
and CifBwrirt1). Here, we test if cifwrifr2] transgenes cause and rescue Cl in D. melanogaster and if
they are (in)compatible with flies expressing cifwmelrr1] transgenes.

As expected, control cifA;Bwmeirty males induce strong Cl that is rescued by cifAwmelrryy in
females (Figure V-4B). cifA;Bwritz; males caused a weak but statistically significant hatch rate
reduction (Mdn = 84.4% hatching; p = 0.01; Figure V-4B) that was rescued upon crossing with
cifAwrirr2) females (p > 0.99; Figure V-4B), consistent with Two-by-One genetic model of CI.
Similar to results with cifA;Bwrecit1) females above (Figure V-2B), crossing cifA;Bwriftz; males with
cifA;Bwrirtz; females only slightly improved hatching such that it was no longer statistically
different from the compatible control (Mdn = 86.9% hatching; p = 0.15); however, the median
hatch rate was comparable when cifA;Bwrift2) males were mated to uninfected females (Mdn =
84.4% hatching; Figure V-4B). Thus, similar to Cifwrec[ryy, it cannot be concluded that cifA;Buwrifr2)
females are rescue-capable, but cifAwrir2) females clearly do rescue cifA;Buwrirt2) CI. In parallel, we
tested if either cifAwrirr2; (p = 0.84) or cifBurifrz (p = 0.13) males alone reduce hatching, and found
that neither reduced hatch rates, as expected (Figure V-4B). These data suggest, for the first time,
that phylogenetic Type 2 cif genes, and cifwrifrz] in particular, can induce weak Cl and rescue under
a Two-by-One genetic model akin to cifwmerrryy (Shropshire and Bordenstein, 2019) and Cifwrec[ry
shown above.

Next, we aimed to determine if the divergence between cifAwrift2; and cifAwmelrray, which
are different phylogenetic Types, underpins incompatibility between the strains (Figure V-1D).

Embryo death was observed when cifA;Bwmeirryy males mated with cifAwrirz; (Mdn = 0%; p <
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0.0001) or cifA;Burirz (Mdn = 0%); p < 0.0001) females (Figure VV-4B), suggesting incompatibility
between the gene variants. Reciprocally, hatch rates of embryos increased to compatible levels
when cifA;Burirrz; males mated with cifAwmeirr1; females (p > 0.99) (Figure V-4B). Together, these
data indicate that cifA;Bwwmeirryy-induced CI cannot be rescued by any wRi Type 2 cif variants, but
that cifA;Bwrire-induced CI can be rescued by both cifAwwerry and cifAwrirz. Notably, these
results contrast with our initial predictions since previously published crossing experiments when
wMel Wolbachia were transinfected into D. simulans determined that wMel cannot rescue wRi-

induced CI (Poinsot et al., 1998). We discuss our interpretations of these discrepancies below.
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Figure V-4. Schematics and functions of cifwritz) proteins transgenically expressed in D. melanogaster.

(A) Protein architecture of Cifwmerrijand Cifurirrz) (Lindsey et al., 2018). In a MUSCLE alignment of CifAwwmerryand
CifAurirr] (488 aa), there are 221 identical sites, 221 aa substitutions, and 46 gap sites. In an alignment of CifBwweirry
and CifBuwrirrz) (1239 aa), there are 248 identical sites, 433 aa substitutions, and 558 gap sites. Specific details on the
kinds and locations of sequence variations are illustrated in Fig. S5. Hatch rate analyses testing (B) cifAurirr2),
CifBwrifrz], and cifA;Buwrifrz; for Cl and rescue (N = 35-55 where each dot represents a clutch of embryos from a single
mating pair), (C) cifAwmelrr1y;CifBurire;tea; for ClI (N = 39-56), and (D) cifAurirrz);CifBumerry for Cl (N = 31-45).
Horizontal bars represent median embryonic hatching from single pair matings. Genotypes for each cross are
illustrated below the bars where the genes expressed in each sex are represented by colored circles. Blue circles
represent cifwmeirry) genes and purple circles represent cifwrirrz; genes. All flies were uninfected with Wolbachia. Each
hatch rate contains the combined data of two replicate experiments, each containing all crosses shown. Asterisks above
bars represent significant differences relative to a control transgenic rescue cross (denoted Ctrl) with an a = 0.05
calculated by a Kruskal-Wallis analysis followed by Dunn’s multiple comparison test. *P < 0.05, **P < 0.01, ***P <
0.001, ****pP < 0.0001. Replicate data was statistically comparable in all cases.
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Since dual expression of cifA;Buwrit2) caused weak Cl, we investigated if the non-cognate
combinatory expression of cifwrifrz; and cCifwmelrrzy genes could cause CI and underpin variation in
ClI levels. First, cifAwmeirr1y;CifBwrirt2) males crossed to uninfected females yields a small but
significant hatch rate reduction (Mdn = 92.0% hatching; p = 0.01), relative to the compatible
control. Second, upon crossing these males to either cifAwrirt2; (p > 0.99) or cifAwmelrry (p = 0.40)
females, the weak hatch rate reduction was rescued (Figure V-4C), suggesting that
cifAwmelrt1y;CifBurit2) induces a weak and rescuable Cl phenotype. Third, switching the gene pairs
and crossing of cifAwrirrz;CifBwmerrtiy males to uninfected females had a similar, but slightly less
significant, impact on hatching (p = 0.07) relative to cifAwmelrtyy;CifBurifr2) males (Figure V-4D).
Thus, dual expression of both non-cognate pairs yields a reduction in hatching. However, strong
Cl was not caused with either combination, unlike when cifAwreqr1) Was dually expressed with
cifBwmeir1), above. These data suggest that divergent cif variants can work together to cause a weak

Cl-like phenotype, but neither gene pair can contribute to strong CI.

Discussion

The Two-by-One genetic model indicates that cifA;B males cause CI that can be rescued
by cifA females (Shropshire and Bordenstein, 2019). This model is well established for wMel-
induced CI in D. melanogaster (LePage et al., 2017; Shropshire et al., 2018; Shropshire and
Bordenstein, 2019) and is in-line with current results for wPip-induced Cl in C. pipiens (Beckmann
et al., 2017; Chen et al., 2019). However, the generality of the Two-by-One model across cif
variants remains unknown. Additionally, the Two-by-One model explains CI between infected and
uninfected insects, but the genetic basis of (in)compatibilities between Wolbachia strains and Cl
level variation is not known. Here, we use transgenic tools in D. melanogaster to expand upon the
generality of the Two-by-One model, test the hypothesis that cif sequence variation relates to
interstrain (in)compatibilities (Bonneau et al., 2019, 2018; Charlat et al., 2001; LePage et al., 2017,
Shropshire et al., 2018), and assess the role of cif sequence variation in transgenic ClI levels. We
report four key findings (Figure V-5): (i) the Two-by-One genetic model applies to Cl and rescue
caused by the closely-related cifwrecrrzy and distantly related cifwrirrzy (Figure V-5A); (ii) Type 1
cifA can rescue CI caused by other non-cognate Type 1 cif pairs (Figure V-5B); (iii) phylogenetic
Type 2 cifA cannot rescue cifA;Bwmerrryg-induced CI, but the inverse can rescue (Figure V-5C); and
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(iv) genetic variation in cifB contributes to variation in Cl levels among Type 1 cifs, but all Type
1 cifA homologs can contribute to strong Cl when paired with cifBumelrr1y (Figure V-5D). We also
report two unanticipated anomalies: cifBwrec[ey males express significant infertility artifacts, and
cifBwrirr1y does not induce transgenic Cl alone or with any cifA variant. Below we interpret these
findings in the context of genotype-phenotype relationships underpinning CI level variation,
(in)compatibility relationships between Wolbachia strains, cif genotype by host genotype

interactions, and Cl mechanisms.
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Figure V-5. Summary of key findings.

(A) cifwrecrrzy and cifurirrzg induce CI phenotypes in a manner consistent with the Two-by-One genetic model previously
established with cifumeirrs) genes (Shropshire and Bordenstein, 2019). (B) CI induced by Type 1 cif pairs can be
interchangeably rescued by CifAwmeirriy, CifAwrecrriy, @nd cifAwrirryy transgene expressing females. (C) Unidirectional Cl
is caused between cifurifr2) and cifumerry transgenes such that cifAwwelrry can rescue Type 2 transgenic Cl but cifAwrirr2
fails to rescue Type 1 transgenic Cl. (D) Dual non-cognate expression of Type 1 cif homologs and Cifumelrry transgenes
reveal that cifB homologs cause weak or no Cl while cifA homologs can contribute to strong transgenic Cl. Non-
cognate pairs that cause Cl can be rescued by cifA expressing females.

Cl level variation.

wRi and wRec induce strong ClI in their native hosts (Shoemaker et al., 1999; Turelli and
Hoffmann, 1991; Werren and Jaenike, 1995), leading to the prediction that their corresponding cif
genes could yield strong transgenic CI in D. melanogaster. However, strong CI was not achieved
under dual expression of cognate cif homologs. Instead, a small but significant and repeatable ClI
was observed when CifA;Bwrec[t1] and cifA;Bwrit2; Wwere expressed in uninfected D. melanogaster

males. Cl was rescued when females expressed their cognate cifA variant or CifAwmelry. Thus, we
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conclude these genes induce rescuable CI in a manner consistent with the Two-by-One model
(Shropshire and Bordenstein, 2019). Notably, this is the first report of a Cl-like phenotype caused
by the phylogenetic Type 2 cif genes. Unlike CifA;Bwrec[t1) and cifA;Bwrirrz;, dual expression of
cifAwrirryy and cifBwrirryy failed to cause ClI. Interestingly, dual expression of the non-cognate
CifAwrec[t1];CifBwmeirtzy in males yielded strong transgenic Cl comparable to high levels of Cl
induced by cognate cifA;Bwwmeirty, but the converse genotype CifAwmelrr1y;CifBwrecrt1] Yielded weak
Cl levels comparable to cifA;Bwrecfr1y males. Comparable results were also observed when cifwrirty
transgenes were expressed with cifwwveityy transgenes. Thus, these data suggest that variation in
cifB, not cifA, contributes to variation in CI level upon transgenic expression in D. melanogaster,
and cifA from multiple Type 1 strains is capable of causing high CI levels. We propose two non-
exclusive hypotheses for why the cifA and cifB transgenes variably impact CI penetrance in D.
melanogaster and discuss our interpretations for why cifA;Buwrifriy males fail to cause CI.

First, host genetic background can play a significant role in the level of CI (Bordenstein et
al., 2003; Poinsot et al., 1998), and several transinfection and introgression studies lend support to
an effect of host genotype on ClI levels. For instance, wYak, wTei, and wSan from the D. yakuba
clade have been reported to induce no or weak CI in their native hosts but strong CI when
transinfected into D. simulans (Zabalou et al., 2008), and wVitA from N. vitripennis wasps cause
significantly stronger Cl when introgressed into their sister species N. giraulti (Chafee et al., 2011).
D. melanogaster are only known to harbor wMel and wMel-like Wolbachia that contain Type 1
cif genes (LePage et al., 2017; Lindsey et al., 2018). Thus, it is plausible that non-native CifB
(CifBwrecrr1y and CifBwrirrzy) are not able to contribute to strong ClI in D. melanogaster because
divergent CifB may be unable to efficiently interact with D. melanogaster targets. Since a
relatively small set of sequence changes are present between CifBwwmeirry) and our other Type 1 CifB
homologs, and some variations are conserved in the Type 2 CifB, hypotheses can be built about
what parts of CifB are related to ClI strength variation.

For instance, relative to CifBwweirr1), CifBurect1y has five amino acid changes, a seven
amino acid N-terminal extension, and a stop codon immediately after the Ulpl domain which
prevents translation of 141 C-terminal residues. Conversely, CifBurir2) shares only 20% sequence
identity to CifBwmeiry), has an eight amino acid N-terminal extension, and does not encode a
putative Ulpl domain. The relative impact of each of these changes on ClI levels remains unknown,

but it is plausible that sequence variation shared between CifBwrectyy and CifBurifr2) may be
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responsible for weak CI when transgenically expressed in D. melanogaster. For example, both
CifBuritz) and CifBwrecty) have N-terminal extensions, and four of the possible eight sites are
shared between the two distantly related proteins. Additionally, three of the five sites with
substitutions in CifBwrecry) relative to CifBumerrry, also vary in CifBurirrz; but with different amino
acids. Alternatively, the weak CI induced by these different Cif Types may have different causes.
For instance, structural homology searches of Type 1 and Type 2 CifB reveal that Type 2 proteins
have two putative PDDEXK nuclease domains while Type 1 proteins have those two domains and
a Ulpl protease domain known to function as a deubiquitinase in vitro (Beckmann et al., 2017;
LePage et al., 2017; Lindsey et al., 2018). Thus, functional differences between these proteins
caused by the presence or absence of enzymatic domains or any of the hundreds of amino acid
substitutions may contribute to host-specific interactions necessary to cause potent Cl. These
hypotheses can be tested through transgenic expression of cif genes in their native host
background; however, transgenic Cl has not previously been recapitulated in D. recens or D.
simulans, and the expression system will likely require considerable optimization before testing is
possible based on experiments in D. melanogaster (Shropshire et al., 2019). Additionally,
mutagenesis assays will be necessary to determine the relative contributions of each of these
sequence variations toward CI level variation in D. melanogaster.

Second, we previously posited that the full genetic basis of Cl remains unclear until
transgenic Cl and rescue levels comparable to or higher than wild-type CI can be achieved (LePage
et al., 2017; Shropshire and Bordenstein, 2019). In the context of wMel-induced Cl, a partial ClI
phenotype was caused by transgene expressing cifA;Bwwver males (LePage et al., 2017), and we
could not conclude that the full microbial genetic basis of wMel-induced CI was solved. Instead,
this claim could only be made once the transgenic system was optimized to allow for strong CI
and rescue with wMel cif gene products alone (Shropshire and Bordenstein, 2019). Here, we tested
cif homologs using the GAL4-UAS system optimized for transgenic expression of wMel cif genes
(Shropshire and Bordenstein, 2019). Thus, it is plausible that the level or location of expression
optimal for wMel-induced CI is not the same as for these other gene products, and optimization of
the transgenic system may be necessary to yield complete phenotypes. Alternatively, other
Wolbachia or prophage WO genes may be necessary to cause complete Cl alongside Cifwrec[r1yand
cifwrirr2) genes. Notably, this hypothesis is unlikely to apply to Type 1 cifA genes since non-cognate

expression with cifBwmerrryy revealed that Type 1 cifA homologs can contribute to strong CI.

87



However, since wRi contains both Type 1 and Type 2 cif genes (LePage et al., 2017), both gene
sets may be required for strong CI and rescue. In fact, to date, all Wolbachia strains that are known
to carry Type 2 cifs also harbor genes from other cif Types (LePage et al., 2017; Lindsey et al.,
2018), suggesting the possibility that the Type 2 sequence variants only contribute to strong Cl
when coupled with other variants. Alternatively, other genes within the prophage WO’s Eukaryotic
Association Module are predicted to interact with eukaryotic processes (Bordenstein and
Bordenstein, 2016), and Wolbachia has many polyvalent proteins including those containing
ankyrins predicted to be involved in protein-protein interactions (Wu et al., 2004; Yamada et al.,
2011). Any of these proteins could be candidates for modulation of phenotypic potency of CI.
These hypotheses can be assessed through optimization of the transgenic expression system in D.
melanogaster (Duffy, 2002), and co-expression of other genes with transgenic cifs.

Finally, cifA;Buwrifryy males do not cause CI, unlike CcifA;Bwrecrtiy and cifA;Bwrifr2).
Moreover, non-cognate expression of cCifwrifry) genes with cifwmeirr1y genes revealed that cifAwrifr
can contribute to strong ClI, but cifBwrifrzy does not. While the two hypotheses regarding ClI level
variation above may also explain the lack of Cl induced by cifA;Buwrirr1], there is an added layer of
complexity. Since cifBwrifryy has an early in-frame stop codon relative to cifBwwmelrry, it was
annotated in the wRi genome as a pseudogene. We hypothesized CI may be caused when closely-
related sequences, such as CifAwrirr1y Or CifAwmeirt1y, were dually expressed with CifBurirryy’s N-
terminal peptide prior to the stop codon, C-terminal peptide after the stop codon, or both. However,
none of these combinations could cause Cl. These data support the hypothesis that cifBurifrij is @
pseudogene, but there are alternative explanations. For instance, wRi naturally harbors both Type
1 and 2 cif genes (LePage et al., 2017), and cifBwrifr1y may contribute to CI when co-expressed
with the Type 2 genes. Additionally, the early stop codon in cifBwrifr1) may not prevent translation
of the full-length protein since some stop codons slow translation instead of halting it (Wangen
and Green, 2020). Thus, a full-length CifBwriry protein may be generated despite the introduced
stop codon.

To co-express both the N-terminal and C-terminal CifBwrifty) proteins, we introduced a
T2A sequence between the two proteins which causes translational slippage and multi-protein
translation from a single transcript (Donnelly et al., 2001a, 2001b). Relative to the expression of
two proteins from independent insertion sites in the D. melanogaster genome, this method of

polycistronic expression yields an artifactual C-terminal sequence extension to the first protein
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that may alter the function. Indeed, polycistronic transgenic expression has previously been used
to attempt to cause transgenic CI but yields different results as compared to the expression system
used here. For instance, while transgenic expression of cifA and cifB from a polycistronic T2A
construct can cause significant reductions in hatching and embryonic, cytological defects, the
induced lethality cannot be rescued when females expressed transgenic cifA or were infected with
wMel Wolbachia (Beckmann et al., 2017). Moreover, CI levels significantly vary between the dual
expression of cifA and cifB from a polycistronic construct and from two separate transcripts (Chen
et al., 2019). Thus, it is clear that there are phenotypic differences between these two means of
expressing the CI genes, and it is likely driven by the unnatural sequence variations described
above or from differences in relative transcript abundance between the two systems. It is plausible
that our use of the T2A construct for dual expression of N- and C-terminal CifBurifry proteins
resulted in similar transgenic artifacts that prevented CI phenotypes. Taken together, the evidence
for the pseudogenization of cifBwrifryy remains equivocal and will require additional study to
confirm. However, the results of this study confirm that, as annotated, neither cifBurifr1] protein

produced by this gene can contribute to Cl-induction in D. melanogaster.
(In)compatibility relationships.

Figure 1 summarizes the predicted and known (in)compatibility relationships between
wMel, wRec, wRi, and their cif variants (Fig. 1). wMel and wRi Wolbachia strains are
unidirectionally incompatible when wMel Wolbachia are transinfected into D. simulans (Poinsot
et al., 1998) (Fig. 1C). Specifically, wRi rescues wMel ClI, but wMel cannot rescue wRi CIl. We
hypothesized that sequence variation in cif genes controls these (in)compatibility relationships
(LePage et al., 2017). Since wRi has both Type 1 and 2 cif genes, we expected cifAwrifTy] to rescue
CifA;Bwwmelrrtzg-induced Cl because the cifA variants are closely related, and cifAwmelrr1 would not
rescue CifA;Bwrir21-induced CI because cifAwmerrr1y is highly divergent from the Type 2 gene pair
(LePage et al., 2017) (Fig. 1D). Additionally, wRec and wMel have only Type 1 genes with a few
amino acid changes, leading to the prediction that they are compatible (Fig. 1C, D). We tested
three key predictions of this cif genotype — CI phenotype hypothesis using transgenics in D.
melanogaster: (i) Type 1 cif homologs rescue transgenic Cl by cifwmeirry, (ii) Type 2 cif genes
cannot rescue transgenic CI by cifAwmelrryy, and (iii) cifAwmerrr1 cannot rescue Type 2 transgenic
CL.
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As predicted, CifAwrecrri) and CifAwrirryy can rescue transgenic  CifA;Bwmerrryy Cl.
Additionally, cifAurift2; cannot rescue CifA;Bwmeiry) Cl, despite being able to rescue cifA;Burit2)
Cl. These data align with expectations that only closely-related cif homologs are compatible (Fig.
1D). However, we also hypothesized that cifAwmelrt1y does not rescue cifA;Buriftz) Cl, but rescue
occurred at the same levels for both cifAwmeirt1y or cifAurirtz females, suggesting that both cifA
variants were capable of rescuing transgenic cifA;Burift2) Cl. These results suggest a unidirectional
incompatibility between Type 1 and Type 2 genes where Type 1 genes cannot be rescued by Type
2 genes, but the reciprocal cross is compatible. Not only are these results contrary to our expected
results, but they also fail to sufficiently explain the unidirectional CI between wMel and wRi since
wMel’s Type 1 genes were hypothesized to rescue both Type 1 and 2 genes. We propose two
possible explanations for these results.

First, our initial hypothesis proposed that both Type 1 and Type 2 Cif protein pairs can
cause and rescue Cl (LePage et al., 2017), and incompatibilities were driven by one strain lacking
the capacity to rescue CI induced by divergent variants. However, it remains possible that there
are dynamic interactions between Cifs such that multiple phylogenetic Types interact with one-
another to impact the phenotypic output. For instance, since wRi naturally maintains both Type 1
and 2 cif genes (LePage et al., 2017; Lindsey et al., 2018), expression of both may be required to
induce the published compatibility relationships between wMel and wRi (Poinsot et al., 1998).
This hypothesis can be tested through the dual expression of both Type 1 and 2 gene pairs and
crossing to cifwwer expressing flies.

Second, results in the prior section suggest an effect of host genotype on CI level variation
when expressing cif homologs, specifically for cifB. Two studies have evaluated the CI
relationships between wMel and wRi. The first determined that they are unidirectionally
incompatible when wMel is transinfected into a D. simulans background, such that wRi can rescue
wMel-induced CI but wMel cannot rescue wRi-induced CI (Poinsot et al., 1998). The second found
no evidence of Cl when wMel-infected D. melanogaster are bidirectionally crossed with wRi-
infected D. simulans (Gazla and Carracedo, 2009). Thus, in addition to impacting cifB mediated
variation in CI level, host genotype may impact (in)compatibility relationships, possibly even
switching the direction of compatibilities dependent on host background. It is unknown what kind
of (in)compatibility relationships might occur if both wMel and wRi are in a D. melanogaster host

background. However, our transgenic cif expression data indicate wMel can rescue wRi, but not
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vice versa. Thus, we hypothesize that rescue, in particular, is impacted by host genotype such that
cifA expressed natively (e.g., wMel in D. melanogaster or wRi in D. simulans) have expanded
rescue capability as compared to introduced strains. Indeed, another example of a relationship
between host genotype (in)compatibility relationships comes from an introgression study where
two Wolbachia from the N. longicornis parasitoid wasp switched from being unidirectionally to
bidirectionally incompatible when moved into the same genetic background (Raychoudhury and
Werren, 2012). These results yield strong support for host control of Wolbachia reproductive
parasitism and (in)compatibility relationships. This hypothesis can be tested through transinfection
of wRi into a D. melanogaster background or through transgenic expression of both Cifumeirr1y,

cifwrirryy, and cifwrirrz in D. simulans.

Cl mechanism.

How CifA and CifB mechanistically cause CI and/or rescue at the cellular and molecular
levels remains an active area of investigation. To date, in vitro assays have determined that
CifBwmerrryy and CifBweiprr1y act in part as deubiquitinases, CifBwriprt41 acts in part as a nuclease,
CifA and CifB can bind, and both CifA and CifB interact with host proteins when transgenically
expressed in D. melanogaster (Beckmann et al., 2017, 2019c; Chen et al., 2019). There are two
categories of mechanistic models for CI that are currently debated in the literature, termed Host
Modification (HM) and Toxin Antidote (TA) (Beckmann et al., 2019a, 2019b; Hurst, 1991,
Poinsot et al., 2003; Shropshire et al., 2019). HM models posit that CifA;B proteins cause Cl by
modifying host factors during spermatogenesis, and those modifications are transferred to the
embryo. Rescue occurs when CifA in females reverses those sperm modifications in the embryo
(Shropshire et al., 2019, 2018). Conversely, TA models suggest that CifB is transferred to the
embryo via the sperm and Kills the embryo unless its lethality is rescued through binding to CifA
in the embryo (Beckmann et al., 2019a; Shropshire et al., 2019). Notably, there is no evidence of
paternal transfer of Cif toxin(s), and there is not currently enough data to support one model over
the other (Shropshire et al., 2019). Here, we place three findings from the experiments above into
the context of CI’s mechanistic basis: (i) CifB sequence variation impacts CI level, (ii) closely-
related Type 1 CifA can be interchanged for both CI and rescue, and (iii) CifBwrec[t1) induces a
non-CI sterility artifact when singly expressed.
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First, a key finding of this study is that CifB sequence variation impacts ClI level variation
when transgenically expressed in D. melanogaster. CifB sequence variation impacts CI level
variation under transgenic expression in a foreign host background (as discussed above).
Additionally proteomic analyses reveal that CifB binds to at least 48 host proteins when singly
expressed, CifA binds to at least 15 proteins when singly expressed, and CifA;B binds at least 60
host proteins (Beckmann et al., 2019c). Thus, it can be hypothesized that CifB homologs are less
efficient or unable to bind Cl-associated host proteins or to CifA when expressed in a novel host.
Indeed, the sheer number of potential CifB binding partners may contribute to the large impact of
CifB sequence variation on CI levels. Alternatively, CI levels have been correlated with the
number of Wolbachia-infected spermatocytes and spermatids during spermatogenesis in WRi-
infected D. simulans (Clark et al., 2003; Clark and Karr, 2002; Veneti et al., 2003), but even
uninfected spermatocytes often result in modified sperm that can cause CI (Riparbelli et al., 2007),
suggesting that CifA and/or CifB are diffusible between spermatocytes or during earlier stages of
spermatogenesis. In the context of this study, CifB sequence variation may contribute to variation
in its tissue localization, subcellular localization, or ability to diffuse between cellular components.

Second, while CifB sequence variation clearly impacts the level of transgenic CI in D.
melanogaster, Type 1 CifA homologs were remarkably interchangeable and contribute to strong
Cl and rescue. These data suggest that while CifB sequence variation may be specifically attuned
to a distinct host background, transgenic CifA is less subject to variation in host background. For
instance, it is plausible that while CifB is interacting with rapidly-evolving host targets in an arms
race, CifA interacts with a set of conserved targets. One prediction of this hypothesis would be
that CifA would be under purifying selection to retain compatibility with conserved host targets.
Indeed, comparative sequence analyses reveal not only that Type 1 CifAs are under strong
purifying selection (Shropshire et al., 2018), but that CifA sequence length is highly conserved
across the phylogenetic Types (LePage et al., 2017; Lindsey et al., 2018). Thus, a model could be
proposed whereby CifB acts as an accessory to unlock CifA’s access to conserved host processes
not accessible in the absence of CifB.

Finally, cifBwrecrryy males cause complete embryonic death, but this lethality is not
rescuable. As such, cifBurecrt1-induced embryonic death is not totally consistent with our
expectations for Cl-induction and may be a sterility artifact that disrupts cell biology in the testes.

A prediction of the TA model is that CifB causes CI in the absence of CifA (Beckmann et al.,
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2019a). Indeed, singly expressing CifBwpiprty], CifBwHart1], CifBwnorta], CifBwpiprt4], and CifBustrrsy in
yeast can result in temperature sensitive lethality (Beckmann et al., 2019, 2017; Chen et al., 2019).
That lethality is significantly reduced when cifBwpip[r1y, CifBwharryy, Or CifBwpipir4 are dually
expressed with cognate cifA in yeast (Beckmann et al., 2019, 2017; Chen et al., 2019). However,
when expressed in insects, singly expressing CifBwmeit1), CifBwrirrey, Or CifBwrirrz) males do not
yield reduced hatching (LePage et al., 2017; Shropshire and Bordenstein, 2019). Aside from singly
expressing CifBwrec1y In this study, only cifBwpipira) males cause a weak reduction in hatching, but
there is no evidence that cifBwriprr41-induced lethality in insects can be rescued (Chen et al., 2019).
As such, the most conservative explanation is that CifB alone can cause some embryonic death,
but that phenotype is an artifact of transgenic expression. As such, these data do not explicitly
support the TA model over the HM model. However, it is also plausible that the inability to rescue
cifBwrec[r1y-induced embryonic death is due to a transgenic artifact akin to that preventing cifA or
wMel females from rescuing transgenic CI expressed under a polycistronic construct (Beckmann
et al., 2017). Together, these works suggest an emerging trend wherein singly expressing some
cifB variants yields reduced insect hatching, but we urge that the conclusion cannot be drawn that
this is Cl-associated lethality without evidence of rescue.

Conclusion

Here, we set out to investigate the hypothesis that cif sequence variation directly relates to
ClI phenotypic variation by evaluating cognate combinations of the cif genes and evaluating CI.
Moreover, we engineered non-cognate gene sets to test Cl capacity and links between cif sequence
variation and variation in Cl level. In summary, we determined for the first time that that Type 1
cif homologs from wRec and Type 2 cif homologs from wRi cause weak CI when transgenically
expressed in D. melanogaster, that variation in cifB contributes to CI level variability, divergent
cifA fail to rescue transgenic cifA;Bwweirryy Cl, and Type 1 cifA homologs are interchangeable for
inducing both strong CI and rescue. We have discussed these results in the context of CI level
variation, (in)compatibility relationships, and Cl mechanism. The work expands upon our
understanding of the genetics of Cl and (in)compatibilities between Wolbachia strains, and they
establish novel hypotheses regarding the CI mechanism, CI level variation, and the relationship

between CI phenotypes and host genetics.
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Materials and methods
Fly lines and maintenance.

The following UAS transgenic constructs were generated for this study: CifAwrecrt1],
CifBwrec[r1y, CifAwrirTyg, CifBwrirte;Ng, CifBwrirt1;cy,CifBwrirt1:1247, CifAwriT2], and cifBuwrirr2;. Each gene
was codon-optimized for expression in D. melanogaster and synthesized by GenScript (Hong
Kong, China). Valine start codons were replaced with methionine. Each gene was cloned into the
pTIGER plasmid at GenScript. pTIGER is a pUASp-based vector designed for germline
expression and was previously used to generate CifAwmeirry) and cifBwmeirry transgenes (LePage et
al., 2017). pTIGER enables PhiC31 integration into the D. melanogaster genome, contains a UAS
promoter region intended for GAL4/UAS expression, and has a red-eye marker for screening. D.
melanogaster embryo injections were conducted by Best Gene (Chino Hills, California) using
PhiC31 integrase to place cifA and cifB homologs into the Attp40 and Attp2 insert sites
respectively. Transformants were screened via eye color and homozygous transgenic lines were
generated for all lines. All lines were negative for Wolbachia based on PCR using Wolb_F and
Wolb_R3 primers (Casiraghi et al., 2005). Dual expressing UAS transgenic lines were generated
via standard genetic crossing schemes.

Additionally, the D. melanogaster stocks infected and uninfected yw" (BDSC 1495),
uninfected nos-GAL4:VVP16 (BDSC 4937), and uninfected UAS transgenic lines homozygous for
CifAwmelrt1], CifBwmelrr1y, and cifA;Bwwmerrtyy (LePage et al., 2017) were used in this study. Genotypes
and infection states were regularly confirmed for transgene expressing fly lines. D. melanogaster
stocks were maintained at 12:12 light:dark at 25° C on 50 ml of a standard media. Stocks for virgin
collections were stored at 18° C overnight to slow eclosion rate, and virgin flies were kept at room

temperature.

Hatch rate assays.

To test for Cl, hatch rate assays were used as previously described (LePage et al., 2017;
Shropshire et al., 2018). Briefly, virgin nos-GAL4:VVP16 adult females were aged 9-11 days post
eclosion, to control for the paternal grandmother age effect (Layton et al., 2019), and mated with

UAS transgenic males. GAL4-UAS males and females were paired in 8 oz bottles affixed with a

94



grape-juice agar plate smeared with yeast affixed to the opening with tape. Young early emerging
males (0-48 h) were used to control the impact of male age and the younger brother effect on ClI
level (Reynolds and Hoffmann, 2002; Yamada et al., 2007), and 5-7 day old females were used
since they are most fecund. The flies and bottles were stored at 25° C for 24 h at which time the
plates were replaced with freshly smeared plates and again stored for 24 h. Plates were then
removed and the number of embryos on each plate were counted and stored at 25° C. After 30 h
the remaining unhatched embryos were counted. The percent of embryos that hatched into larvae
was calculated by dividing the number of hatched embryos by the initial embryo count and

multiplying by 100.

Embryonic cytology.

Flies were collected, aged, and crossed as described for hatch rate assays. However, 60
females and 12 males were included in each bottle with a grape-juice agar plate attached. Flies
were siblings of those in hatch rate assays. Embryos laid in the first 24 h were discarded due to
low egg-laying. During the second day, embryos were aged 1-2 hr and then dechorionated, washed,
and fixed in methanol as previously described (LePage et al., 2017; Shropshire et al., 2018).
Embryos were stained with propidium iodide and imaged (LePage et al., 2017; Shropshire et al.,
2018). Scoring of cytological defects was conducted using previously defined characteristics
(LePage et al., 2017).

Sequence analyses.

Sequence similarity between Cif proteins was determined using pairwise MUSCLE
alignments of protein sequences using default settings. Glimmer 3 was used to identify open
reading frames in cifBwrifr1y after the early stop codon that truncates the gene. These analyses were

conducted in Geneious Prime.

Statistical analyses.
All statistical analyses were conducted in GraphPad Prism 8. Hatch rate statistical
comparisons were made using Kruskal-Wallis followed by a Dunn’s multiple comparison test.

Samples with fewer than 25 embryos laid were removed from hatch rate analyses as previously
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described (LePage et al., 2017). Hatch rates in main text figures display the combination of two
replicate experiments which were analyzed simultaneously, and those in the supplement display
only single experiments (N = 8-58 per cross after exclusion). Cytological abnormalities were
compared using a pairwise Fischer’s exact test followed by a Bonferroni-Dunn correction test (N
=43-167 embryos per cross). Figure aesthetics were edited in Affinity Designer 1.7 (Serif Europe,
Nottingham, UK).
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Chapter VI.

Site-directed mutagenesis of cif genes reveal conserved sites essential for

induction and rescue of cytoplasmic incompatibility

Abstract

Wolbachia are maternally-inherited symbionts that cause cytoplasmic incompatibility (Cl)
to increase the relative fitness of infected females in arthropod populations. ClI results in embryonic
death when sperm from infected males fertilize uninfected eggs, but embryonic lethality is rescued
upon fertilization of infected eggs. Expression of two phage WO genes in males (cifA and cifB)
causes Cl, while expression of one of the same genes in females (cifA) rescues CI. Structural
homology-based data mining predicts that CifA and CifB proteins may harbor three functional
domains each, but their relative importance to Cl and rescue is unclear. Here, in the absence of
obvious catalytic motifs or binding residues, we use site-directed substitution mutagenesis to
determine the functional importance of conserved amino acids across the gene, spanning each
predicted domain and in N-terminal unannotated regions of each protein. We report that CifB
amino acid mutations across the protein ablate CI without any particular significance to the
domains or region of the protein. Interestingly, mutations on the 5’ end of the CifA protein in the
predicted catalase-rel domain and N-terminal unannotated region inhibit CI and rescue, whereas
3’ sites in CifA’s putative Puf-family RNA-binding domain ablate rescue. These results emphasize
that multiple CifA and CifB regions and residues impact Cl and/or rescue, and thus they contribute

to resolving a more complete understanding of the genetics and potential mechanisms of CI.

Introduction

Wolbachia are maternally-inherited, intracellular a-Proteobacteria that infect 40-65% of
all arthropod species (Charlesworth et al., 2019; Hilgenboecker et al., 2008; Weinert et al., 2015;
Zug and Hammerstein, 2012). Residing mainly in the cells of reproductive tissues, Wolbachia
commonly cause a sperm-egg incompatibility, termed cytoplasmic incompatibility (CI), to

increase their frequency in host populations (Hoffmann et al., 1990; Turelli, 1994). Cl manifests
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as embryonic lethality when Wolbachia-infected males mate with uninfected females and is
rescued when the female is infected with the same strain of Wolbachia (LePage and Bordenstein,
2013; Serbus et al., 2008; Taylor et al., 2018). As such, Cl yields a relative advantage to females
that transmit Wolbachia and assists Wolbachia’s spread through the matriline (Turelli, 1994,
Turelli et al., 2018b; Turelli and Hoffmann, 1991). This drive system, in addition to Wolbachia’s
ability to confer resistance to RNA viruses, has brought CI to the forefront of vector control efforts
to reduce the spread of arboviral diseases including Zika and dengue (Aliota et al., 2016; Caragata
et al., 2016; Kittayapong et al., 2018; Moreira et al., 2009; O’Connor et al., 2012; O’Neill, 2018;
X. Zheng et al., 2019).

The Two-by-One genetic model of ClI (Shropshire and Bordenstein, 2019) describes the
microbial genetic basis of Cl. Two genes, cifA and cifB, cause Cl when dually expressed in testes
(Beckmann etal., 2017; Chen et al., 2019; LePage et al., 2017; Shropshire and Bordenstein, 2019),
and cifA rescues CI when singly expressed in ovaries (Chen et al., 2019; Shropshire et al., 2018;
Shropshire and Bordenstein, 2019). However, the mechanism underlying CifA;CifB-induced CI
and CifA-induced rescue remains mostly unknown. In vitro assays support CifB has a Ulpl
protease (hereafter Ulpl) domain that acts on poly-ubiquitin chains, and CifA and CifB bind to
one another (Beckmann et al., 2017). These functions have not been validated in vivo. Otherwise,
structural homology-based annotations of CifA and CifB protein architecture predict that both
proteins harbor three functional domains (Lindsey et al., 2018b). We focus on the wMel Wolbachia
native to Drosophila melanogaster, which encodes cif genes capable of Cl and rescue (LePage et
al., 2017; Lindsey et al., 2018b; Shropshire et al., 2018; Shropshire and Bordenstein, 2019) and
were transinfected into Aedes mosquitos for use in vector control by the World Mosquito Program
(Hoffmann et al., 2011; Moreira et al., 2009; O’Neill, 2018).

CifAwmer is weakly predicted to encode a catalase-related domain (catalase-rel), domain of
unknown function 3243 (DUF), and a sterile-like transcription factor (STE) (Lindsey et al., 2018b)
(Figure VI-1a). Catalase-rel domains are predicted to catalyze the degradation of reactive oxygen
species (ROS) (Guy et al., 2005; Loew, 1900). DUF has a distant homology to globin-like domains
and Puf-family RNA-binding domains, which influence the stability of eukaryotic RNAs (Kumar
and Subramaniam, 2018; Nishanth and Simon, 2020). Finally, STE domains mediate
transcriptional induction in yeast (Wong Sak Hoi and Dumas, 2010). Importantly, all CifA

annotations are weak predictions and there are no obvious catalytic motifs or binding sites
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(Lindsey et al., 2018b). However, structural homology predictions identify the Puf-family RNA
binding and STE domains across multiple phylogenetic Cif types (Bing et al., 2020; Lindsey et al.,
2018b).

CifBwmel has two putative PD-(D/E)XK (hereafter PDDEXK) nuclease domains, and a
Ulpl domain shown to cleave poly-ubiquitin chains in vitro (Beckmann et al., 2017; LePage et al.,
2017; Lindsey et al., 2018b) (Figure VI-2a). Among these three domains, the PDDEXK domains
are conserved in multiple phylogenetic Cif types based on sequence or structural homology (Bing
et al., 2020; LePage et al., 2017; Lindsey et al., 2018b), suggesting that these domains are
important and central to Cl. Indeed, a divergent variant of CifBwpip harbors two PDDEXK domains,
and in vitro biochemical assays confirm that both domains nick DNA (Chen et al., 2019; Lindsey
et al., 2018b). Moreover, Ulpl domains are restricted to a single phylogenetic clade of CifB. The
function of the PDDEXK dimer of CifB has not been assessed in the clade containing Ulp1, but
neither PDDEXK domain contains canonical catalytic motifs and are instead only predicted as
PDDEXK domains based on structural similarity (Knizewski et al., 2007; Steczkiewicz et al.,
2012).

Here, we ask the question are conserved amino acid residues across the CifA and CifB
proteins necessary for Cl and/or rescue? To answer this question, we mutagenized a selection of
conserved sites across the Cif proteins and transgenically expressed them in D. melanogaster. We
report three key results: (i) conserved sites in CifA’s N-terminal unannotated region and the
catalase-rel domain are important in both rescue and CI, (ii) conserved sites in CifA’s DUF are
only involved in CI, and (iii) all tested conserved sites in CifB are required for Cl. Taken together,
this study identified sites in seven Cif mutants (both CifA and CifB) essential for Cl, and
characterized the bipartite nature of CifA in which the N-terminal end inclusive of the predicted
catalase-rel is seemingly central to CI and rescue, while the middle region containing the DUF is
specialized to CI. These results inform the mechanistic basis for Cl and rescue and provide

additional support for a Two-by-One genetic model where both CifA and CifB are critical for CI.

Results
CifA mutants impact Cl and rescue.
We used a previous sequence analysis of conserved amino acid residues in an alignment of

phylogenetically diverse CifA proteins (Lindsey et al., 2018b) to select highly conserved sites
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across the protein for mutagenesis. CifA«1, CifA«, CifAx3, and CifA~4 have alanine substitutions
in the N-terminal unannotated region and putative catalase-rel, DUF, and STE domains,
respectively (Figure VI-1a). Alanine mutagenesis is used to analyze the importance of specific
amino acids in protein sequences without contributing significant structural variation to the protein
(Cunningham and Wells, 1989). We tested mutant cifA transgenes for their ability to (i) induce ClI
when dually expressed with cifB in uninfected males and (ii) rescue when singly expressed in
uninfected females. Since ClI manifests as embryonic death, we measured the strength of CI
induced under mutant transgenic expression by measuring the percentage of D. melanogaster
embryos that hatch into larvae. Notably all mutants are expressed in the same insertion site within
the D. melanogaster chromosome and with the nos-GAL4:VP16 driver. Since the level and
location of transgene expression are determined by these two factors, we anticipate minimal impact
of Cif expression variation on the phenotypic results.

We first tested if dual expression of cifAs;cifB in uninfected males could induce an
appreciable reduction in hatching relative to cifA;cifB expression and as compared to compatible
controls (Figure VI-1b). Consistent with prior studies (Shropshire and Bordenstein, 2019), dual
cifA;cifB expression in males yielded nearly complete embryonic death when mated to uninfected
females (Mdn = 0% hatching). Dual cifA;cifB-induced CI was statistically comparable to wMel-
induced CI (p > 0.99) and could be rescued when females were wMel-infected (Mdn = 95.4%
hatching). However, cifA~;;cifB (Mdn = 93.7% hatching; p > 0.99) and cifA«3;cifB (Mdn = 94.1%
hatching; p > 0.99) males caused no significant hatch rate reduction relative to the rescue cross,
suggesting that mutating conserved sites in CifA’s unannotated region and putative DUF ablates
Cl. Conversely, transgenic expression of cifA=4;cifB caused hatch rates statistically comparable to
cifA;cifB-induced CI (Mdn = 0% hatching; p > 0.99), suggesting that mutation of conserved sites
in the putative STE did not impact cifA’s ability to contribute to CI. Finally, transgenic expression
of cifA=;cifB (Mdn=66.0%) yielded an intermediate phenotype where it was statistically different
from both cifA;cifB-induced CI (p = 0.0006) and rescue of transgenic CI (p = 0.0001), indicating
that the putative catalase-rel mutant induces a partial Cl phenotype. Together, these results suggest
the mutated sites in the unannotated region, catalase-rel, and DUF of CifA are important for CI-
induction (Figure VI-1b). Intriguingly, mutations within the catalase-rel domain yielded only a
partial loss in the phenotype, suggesting that function associated with this region has impacted
CifA’s efficiency.
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Next, we tested if uninfected transgenic females expressing cifA mutants can rescue
cifA;cifB-induced CI (Figure VI-1c). As above, dual cifA;cifB expressing males induced near-
complete embryonic death consistent with strong CI (Mdn = 0% hatching), and this lethality could
be rescued when the female expressed cifA (Mdn = 85.9% hatching). Transgenic expression of
CifA«1 (Mdn = 0.00%; p < 0.0001) and cifA« (Mdn=27.6%; p = 0.0390) failed to rescue cifA;cifB-
induced CIl as compared to the standard transgenic rescue cross. Conversely, transgenic expression
of cifA~3 (Mdn=91.2%; P >0.9999) and cifA=4 (Mdn=97.6%; P = 0.3039) rescued cifA;cifB-induced
Cl at levels comparable to the standard transgenic rescue cross. These results suggest that the sites
mutated in the unannotated and catalase-rel regions of CifA are important for rescue (Figure
VI-1c).
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Figure VI-1. cifA« and cifA~; mutants fail to cause or rescue Cl, and cifA«3 can rescue but fails to cause CI.
(A) schematic showing the location of mutations in CifA relative to previously-predicted domains (Lindsey et al.,
2018b). (B) Hatch rate experiment testing if cifA mutants can induce CI when dual expressed with cifB in uninfected
males. (C) Hatch rate experiment testing if expressing cifA mutants can rescue transgenic Cl when expressed in
uninfected females. (B/C) Each dot represents the percent of embryos that hatched from a single male and female pair.
Expressed genes are noted to the right of the corresponding sex. Gray bars represent median hatch rates for each cross
and letters to the right indicate significant differences based on a = 0.05 calculated by Kruskal-Wallis and Dunn’s test
for multiple comparisons between all groups. All p-values are reported in Table E-1.

CifB mutants ablate CI.

Four CifB mutants were constructed based on the comparative sequence analysis of
conserved residues (Lindsey et al., 2018b). All CifB mutations are similarly alanine substitutions,
with the exception of one glycine mutation of a conserved alanine (Figure VI-2a). Glycine was
chosen to replace alanine since it is comparably sized and would be less likely to impact protein
structure than other amino acids. CifB«1, CifB=;, CifB+3, and CifB« have mutations in the N-
terminal unannotated region, first PDDEXK, second PDDEXK, and Ulp1l respectively (Figure
VI-2a). The Ulpl mutation is the same used previously to test for the catalytic activity of the Ulpl
domain (Beckmann et al., 2017). As with cifA mutants above, we tested mutant cifB transgenes for
their ability to induce CI when dual expressed with cifA in uninfected males.

As expected, dual cifA;cifB expression in uninfected males caused hatch rates statistically
comparable to wMel-induced CI (p > 0.99) and it could be rescued by wMel-infected females (Mdn
= 93.9% hatching). However, transgenic expression of cifA;cifB=1 (Mdn = 96.3%; p < 0.0001),
cifA;cifBx; (Mdn = 95.6%; p < 0.0001), cifA;cifB~z (Mdn = 94.3%; p < 0.0001), and cifA;CifBxs
(Mdn = 93.0%; p < 0.0001) all failed to reduce hatch rates statistically comparable to cifA;cifB-
induced CI (Mdn = 0.%). These results suggest that all mutated conserved sites are important for
CifB in Cl-induction, and validate prior reports that mutating the catalytic site of Ulp1 ablates Cl-

induction (Beckmann et al., 2017).
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Figure VI-2. All cifB mutants fail to contribute to CI.

(A) schematic showing the location of mutations in CifB relative to previously predicted domains (LePage et al., 2017;
Lindsey et al., 2018b). (B) Hatch rate experiment testing if cifB mutants can induce CI when dual expressed with cifA
in uninfected males. Each dot represents the percent of embryos that hatched from a single male and female pair.
Expressed genes are noted to the right of the corresponding sex. Gray bars represent median hatch rates for each cross
and letters to the right indicate significant differences based on a = 0.05 calculated by Kruskal-Wallis and Dunn’s test
for multiple comparisons between all groups. All p-values are reported in Table E-1.

Cif structural predictions

There are numerous ways to interpret the impact of a mutation on a protein’s function.
These can include changes to catalytic motifs, ligand binding sites, or changes in local or global
structure that ablate, enhance, or otherwise modify the phenotypic output of the protein. Aside
from cifB«4’s mutation of the catalytic site of the Ulpl domain (Beckmann et al., 2017), no other
catalytic motifs or binding sites are known. As such, we aimed to investigate the impact of these
mutations on the structure of CifA and CifB proteins.

The Iterative Threading ASSembly Refinement (I-TASSER) webserver was used to
generate a list of structural homologs from the protein databank (PDB) for each wildtype and
mutant Cif protein and construct structural models 