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Abstract

Insect vector-borne diseases, such as malaria and dengue fever (both spread by
mosquito vectors), continue to significantly impact health worldwide, despite the
efforts put forth to eradicate them. Suppression strategies utilizing genetically
modified disease-refractory insects have surfaced as an attractive means of disease
control, and progress has been made on engineering disease-resistant insect
vectors. However, laboratory-engineered disease refractory genes would probably
not spread in the wild, and would most likely need to be linked to a gene drive
system in order to proliferate in native insect populations. Underdominant systems
like translocations and engineered underdominance have been proposed as
potential mechanisms for spreading disease refractory genes. Not only do these
threshold-dependent systems have certain advantages over other potential gene
drive mechanisms, such as localization of gene drive and removability, extreme
engineered underdominance can also be used to bring about reproductive isolation,
which may be of interest in controlling the spread of GMO crops. Proof-of-principle
establishment of such drive mechanisms in a well-understood and studied insect,
such as Drosophila melanogaster, is essential before more applied systems can be
developed for the less characterized vector species of interest, such as mosquitoes.
This work details the development of several distinct types of engineered
underdominance and of translocations in Drosophila, including ones capable of
bringing about reproductive isolation and population replacement, as a proof of
concept study that can inform efforts to construct such systems in insect disease

vectors.
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Chapter 1

Introduction

Insect-Borne Diseases

Insects are vectors for a large number of diseases that significantly impact both
human health and agriculture. Malaria, dengue, yellow fever, chikungunya, Chagas
disease, West Nile, Japanese encephalitis, and Rift Valley fever are just a few of the
insect-borne illnesses that afflict humans (Gubler 1998; Tolle 2009), while
Huanglongbing, zebra chip disease, Pierce’s disease and other vector-borne plant
pathogens cause billions of dollars in agriculture-related loss annually (Lemon et al.
2009). Climate change and the accelerated global movement of plants, animals,
people, and goods are causing the spread of vectors and pathogens to new hosts and
environments, and threatening to increase the occurrence of many vector-borne
diseases (Githeko et al. 2000; Gubler et al. 2001; Lemon et al. 2009; Carvalho et al.
2014). Resurgence of malaria, dengue, and other diseases in the 1970s after their
effective control/elimination in the previous decades accentuates the threat that
these vector-borne pathogens continually pose to global health and economics
(Gubler 1998; Lemon et al. 2009).

This threat is underscored by specific examples of the burden inflicted by some of
these diseases. Malaria, which is caused by the Plasmodium parasite and
transmitted person to person by the Anopheles mosquito, causes approximately 225
million cases and almost 1 million deaths, mostly in African children and pregnant
women, annually (Murray et al. 2012; Crompton et al. 2014). Approximately half of
the world’s population is at risk for malaria (Centers for Disease Control and
Prevention 2014); it is the fifth leading cause of death from infectious diseases
worldwide (World Health Organization 2000); and in Africa alone, malaria kills a
child every 60 seconds (World Health Organization 2014a) and imposes at least
US$12 billion in direct losses a year (Gallup and Sachs 2001).

Similarly, over 40% of the world’s population is at risk for contracting dengue, a

viral disease that is transmitted by the Aedes mosquito (World Health Organization
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2014b). Dengue is currently the fastest spreading mosquito-borne disease in the
world, infecting almost 100 million people yearly (World Health Organization
2014b; Centers for Disease Control and Prevention 2012), and there is no known
cure or vaccine (World Health Organization 2014b). Dengue hemorrhagic fever
(DHF), a severe form of the disease that affects approximately 500,000 people
annually (World Health Organization 2014b), is a major cause of global
hospitalization and death (Gubler 1998), and its recent reemergence has been
marked by explosive epidemics (Gubler 1998; Lemon et al. 2009).

There are presently several major methods for combating these, and other,
vector-borne diseases. Suppression of total insect populations can be achieved via
removal of insect breeding grounds (such as water containers) and spraying of
insecticides (World Health Organization 2014b), and through the release of sterile
males (known as the Sterile Insect Technique, SIT; Morrison et al. 2010; Harris et al.
2011; Miller 2011). Disease-transmitting insect bites can be prevented through use
of insect repellents, insecticide-treated bed nets, and application of insecticides to
dwelling walls (Gould et al. 2006; Miller and Pierce 2009; World Health
Organization 2014b). And drugs to treat some of these diseases, like malaria, are
available (Enayati and Hemingway 2010). However, each of these control strategies
comes with pitfalls: population suppression via insecticides or SIT leaves the
insect’s biological niche intact, so that it can rapidly re-colonize it after suppression
efforts cease; avoidance efforts like bed nets can be costly, and are not as effective
for insects (like the Aedes mosquito) that bite during the day (Gould et al. 2006);
and evolution of insecticide and drug resistance by targeted insects is likely, if not
inevitable (Miller and Pierce 2009; Enayati and Hemingway 2010; Ndiath et al.
2012; Wang and Jacobs-Lorena 2013). While recent efforts to reduce the impact of
major insect-borne diseases like malaria have had some success (World Health
Organization 2014a), available control methods have not been able to completely
block disease transmission: the incidence of dengue has grown thirtyfold in the last
50 years (World Health Organization 2014a), and eradication of malaria with

current techniques seems unlikely (Miller and Pierce 2009; Crompton et al. 2014).



Genetic Approaches to Controlling Insect Vectors

The inability of current strategies to successfully control insect vector-borne
diseases has led to increased interest in disease control methods that involve
release of genetically modified mosquitoes refractory to pathogen transmission
(Gould et al. 2006; Sinkins and Gould 2006; Marshall and Taylor 2009; Hay et al.
2010). The idea of replacing wild insect populations with those engineered to be
incapable of disease transmission was first discussed decades ago (Curtis 1968;
Whitten 1971; Foster et al. 1972); however, at that time, such research was limited
by lack of genetic manipulation techniques (Gould and Schliekelman 2006).

Since then, advances in molecular biology have generated a wealth of new tools
for precise genetic manipulation (Groth et al.,, 2004; Gould and Schliekelman 2006;
Ran et al. 2013), and a number of genes that confer refractoriness to malaria and
dengue have been identified or engineered (de Lara Capurro et al. 2000; Ito et al.
2002; Moreira et al. 2002; Kim et al. 2004; Franz at al. 2006; Riehle et al. 2008;
Corby-Harris et al. 2010). However, disease refractory genes are not expected to
confer a fitness benefit to carrier mosquitoes (Schmid-Hempel 2005; Gould et al.
2006), and a large proportion of a mosquito population must be disease-refractive
to achieve meaningful levels of disease control (Boete and Koella 2002). Thus,
effective disease control via population replacement is generally thought to require
the linkage of disease refractory genes to a mechanism capable of driving them into
a wild population (Braig and Yan 2001; James 2005; Gould et al. 2006; Sinkins and
Gould 2006).

Several naturally occurring selfish genetic elements, including transposons,
meiotic drive, B-chromosomes, homing endonuclease genes (HEGs), Medea
elements, and the intracellular bacterium Wolbachia, have been proposed as
potential gene drive mechanisms (reviewed in Sinkins and Gould 2006), along with
approaches relying on linking genes of interest to engineered chromosomes, such as
translocations or compound chromosomes (Curtis 1968; Gould and Schliekelman
2004). Another approach, known as engineered underdominance, is discussed in
much more detail below (Davis et al. 2001; Magori and Gould 2006). Some of these
strategies, including Medea (Chen et al. 2007), Wolbachia (Walker et al. 2011), and
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HEGs (Windbichler et al. 2011), have been shown to have some capacity to drive

gene introgression in laboratory populations, and translocations have been used to
effect insect population suppression (Asman et al. 1981; Baker 1984). However, a
robust mechanism of gene drive capable of spreading chosen disease refractory

genes into wild populations has not yet been developed in important vector species.

High-Threshold Drive Systems

Some drive systems, like Medea and HEGs, are predicted to have low release
thresholds, and therefore be invasive, spreading to high frequency even if initially
introduced at very low frequency (Marshall 2009; Marshall and Hay 2011; Deredec
et al. 2008). On one hand, this is desirable, since disease-refractory genes must
spread to high levels to achieve disease control (Boete and Koella 2002). It may also
be disadvantageous, however—insects don’t respect international borders, and
forceful drive systems can spread genetically modified organisms (GMOs) into
communities or countries before they’'ve agreed to welcome their introduction
(Knols et al. 2007). The Cartagena Protocol (the United Nations’ set of regulations
governing movement of GMOs) allows countries to decide for themselves whether
to allow import of GMOs, and prohibits release of GMOs capable of invasively
spreading across borders without prior international agreements (Marshall 2010).
Furthermore, people have been shown to prefer that transgene spread be tested in
isolated locations before releases occur in their own community (Marshall et al.
2010a; Marshall et al. 2010b), and public distrust of GMOs may be considerable
(Alphey et al. 2002; Bohannon 2002; Gould et al. 2006). In light of these regulatory
guidelines and societal views, it is generally thought that initial releases of
transgenic insects must be confinable to the isolated areas where they are being
tested (Marshall and Hay 2012).

Gene drive systems based on the phenomenon of underdominance may offer a
way to spread transgenes to high frequencies locally without risk of spread into
neighboring populations (Altrock et al. 2010; Marshall and Hay 2012). The simplest
form of underdominance, or heterozygote disadvantage, occurs when the average

fitness of a heterozygote is lower than that of either parental homozygote (Hartl and
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Clark 1997). Although a single-allele underdominant scheme may be difficult to

engineer (Marshall and Hay 2012), several genetic systems based on the
underdominant principle—including chromosome translocations (Curtis 1968),
inversions (Foster et al. 1972; Robinson 1975) compound chromosomes (Foster et
al. 1972; Gould and Schliekelman 2004), and engineered underdominance (Davis et
al. 2001; Magori and Gould 2006; Akbari et al. 2013) —have been proposed (and, in
the case of Akbari et al, engineered). These systems all have high introduction
thresholds (27%-67%), and act as a bi-stable switch: if the frequency of one allele
or chromosome is above a crucial threshold, that allele will spread to fixation at the
expense of the other allele, while if it is below the threshold, it will be lost from the
population and the other allele type will be fixed (Davis et al. 2001; Sinkins and
Gould 2006; Altrock et al. 2010; Altrock et al. 2011). (A more detailed theoretical
framework of underdominance, including how it can result in population
replacement and what approaches can be used to bring it about, will be presented in
later chapters.)

This type of system is inherently removable, since the frequency of
underdominant individuals can be diluted below the critical threshold by the
addition of wild types, which in some cases may be preceded by a round of
insecticide application to decrease total population numbers. A high threshold gene
drive mechanism is also unlikely to spread to high levels in neighboring populations
linked to the source population by low levels of migration, as the frequency of
underdominant alleles is not likely to reach the needed threshold, and so confined
releases are possible (Altrock et al. 2010; Altrock et al. 2011; Marshall 2009;
Marshall and Hay 2012). Indeed, some analyses suggest that engineered
underdominance is the safest gene drive mechanism in contexts in which transgenic
containment in initial field cage experiments is likely to be critical (Marshall 2009).
Finally, since underdominant schemes are based on two alleles, and since each allele
can be engineered to carry a different disease refractory gene, such systems offer
additional insurance against breakdown of the system due to mutation or loss of the

disease resistance gene (Sinkins and Guld 2006).
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The high threshold required for spread of underdominant mechanisms (as
compared with other systems) will necessitate significant releases of transgenic
individuals to achieve fixation, and considerable releases of wild types if transgene
removal is required. However, necessary release ratios are still appreciably lower
that those utilized with many SIT programs (Krafsur 1998; Gould and Schiekelman
2004; Alphey et al. 2010), which in the case of the Mediterranean fruit fly involves
the release of billions of insects into the wild each week (Mumford 2012). And,
unlike SIT, underdominant systems are self-perpetuating (Baker 1984; Robinson
1976a), while sterile males must be released each generation. Thus, creation of
underdominant systems capable of gene drive would be a valuable addition to the
emerging field of using genetically modified insects to control vector-borne

diseases.

In this work, [ describe the development of several high-threshold
underdominant systems capable of gene drive in Drosophila melanogaster as a

proof of principle study that can hopefully be applied to vector species of interest.



Chapter 2

Engineering UD: Protein Toxins

2.1 Introduction

Theoretical Framework
Underdominance, or heterozygote disadvantage, in its simplest form, occurs when
the average fitness of a heterozygote is lower than that of either homozygote for a
trait that is determined by two alleles at the same locus (Hartl and Clark 1997).
Thus, for two alleles, A and a, the heterozygote A/a will be less fit than either the
A/A or a/a parental homozygote (Figure 2.1A). In extreme underdominance, the
heterozygous state is 100% lethal, so that A/A and a/a individuals are
reproductively isolated from each other. This process contributes to speciation (e.g.,
Eppstein et al. 2009), and it can also be appropriated as a mechanism for gene drive.
In a two-allele underdominant system, there exist two stable, and one unstable,
equilibria (Magori and Gould 2006). One allele typically becomes fixed in the
population while the other is lost, with the alleles’ initial frequencies determining
their fates (i.e., the more abundant allele tends to be fixed). This bi-stable, switch-
like behavior is what makes underdominance appealing as a gene drive mechanism.
In engineered underdominance, the fit homozygotes are generally envisioned as
possessing either two wild type or two transgenic alleles, with their heterozygous
offspring having reduced (or zero, in the case of extreme underdominance) fitness.
This requires that we be able to bring about a situation in which a transgenic allele
in the presence of a wild type genome, in a heterozygote, is unfit, while transgenic
homozygotes (which lack any copies of the corresponding wild type sequence at this
locus) are fit (Matzen 2012). One way to engineer such behavior is to create a
system of pairs of unlinked lethal genes (toxins), each of which is connected with
some repressor of lethality (antidote) associated with the expression of the other
lethal gene (Figure 2.1B; Davis et al. 2001; reviewed in Sinkins and Gould 2006). In
such a system, only “homozygous” engineered individuals, which are really

transheterozygotes carrying both engineered lethal gene/repressor elements, are



Underdominance Extreme Underdominance

A/A A/a a/a A/A A/a a/a

cC. UD1 + UD1 UD1
— X — — X —
UD2 + UD2 UD2
UD1 UD2 UD1 UD2
+ 2 | uD1 UD2
+ + D UD1
+ up2| UD1
+ + UD2

Figure 2.1: A. Underdominance is a case of heterozygous disadvantage, where the
fitness of the heterozygote is lower than that of either homozygous parent. In
extreme underdominance, the heterozygote fitness is zero, i.e., it is not viable. B.
Two ways of engineering underdominance. On the left, two different promoters
expressing the same toxin and the promoters’ respective suppressors make up the
underdominant system (Davis et al. 2001). On the right, the underdominant system
is comprised of the same promoter driving two toxins and their antidotes. C. A
single-locus extreme underdominant system. Crosses to wild type (+) produce no
viable progeny, as only UD1/UD2 transheterozygotes survive. Self-crosses result in
50% viable offspring.
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viable (Figure 2.1C). The original system proposed by Davis et al. 2001 relied on

each allele of the pair containing a different repressible promoter expressing a toxin,
and the repressor for the promoter of the opposite pair. Therefore, only an
individual that had both alleles would have the toxins fully suppressed and would be
viable. However, identifying promoter/repressor pairs that are strongly expressed
and yet not at all leaky can be difficult (Matzen 2012). Because of this, the work
detailed here involves a streamlined system that does not involve repressible
promoters, but rather relies on expressed toxins and antidotes.

Conceptually, such a system can be designed in one of two ways. There are a
number of proteins that, when expressed in sensitive tissues, can cause whole-
animal death, and thus can be used as the toxin portion of the underdominant allele.
Small RNAs targeting the toxic protein can be used as an antidote. If two slightly
different versions of the toxic protein can be recoded so as to be sensitive to one set
of small RNAs but not to another, then linking protein version A with RNAs targeting
version B in one transgenic allele, and vice versa in the other allele, should produce
a two-allele system that depends on the presence of both alleles for animal survival.
Another way of engineering toxin/antidote systems based on expressed transcripts
relies on using some means, such as small RNAs, to repress the expression of an
essential gene as a toxin. Expressing a rescue version of the protein that is
insensitive to the RNAs can serve as an antidote, as long as that antidote can be split
between two alleles. With either approach, it should be possible to engineer

transgenic underdominant individuals that cannot successfully reproduce with wild

types.

Drive characteristics

In the underdominant systems described above, two different transgene-bearing
alleles are utilized. These can be implemented in two different configurations:
single-locus and two-locus underdominance (Figure 2.2A). For single-locus
underdominance, both engineered alleles are placed at the same location in the
genome, and mating to wild type produces either unfit heterozygotes

(underdominance) or no viable progeny (extreme underdominance). In two-locus
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underdominance, the two underdominant alleles are located on different

chromosomes. In this system, individuals bearing four transgenes, two copies of
each, can be generated. When these are out crossed to wild type all progeny are

viable, but further outcrosses result in lethality for some offspring.

A.
——
Single Locus UD Two Locus UD ~——— _
_ T X e
——— -
~ s 4 s 4
L — = =
— — e ———
X \
—
——
———
B. |
Medea Two Locus UD Single Locus UD
5 5 5
45 45 45
o ! ¢ 4
S 35 35 a5
24
o 3 3 3
S
S 25 25 25
E
T 2 2 2
2
E 15 15 15
- 1 1 1
05/ 05 05
0 7 0.05 01 0.15 02 % 0.05 0.1 015 0z % 005 01 015
Fitness Cost Per Copy Fitness Cost Per Copy Fitness Cost Per Copy

Figure 2.2: A. Outcomes of single-locus and two-locus extreme underdominant
outcrosses to wild type. For the single-locus case, outcross to wild type produces no
viable progeny. For the double-locus system, every offspring in the first generation
survives, but further out crossing to wild type leads to some lethality in the second
generation. B. These graphs show drive dynamics of Medea, single locus
underdominance, and two-locus underdominance given initial release ratios and
fitness costs. The area under the lowest line for each graph represents conditions
where drive will not occur. C. Ward generated the graphs.
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Single locus and two-locus underdominance have distinctive drive characteristics.
In single locus underdominance many progeny die, even when the underdominant
chromosomes are present at high frequency, because mating to wild type always
results in loss of underdominant chromosomes. In contrast, as two-locus
underdominance chromosomes spread, the fraction of progeny that die approaches
zero. This occurs because as the alleles spread, the probability that progeny
inheriting one underdominant allele also inherit the other increases. Generally,
single-locus underdominance is not considered practical as a drive mechanism
(Curtis 1968), largely because for fixation of a transgenic allele to occur, it must be
introduced at very high frequency—greater than 67% (Davis et al. 2001). However,
extreme single-locus underdominance (where the heterozygous state is 100%
lethal) can be used to bring about reproductive isolation, which may be useful in
development of GMO safety mechanisms designed to preserve the integrity of wild
populations and thus alleviate public fears regarding transgenic organisms (Marris
2010; Pardo et al. 2009; e.g., containment of genetically modified crops, Kwit et al.
2011), as well as for studies of speciation (Moreno 2012). Two-locus
underdominance requires a population frequency of 27% to spread (Davis et al.
2001), thus necessitating a smaller initial release and making it a viable candidate
for gene drive. Both types of underdominance still possess lower thresholds than
some of the release ratios utilized in sterile insect techniques, which can be as high
as 90% (Krafsur 1998). In addition, as noted in Chapter 1, underdominant drive
systems are self-perpetuating, while sterile males must be released on an ongoing
basis.

Underdominant systems have a considerable introduction threshold. While this
might be considered a disadvantage if the goal is to spread transgenes far and wide,
in fact it has many benefits, especially when population replacement is in testing
phases, or when public acceptance of transgenic release is not universal (Marshall et
al. 2010a). Firstly, accidental releases of insects at sub-threshold levels are unlikely
to lead to transgene spread, making confined release possible (Marshall and Hay
2012). Furthermore, while releases above threshold would be expected to lead to

local spread, the introduced transgenes are unlikely to spread to high frequency in
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nearby populations, since the threshold needed for fixation is not likely to be
crossed via low-level migration (Altrock et al. 2010; Altrock et al. 2011). Also,
introduced transgenic alleles can be removed from the release site through the
sustained release of wild type individuals, since diluting transgenic allele frequency
below the threshold will cause the alleles to fall out of the population (Altrock et al.
2010; Marshall and Hay 2012). Finally, the ability to reproductively isolate
transgenic individuals from wild types can be crucial to securing greater public
acceptance for transgenic releases and protecting the integrity of native
populations. Thus, development of engineered underdominance would serve as an
important tool for furthering disease control strategies based on refractory insect
release, and potentially for assuring reproductive isolation of genetically modified

organisms.

Engineering UD: An Essential Problem

To generate transgenic underdominant individuals of the kind discussed above, one
has to bring two underdominant alleles into the genome of the same individual. The
essential problem with this approach is that each allele is supposed to impart a
significant fitness cost and/or death (for extreme underdominance) when present
without its partner allele, yet the alleles can only be introduced individually.

To get around this issue, one has to create underdominant alleles in which the
toxin function can be temporarily and reversibly suppressed until both alleles are
present in the same animal. This can be achieved in several different ways.
Promoters that are off in the presence of some substance (for example, tetracycline)
can serve as this required conditional rescue: animals can be reared on tetracycline
to suppress toxin expression until both underdominant alleles are crossed into the
same individual. Another way to provide conditional rescue is to separate the
chosen promoter from the toxin in such a way that no toxin is expressed until the
separating factor is purposefully removed. Inserting a blocker sequence between
toxin and promoter can serve this purpose; and if specific recombinase sites are
designed to surround the blocker, expressing the recombinase in animals that have

both underdominant alleles can catalyze the blocker’s permanent removal.
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Whatever the approach used, designing a conditional or reversible rescue is

essential to any attempt to engineer underdominance.

Engineering UD: Additional Considerations

Another prerequisite for the creation of single-locus underdominant individuals is
the capability to insert two different alleles at the same genomic position. In
Drosophila, this can be achieved by using the PhiC31 system (Groth et al., 2004).
Briefly, this system relies on the PhiC31 integrase, derived from bacteriophage, to
carry out recombination between two different sites, attP and attB (Thorpe et al,,
2000). Since there is a multitude of existing Drosophila lines with attP sites in
different parts of the genome, one can use a plasmid containing the complementary
attB site to insert different alleles into the same genomic locus.

The PhiC31 system is utilized extensively in the Hay lab, and for good reason. It is
very efficient, making transgenic fly generation straightforward and reliable. It also
allows for controllability—different transgenic alleles can be compared in the same
genetic background, eliminating the need to calibrate for potential position effects.
However, as we found out recently, when my thesis research was nearing
completion, there is a caveat to using PhiC31 lines to engineer underdominant
systems. A number of the lines (including most of the ones we’'ve used for this
project) have a fitness cost in that the females have significantly reduced fecundity,
sometimes laying half as many eggs as the white minus stock typically used as wild
type in the laboratory. While this does not affect our ability to generate
underdominant systems and test their functionality, it does prevent us from doing
drive experiments against wild type flies (since our transgenic individuals are
affected by a significant fitness cost unrelated to their underdominant alleles). Thus,
all drive experiments described in this work involve testing our underdominant
populations against the empty attP insertion lines used to generate them. This is by
no means invalidating—development of any drive mechanism in Drosophila
melanogaster serves simply as proof of principle, since it is not a pest species and

there is no interest in transforming wild populations via gene drive. However, my
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work does highlight that fact that all future attempts to transfer this system to

vector species of interest should evaluate potential fitness costs of planned genomic

insertion sites.

In the studies that follow, I describe the development and optimization of a
conditional rescue system meant to facilitate the creation of underdominant
Drosophila individuals. 1 also discuss the generation of an underdominant

Drosophila population based on the protein toxin approach.

2.2 Results and Discussion

2.2.1 Conditional Rescue

Blocker Sequence

In order to attempt creation of any underdominant (UD) systems, I had to have a
method of conditional rescue that blocked toxin expression well enough to allow
generation of viable heterozygotes, and could be easily and efficiently removed.
Previous work on underdominance in the lab carried out by Kelly Matzen utilized
both tetracycline-induced expression and presence of a removable blocker sequence
to prevent toxin expression until desired. However, Kelly’s work showed that
tetracycline-inducible systems were difficult to clone and tricky to calibrate (Matzen
2012), so all of my work relied on using a blocking sequence originally tested by
Kelly (Figure 2.3A). The sequence—usually GFP and a 3’ untranslated region (UTR)
—is flanked by FRT recombinase sites, and can be excised by the addition of FLP, a
site-directed recombinase (Zhu and Sadowski 1995). Not only does such a sequence
separate the promoter used from the toxin open reading frame (ORF), it serves as a

visual marker for the unflipped versus flipped state.

FLP-Expressing Fly Lines
In order to remove the blocking sequence, a source of FLP must be crossed into UD
allele-bearing flies. If a germline promoter-driven FLP was introduced into flies that

had unflipped UD constructs, FLP would catalyze the removal of the blocker in those
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Figure 2.3: A. Schematic of FLP-catalyzed excision of the removable rescue blocker.
When the blocker is present, GFP is expressed instead of the toxin. After addition of
FLP, the blocker is excised and the toxin is expressed. FRT sites are represented by
blue triangles. B. Schematic of the tetracycline (Tet) blocking cassette. A germline-
specific promoter is driving the expression rtTAV. Upon addition of Tet, Tet and
rtTAV induce expression of FLP from Pggne , which then catalyzes the blocker’s

excision.
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flies’ progeny. Two FLP lines, both obtained from the Bloomington Stock Center

(Bloomington, IL), were used in the lab for this purpose—male-germline-specific f3-
tubulin-FLP and female-germline-specific ovo-FLP. They were, however,
suboptimal: neither resulted in high frequency germline excision of our blocking
sequences; the ovo-FLP line produced very inconsistent flipping results; and the 13-
tubulin-FLP line had a very dark eye color, which made it difficult to disambiguate
from combinations of UD alleles that were also marked with a red eye color. This
made the process of blocker removal cumbersome and unnecessarily complex.

To address this issue, in collaboration with Kelly, I created and tested novel
promoter-FLP lines in hopes of developing a highly efficient blocker removal
system. Several newly characterized germline promoters were obtained from O.
Akbari and used to drive FLP. The first iteration used a vasa promoter fragment,
which drives expression in both male and female germlines; this gave no observable
flipping at two attP insertion sites. At this point, we also discovered that there were
two versions of FLP, and that we had been using the one with a low flipping
efficiency (Nern et al. 2012). The next set of constructs utilized the more efficient
form of FLP, and tested four different promoters: a long fragment of the Exu
promoter meant to express in males (Exul), a medium Exu fragment meant to
express in females (ExuM), and two very strong female-specific promoters,
Deadhead (Dhd) and Bicaudal C (BicC).

The constructs were evaluated at one or two attP sites (9753 and 9724, or 9724
only), and the flipping efficiencies observed for the more efficient of the sites
(9724), as well as the efficiency for the previously described FLP lines, are listed in
Table 2.1. The variable flipping rates observed with the Exul. promoter seemed
correlated with the physical distance between the FRT sites: larger blocker
sequences (~ 5 kb+) were removed with lower efficiency, while minimal blockers
(~ 1.5 kb) were excised with high efficiency. This is not surprising, as efficiency of
FLP recombination is known to decrease with increasing distance between FRT sites
(Ringrose et al. 1999). However, since most of the blockers used in subsequent
underdominance work were small, this line was efficient enough to be used for all

future male-specific blocker excision.
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Promoter Flipping Rate

B-tubulin (male-specific) 60-90%
Ovo (female-specific) 0-60%
Vasa (male and female) 0%

Exu long (male-specific) 50-100%
Exu medium (female-specific) 42%
BicC (female-specific) 100%
Deadhead (female-specific) 98%
Deadhead male 36%

Table 2.1. Efficiencies of various germline promoter-FLP constructs. Flipping
efficiencies were calculated by counting flipped versus unflipped progeny, as
evidenced by a color change from GFP to dsRed. All generated FLP constructs were
tested at the same genomic insertion site.

The BicC and Dhd promoters not only resulted in nearly 100% efficient flipping
when present in the germline of parents with unflipped alleles, but could flip
constructs in trans (i.e., if a male with an unflipped allele is crossed to a BicC-FLP or
Dhd-FLP female, the resulting progeny are all flipped). This simplifies testing for
killing by various toxins a great deal, since the toxin-bearing unflipped parents don’t
need to have a germline source of FLP crossed in before the blocker can be removed.
Furthermore, all of the generated efficient lines are at an attP site marked with light
orange eye color, and thus can be easily told apart from UD individuals. Taken
together, the above fly lines provided everything I needed to attempt engineering

underdominance, and were essential to this project.
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B3 Recombinase

During my work on various underdominant systems, | tested an approach that
utilized FLP as part of the rescue (described in detail in Chapter 3). Because FLP had
to be present in the underdominant construct, it could not be used to remove the
conditional rescue blocker. To be able to employ the removable blocker system, |
needed to use another recombinase that did not cross-react with FRT sites. To this
end, I tested the B3 recombinase from Zygosaccharomyces bisporus, which was
shown to work well in Drosophila (Nern et al. 2012), with the ExuM, ExuL, BicC, and
Dhd promoter fragments. The construct designs were identical to the FLP ones
described above, except that FLP was replaced by B3, and removable cassettes were
flanked with B3 recombinase sites. The efficiency of cassette removal using this
system was almost identical to that seen with FLP; the only exception was ExuM,
which gave lower levels of blocker excision (< 20%) in females. The generated
promoter-B3 lines allowed me to work on the FLP-containing underdominant

system, and can be utilized in the future if FLP/FRT recombination cannot be used.

Tetracycline Cassette

While the tools for conditional rescue removal described above worked well, ideally
one can effect blocker excision without needing any further fly crosses, e.g., via
addition of a drug. This would be especially useful if underdominant systems were
transferred to a vector species like the mosquito, where generation of germline FLP
lines may pose a considerable challenge.

To this end, Kelly and I designed an FRT-flanked blocker cassette that would self-
excise upon the addition of tetracycline (Tet; Figure 2.3B). Besides the usual GFP
blocker, this cassette contained rtTA25-M2 (rtTAV) driven by a germline promoter,
and a tetracycline-response Pigne promoter driving FLP. In the presence of Tet,
rtTAV—a prokaryotic Tet operon-binding domain fused to minimal repeats of the
VP16 activation domain (Matzen 2012) —binds and induces expression from the
Piighe promoter. Thus, rtTAV is always present in the germline, but only in the
presence of Tet should it cause FLP to be expressed from Pight, and to catalyze the

removal of the cassette.
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The initial version of this cassette, which used a vasa germline promoter, the
original Pggne promoter, and the inefficient allele of FLP, did not give any flipping. I
first replaced the FLP with the efficient version and tried using the BicC promoter
instead of vasa, since we knew it was strongly expressed in the germline. However,
females bearing this cassette were infertile, presumably because very high levels of
rtTAV in the germline were toxic. It also came to our attention that the Prgnt
promoter, while adequate for somatic expression, may lack the elements to be
sufficiently expressed in the Drosophila germline.

To find both an appropriate germline promoter and a version of Pign: that would
function well in the germline, | decided to test the components with a GFP induction
system. A set of constructs was generated that had different germline promoters
driving rtTAV, as well as the original Pigne promoter or one of two modified versions
driving GFP. When inserted into the Drosophila genome, these constructs should not
express GFP without the presence of Tet, but should show germline GFP expression
when Tet is added. Using this system, [ tested two germline promoters, Dhd and zpg
(both provided by O. Akbari), and the original Pygne plus two novel versions, for a
total of six constructs. The original Pighe promoter used contained seven TetO
operator sequences followed by a core CMV promoter; the versions I designed had
nine TetO operator sequences followed by either the basal hsp70 promoter (TetO-
hsp70) or the P transposase minimal promoter (TetO-Pel), which is known to work
in the Drosophila germline (Rorth 1998). The original Pygnht and TetO-hsp70 did not
appear to function at all in the female germline, while TetO-Pe was readily inducible
in the presence of Tet and rtTAV (but gave no GFP expression in their absence).
Both the Dhd and zpg promoters induced robust expression of GFP from TetO-Pe in
fly ovaries in the presence of Tet, but Dhd was also leaky, with some GFP observable
in ovaries without Tet. Thus, zpg and TetO-Pe were chosen for testing in the full Tet
cassette. No GFP expression was ever detected in male testes.

To avoid dealing with any toxins or other complex components, I cloned the
modified Tet cassette (with zpg and TetO-Pe)) between a Ubq promoter fragment
(provided by O. Akbari) and dsRed. With this architecture, a color switch from GFP
(unflipped) to dsRED (flipped) is expected if flipping occurs. This construct was
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injected into two attP sites (86Fa and 51D), and the blocker was efficiently flipped

out if a source of germline FLP was crossed at both insertion sites. When dosed with
Tet, the construct did catalyze its own removal, but at a fairly low efficiency (12-
15%, depending on the site). Although further optimization of this system has not
been carried out, and the final version of this cassette was not used in
underdominant constructs, this work shows that such drug-inducible conditional

rescue removal is possible.

2.2.2 Underdominance with a Protein Toxin

The underdominant system described here uses Hid, a Drosophila RHG cell death
protein, as a toxin, and was originally designed and tested by Kelly (Matzen 2012).
The Hid4/e3 allele (Bergmann et al. 1998) is recoded at the DNA level to produce two
slightly different versions, each of which can be targeted by a specific set of
synthetic small hairpin RNAs (shRNAs). Each shRNA set can target only its assigned
allele, and not the other allele or endogenous Hid. The Hid alleles, arbitrarily labeled
1 and 2, are paired with the shRNA set that targets the opposite allele (i.e., Hid1 with
shRNA set 2 on one construct, Hid2 with shRNA set 1 on another) and expressed in
an essential tissue. In this way, both constructs need to be present in order for Hid
to be fully suppressed, and individuals carrying only one of the constructs should
not be viable (Figure 2.4A).

This system was initially tested in fly eyes using the GMR promoter, and resulted
in both death (small eye phenotype in flies with only one construct) and rescue
(restoration of normal eyes in flies with both constructs). It was then moved to
several essential tissues, and expression in the heart, under the hand enhancer
(Sellin et al. 2006), produced strong (90-95%) killing of individuals with only one
underdominant allele at several attP sites. However, rescue in the heart was never

obtained, and Kelly completed her thesis studies before she could figure out why.

Achieving Rescue in the Heart
The architecture of the Hid constructs [ began working with is shown in Figure 2.4B.

In these, the hand enhancer drives the expression of Hid and the rescue shRNA set,
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Figure 2.4: A. Schematic of the protein toxin underdominance system using Hid
expression in an essential tissue. Each construct has one version of Hid (the toxin)
and the version of shRNAs targeting the opposite Hid (the antidote). When only one
construct is present in an animal, Hid is not suppressed and the animal dies; when
both constructs are present, the animal is viable. B. Architecture of initial Hid
constructs that killed but didn’t rescue. The GFP blocker prevents expression of Hid;
upon the addition of FLP, the blocker is excised and Hid is expressed in the heart. C.
The final construct (with additional miR-1-based shRNAs) that gave both killing and
rescue.
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which is placed in an intron in the Hid 3’'UTR. The blocker sequence, flanked by FRT

sites, consists of GFP and the opposite set of shRNAs in the GFP 3’UTR (this second
set targets the Hid version in the construct, and is included as part of the conditional
rescue to prevent Hid leakage during transformant generation). Following flipping,
this conditional rescue is removed, and Hid is expressed in the heart.

As Kelly’s results suggested, | found that these constructs gave good killing at one
attP insertion site (51D), although the precise level of killing was difficult to gauge
because hand-driven GFP was not visible at this site, and it was thus impossible to
tell whether the surviving heterozygotes had the conditional rescue blocker flipped
out. Transheterozygous animals could not be obtained, however, even though the
rescue appeared to function adequately in the eye.

The triplets of shRNAs used for the rescue were based on the Drosophila miR-6.1
backbone, which was known to work well in the lab (e.g., Chen et al. 2007).
However, it wasn’t clear if this backbone was ideal for driving down expression in
muscle tissue. [ decided to try making rescue shRNAs based on miR-1, engineered
versions of which have been shown to effectively knock down a variety of
Drosophila genes (Ni et al. 2011), in the hopes of improving rescue efficacy. These
new shRNAs targeted the same sites in Hid, and each set consisted of an shRNA
triplet in an intron of the Hid 3’UTR, just like the original version, but their backbone
was based on the miR-1 design described in Ni et al. 2011. The new rescue sets
were added to the Hid 3’'UTR in addition to the original shRNAs (Figure 2.4C).

When tested at attP site 51D, these new constructs gave the same strong kill
observed with the previous version (as would be expected, since the toxin wasn’t
altered), but also effected rescue. Transheterozygous underdominant individuals
were obtained at expected frequencies and appeared healthy and robust, and an

underdominant fly stock was created for use in future gene drive experiments.

Improving Killing
Although an underdominant population was generated in the above experiments,
the ultimate goal of this project was to engineer extreme underdominance (with no

heterozygote survival) so that reproductive isolation could also be achieved. Since
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the Hid system was working quite well already, I set about trying to improve the
toxin’s function to achieve 100% kill. Pfeiffer et al. 2012 showed that addition of
certain translational enhancer (TE) sequences can significantly boost transcript
expression levels, so  added a 5 MHC IVS16 intron and the p10 3’'UTR (from Pfeiffer
et al. 2012) to Hid, but saw no improvement in killing. (If anything, I saw a slight
decrease of killing; this was thought to potentially stem from splicing machinery
being overwhelmed by having too many different introns to process).

Another approach to potentially improve killing involved trying new promoters
to drive Hid expression. I tested two other heart-specific enhancers: the minimal
hand enhancer (handm; Han and Olson 2005), which was supposed to give stronger
expression in the heart than the full-length version of hand, and the tinman
enhancer (tinC; Lo and Frasch 2001). I also tried two enhancers that express in
oenocytes, which regulate water tightness of the trachea and are required for larval
viability (Parvy et al. 2012): desaturase 1 (dst1; Billeter et al. 2009) and a seven-up
enhancer (svp; Gutierrez et al. 2007). However, none of these enhancers improved
killing (Table 2.2). The handm enhancer produced comparable killing to the full-
length version, and was used for all subsequent work in the heart; tinC resulted in a

weak kill; and neither of the oenocyte enhancers generated any observable killing.

Promoter Killing Rescue
hand original Strong Yes
hand minimal Strong Yes

tinC Weak Yes
dstl None —
Svp None —

Table 2.2: Fly results from Hid constructs driven by various promoter fragments. All
flies were scored at the same genomic insertion site (51D).
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Drive Experiments

Gene drive experiments with the one underdominant Hid line generated in this
work were initially set against white minus (w-; the laboratory equivalent of wild
type). Since this was a functional single-locus underdominant system, drive could
theoretically be expected if the frequency of the initial underdominant release was
greater than 67% of the population (i.e.,, 67% underdominant to 33% wild type;
Davis et al. 2001; Sinkins and Gould 2006). However, even at significantly higher
release ratios (e.g., 80%), most of the experimental replicates showed rapid loss of
transgenic individuals from the population (Figure 2.5). (There were two replicates
that showed spread of the transgenic alleles when set at an 80% release threshold;
the reasons for this are unclear.) We assumed this stemmed from either incomplete
killing of heterozygotes, incomplete rescue resulting in fitness costs to the
transheterozygotes, or both. At this point, I set aside this project to focus on

underdominant systems with a small RNA toxin.

Release of male and female UD flies at 80% frequency

Proportion of population

Generation

Figure 2.5: Drive experiments were set against white minus stock by releasing male
and female Hid underdominant individuals at 80% frequency. Each line represents a
biological replicate. Most replicates showed rapid loss of Hid underdominant alleles
out of the population.
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However, as mentioned in the introduction, our lab has recently discovered that
many of our regularly used attP lines have intrinsic fitness costs that disadvantage
them in competition with w-. Thus, in order to obtain a fair comparison, any drive
experiments involving transgenics created at these attP lines have to be done
against the empty attP lines themselves. Hid drive experiments were therefore set
up again using the empty 51D attP line, and are currently ongoing. Initial results
show that, when released at high threshold, the transgenes quickly spread to
fixation (Figure 2.6). The drive actually appears too forceful: even when released
below the frequency predicted to lead to fixation, the underdominant alleles rapidly

increase instead of falling out of the population.

Release of male and female UD flies at various frequencies
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Figure 2.6: Drive experiments were set against the empty attP insertion line used to
generate Hid transgenics by releasing male and female Hid underdominant
individuals at various frequencies (from 30%-80%). Each line represents a
biological replicate. Most replicates showed rapid spread of Hid underdominant
alleles to population fixation, even when released at frequencies below the
predicted drive threshold of 67%.
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The exact causes of this deviation from expected drive dynamics are unclear.
Differences in visual capabilities between the Hid and attP individuals may play a
considerable role: the attP flies lack a functional white gene and thus have white
eyes, while the Hid underdominant flies are red-eyed, as white is resupplied as part
of the underdominant allele (to facilitate screening for transgenics). White-eyed flies
have significantly impaired vision compared to red-eyed ones, especially in high
light intensities (Borycz et al. 2008; Krstic et al. 2013), and since the above drive
experiments were carried out in brightly lit incubators, the inferior visual ability of
the attP individuals may have imposed a substantial fitness cost on them. This
would facilitate accelerated spread of the underdominant alleles, since their carriers
would be at an advantage. To address this possibility, drive experiments have now
been re-set up in the dark (where the white-eyed flies are not at a great
disadvantage) to see whether that changes drive dynamics.

Another possible explanation for the unexpected drive characteristics of the Hid
system has to do with unforeseen fitness costs of the attP line as compared to the
Hid population. We do not know what imposes the fitness costs observed in the attP
lines themselves: they may be associated with the insertion site itself (and any
associated marker genes), with deleterious recessive alleles present in the stocks, or
with both. If there are significant fitness effects stemming from recessive mutations,
the transgenic Hid flies might have had some of them recombined and/or selected
out, as they had been integrogressed with w- and other lines during the process of
transformant generation and blocking sequence removal. Should this be the case,
attP insertion individuals can be outcrossed to w- for several generations and then
homozygosed again to create a stock that can be used for future drive experiments.
Together, the above strategies should make it feasible to show drive in and drive out
at expected frequencies with the Hid system, and experiments to implement them

are ongoing.
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2.3 Future Directions

Conditional Rescue

The minimal conditional rescue blockers and the recombinase lines used to remove
them described here function well enough to allow efficient testing of
underdominant systems. Nevertheless, development of a rescue cassette that self-
excises upon drug addition would further simplify underdominance work in
Drosophila, and would provide a blueprint for creating such a system in vector
species. The fact that the Tet cassette detailed in this work functions as expected is a
promising starting point. However, its efficiency of drug-induced self-excision is low,
and would have to be improved for it to be useful.

One way to make this cassette more efficient is to increase expression levels of
FLP and rtTAV, potentially by adding the translational enhancers described earlier.
Although they did not improve Hid-induced Kkilling, they do seem to increase
expression in tissue culture constructs (Hay lab, unpublished data), and may
function better when present without other intronic elements. Since this work was
carried out, optimized versions of both rtTAV (rtTA-V10) and Pright (Pre3c) have also
become available (Zhou et al. 2006; Clontech, Mountain View, CA), and may improve
Tet-induced FLP expression. Furthermore, other recombinases, such as B3, can be
tested to see if greater recombination efficiency can be achieved. All together, some
combination of the above improvements may well result in a Tet cassette that is

effectual enough for practical use.

Underdominance with a Protein Toxin

The Hid underdominant system already functions well—it has a robust rescue and a
strong Kkill. An ideal system, however, would bring about reproductive isolation, and
it might be worthwhile to attempt further improvement of the Hid kill to achieve
this goal. One obvious target for modification is the position of the shRNA rescue.
Recent work in our lab has shown that placing shRNAs in the UTR of a gene
significantly reduces its expression level. Moving the shRNAs to a separate part of

the construct and expressing them under the same promoter used to drive Hid will
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complicate construct design, but it may lead to significantly increased Hid levels,
and thus improved killing. If the intronic shRNAs are moved away, it may also be
reasonable to re-test Hid with translational enhancers, in case their previous lack of
function was really caused by too many introns on one transcript. Additional
enhancers can also be tested to see whether the system will operate in other
essential tissues, and the plethora of transcriptional profiling data currently
available can guide selection of enhancers likely to work well with this system.
Finally, since insertion at different genomic positions has been shown to greatly
affect killing in earlier Hid work, further attP sites can be tested to see if a more
optimal site than the one currently used can be found. Preferably, this would be a
site with no associated fitness costs, so that drive experiments against wild type can
be performed. This would eliminate the issue of the stronger-than-predicted drive
observed when performing releases against the current attP line. However, if drive
against wild type cannot be achieved, it will be important to carry out drive
experiments against such populations that allele fixation and loss can be achieved at
theorized frequencies, since the switch-like, threshold-dependent property is a
crucial component of underdominant drive. The approaches described earlier will

hopefully elucidate a way to conduct such experiments.

2.4 Materials and Methods

Fly Culture and Strains

Fly husbandry and crosses were performed under standard conditions at 25°C.
BestGene Inc. (Chino Hills, CA) and Rainbow Transgenics (Camarillo, CA) carried out
all of the fly injections, with Rainbow Transgenics performing the vast majority of
them with consistent reliability.

Additional fly strains utilized in this study were ovo-FLP (Bloomington Stock
Center #8727), {3-tubulin-FLP (#7196), and attP lines 86Fa (#24486),
51D(#24483), #9724, and #9753.

Fly crossing schemes used to introduce FLP into the germline and set up kill and

rescue crosses are detailed in Appendix C.
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To test tetracycline-induced GFP expression and Tet cassette excision, Tet food
was made. Standard fly food was microwaved until liquefaction and allowed to cool
to ~ 45-50°C. Then a saturated Tet solution in 70-100% ethanol was added to the
food at a 1:100 ratio, and the food was poured back into standard vials to solidify.
Since Tet is degraded by light, food vials were stored in the dark, usually covered by
tin foil, at 4°C. To induce cassette excision, day-old flies were placed on Tet food, and
10-30 uL. more of the Tet solution was added directly to the food every two or three
days. The progeny of these flies were then scored for flipping, as evidenced by a
switch from GFP to dsRed expression. To check for induction of GFP expression in
the germline, flies were kept on Tet food as described above, or on regular food;
ovaries and tested were dissected after ~ five days to check for GFP expression.

The process of setting up drive experiments is described in Appendix C.

Conditional Rescue Constructs

The germline-expressing FLP constructs were cloned into a multiple cloning site
(MCS)-containing Drosophila attB backbone using the enzymatic assembly (EA)
cloning method described by Gibson et al. 2009 (this procedure is detailed in
Appendix A). FLP was PCRed from lab sources, and originally contained a glycine
residue at position 5 of the protein. For subsequent constructs, the glycine was
mutated to an aspartic acid via PCR to produce a more active form of FLP (Nern et
al. 2011). The SV40 3’'UTR was PCRed from lab sources, and cloned 3’ of FLP.
Germline enhancer fragments vasa, ExuM, Exul, BicC, and Dhd were PCRed from
constructs provided by O. Akbari or from Drosophila genomic DNA, and cloned 5’ of
FLP. Flipping efficiencies of the germline FLP lines were tested via crosses to the
GFP/dsRed Tet cassette line described in this chapter (overall FLP cross schematics
are detailed in Appendix C). B3 recombinase-FLP constructs were cloned the same
way. B3 recombinase and B3 sites were PCRed from Addgene plasmids 32136 and
32139, respectively (Addgene, Cambridge, MA). Efficiencies of B3 recombinase lines

were tested using underdominance constructs described in Chapter 3.
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The GFP-induction constructs were cloned into the MCS of the attB vector using
the EA method. To prevent any read through, they were designed so that rtTAV
would be transcribed from the bottom strand relative to the Tet-responsive GFP,
with the two transcriptional units separated by a Gypsy insulator (Chun et al. 1993;
Gdula et al. 1996). The rtTAV coding sequence and original Pigh: fragment were
PCRed from the original Tet rescue cassette provided by K. Matzen. Each germline
promoter was cloned (in the reverse orientation) onto the bottom strand of the attB
plasmid, and was followed by rtTAV and then the p10 3’'UTR (PCRed from UASt;
Rorth 1998). The Gypsy insulator was PCRed from lab sources and cloned 3’ of the
germline promoters. TetO repeats were PCRed from the Pygne fragment in groups of
three, and the nine-repeat multimer was originally assembled via Golden Gate
cloning methods (described in Appendix A) into backbone OA669 (from O. Akbari).
These were then moved into the above attB backbone 3’ of Gypsy, followed by either
the hsp70 basal promoter (PCRed from lab sources) or the P transposase minimal
promoter (PCRed from UASp), then GFP and the SV40 3’'UTR (both PCRed from lab
sources).

K. Matzen assembled the original Tet-inducible cassette (Matzen 2012). It was
flanked by FRT sites, and contained ttAV driven by the vasa promoter and FLP
driven by the Pignt promoter. It was moved to the attB backbone using EA cloning,
and assembled together with the paramyosin (prm) enhancer (Hess et al. 2007;
Marco-Ferreres et al. 2005) 5’ of the cassette, and dsRed (provided by O. Akbari)
and tubulin 3’'UTR (provided by K. Matzen) 3’ of the cassette. In the final version, the
prm enhancer was replaced by Ubq (provided by 0. Akbari), vasa was replaced by
zpg, FLP was replaced by a more efficient version, and the Pigne promoter was
replaced by TetO-Pe1. All of the above manipulations were done with EA cloning.

The FRT site, B3 site and TetO sequences, as well as the first and last 30 base
pairs (bps) of all other DNA fragment used in the described constructs, are listed in
Table 2.3. All transcribed proteins utilized had a Kozak sequence (CAACAAA) 5’ of
the first ATG codon added via PCR.



Name Sequence
FRT Site GAAGTTCCTATTCCGAAGTTCCTATTCTCTAGA
AAGTATAGGAACTTC
TetO TCCCTATCAGTGATAGAGA
B3 Site GGTTGCTTAAGAATAAGTAATTCTTAAGCAACC
Name 30 bps of the 5’ and 3’ ends of each

fragment, 5’ to 3’

P transposase
minimal

CCGTAGCTTACCGAAGTATACACTTAAATT
CATTGGTACCCGCCCGGGGATCAGAATTGG

Py Original

CGAGTTTACTCCCTATCAGTGATAGAGAAC
CTCGTTTAGTGAACCGTCAGATCGCATCGA

Hsp70 basal

AGCGCCGGAGTATAAATAGAGGCGCTTCGT
AAGCGCAGCTGAACAAGCTAAACAATCTGC

Gypsy

AATTGATCGGCTAAATGGTATGGCAAGAAA
GAATAAATTCAACGCACACTTATTACGTGA

Zpg

ATGACCACCACACTGTGCGACAGACTGAGC
CCGAAATTAAATAAAATAAATACGCCATCA

rtTAV

ATGTCTAGACTGGACAAGAGCAAAGTCATA
GATTTTGACCTTGACATGCTCCCCGGGTAA

p10 3'UTR

CTAGAATGAATCGTTTTTAAAATAACAAAT
TGGCTTGGATAGCGATTCGAGTTAACGGCC

Dhd

TTGCGGCCTTCTTGGATTGAAAAAAAAGTG
AAACACTTTGCTAATCCTCGCGACATAAAA

SV40 3'UTR

ACATTGATGAGTTTGGACAAACCACAACTA
TGTGGTATGGCTGATTATGATCAGTCGACC

B3 recombinase

ATGAGCTCGTATATGGATCTTGTTGATGAT
CGGCGCGTCCTGGCACCAATTAACCGGTAA

ExuL

CTGTCATCTCTGGCGCAACCATTTGAAATT
TAGATTGCTTTTCGCAGATCATATAAGAAA

ExuM

TTCATTACGTTTTAGTTAGTCGTACGAATT
TAGATTGCTTTTCGCAGATCATATAAGAAA

BicC

ATAATTATATAATAATAAACTGCATGCCGC
TGTGGAATTCGGATGATGATGATGATCACT

FLP

ATGCCACAATTTGATATATTATGTAAAACA
TTATATGCGTCTATTTATGTAGGATGAAAG

GFP

ATGGTGAGCAAGGGCGAGGAGCTGTTCACC
ACTCTCGGCATGGACGAGCTGTACAAGTAA

Table 2.3:
fragments,

dsRed

ATGGTGCGCTCCTCCAAGAACGTCATCAAG
CTACAGGAACAGGTGGTGGCGGCCCTCGGT
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Full sequences of short fragments, and first and last 30 bps of longer
used in the conditional rescue constructs.
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Protein Toxin Constructs

K. Matzen assembled the original Hid constructs, attB-hand-rH1m2 and attB-hand-
rH2m1 (Matzen 2012). Two sets of new shRNAs, targeting Hid versions 1 and 2,
were designed based on the miR-1 backbone described in Ni et al. 2011, and
targeted the same sites as the original shRNAs (Table 2.4). ShRNA triplets were
assembled using the Golden Gate method into 0A669, and were flanked by the same
5’ and 3’ intronic consensus sequences utilized in the original set (5’ site cagGTaagt,
3’ site tactaattcttcttttcccttttttttAGg, with splice donor and acceptor capitalized).
They were then subcloned into the corresponding attB Hid plasmids (set 1 with Hid
version 2 and vice versa) 3’ of the existing shRNAs using traditional cloning
methods (Ascl).

In later versions, the MHC16 IVS intron (Pfeiffer et al. 2012) was cloned directly
5’ of Hid, and the tubulin 3’'UTR was replaced by the p10 3'UTR (Pfeiffer et al. 2012).
Both fragments were PCRed from templates provided by O. Akbari, and cloned in via
EA. The minimal hand enhancer (handm; Han and Olson 2005), tinman enhancer
(tinC; Lo and Frasch 2001), desaturase 1 enhancer (dst1; Billeter et al. 2009), and
seven-up enhancer (svp; Gutierrez et al. 2007) were PCRed from genomic DNA and
inserted into the Hid constructs instead of the original hand, with a minimal hsp70
promoter downstream of each fragment, using EA methods. The first and last 30
base pairs (bps) of all DNA fragments used in the described constructs are listed in

Table 2.5.

Name Sequence (5’ to 3’)

Hid 1.1 GCATAGCTCCTCCTCCAACAAC
Hid 1.2 AGGCTGAATCCGGAGCTATTCA
Hid 1.3 CTACAGTAGTTACGGTATTTGT
Hid 2.1 CCACTCCTCGAGTTCGAACAAT
Hid 2.2 AAGCAGAGAGTGGCGCAATACA
Hid 2.3 CGACCGTCGTAACAGTCTTTGT

Table 2.4: Sites in Hid1 and Hid2 targeted by rescue shRNAs.



Name 30 bps of the 5’ and 3’ ends of each
fragment, 5’ to 3
Hand full TGATCGCTTTGAATTTTGGATTTAAGTTTA

TCCAATTAATAATGACAATTTATATTTCAG

Hand minimal

CTTCAAAACTTCAATATTTCCAAAAAGGCA
CGCCCCAGTGCAGAAAAAGGGGGAGAAAAT

tinC

CATGAACAGCTTTCGATCGGCCACCGATCC
CAATGCAACTGTAAAATGTTTCCCTGCCTC

Dstl

CACAGGTTCGTTTTCCACCTGGCCACTTGT
TAAGCATGCCACCAATTCTGGCAATTATTT

Svp

AAGCTTGGAAAATGCGTTGGAGTAATAGCC
GGAGCACAAACACATGGGCCCTGCCACTTT

Hid

ATGGCCGTGCCCTTTTATTTGCCCGAGGGC
ATGGGCTGTGGCTTCTTTGCGGCGCGATGA

MHC16 IVS

AAAAGGTAGGTTCAACCACTGATGCCTAGG
GAGGGTACCAACTTAAAAAAAAAAATCAAA

Tubulin 3’'UTR

GCGTCACGCCACTTCAACGCTCGATGGGAG
AGAAATAAGAAAACCCCACTGTTTTTCTTT
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Table 2.5: First and last 30 bps of fragments used in the protein toxin constructs that

were not listed in Table 2.3.
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Chapter 3

Engineering UD: shRNA toxins

3.1 Introduction

[t is important that any underdominant module to be released into the wild is robust
on an evolutionary time scale. Potential frailty is a major disadvantage of protein
toxin-based underdominance: a single point mutation can compromise toxin
function and disable the drive system. Thus, we sought to develop an
underdominant scheme that employs a more mutation-resistant toxin. Our progress

in implementing such a system is detailed in the work below.

Theoretical Framework

Instead of introducing something toxic and neutralizing it with a two-component
rescue, another way of engineering underdominance can involve the removal of
something essential as a “toxin” and re-introduction of it from an exogenous source
as a “rescue”. For example, knocking down an essential gene in a sensitive tissue can
produce animal death, and re-supplying that gene in a form that is insensitive to the
knockdown can rescue that death. If the rescue can be re-supplied in two pieces, one
located on each of the underdominant chromosomes, then this “toxin”/“rescue”
scheme can be used to generate an underdominant system. As with the protein-
based toxin approach described in Chapter 2, such a method would utilize two
underdominant alleles. Each would contain the same tissue-specific promoter, as
well as a transcript (containing one or more shRNAs) that would decrease levels of
a gene product whose presence in the targeted tissue is required for organismal
viability. Each underdominant chromosome would also express, as a part of the
same transcript, a fragment of the essential targeted gene, recoded so as to be
insensitive to the death-inducing shRNAs. In this system, rescue of essential gene
function only occurs when both transgenes are present and expressed, together

reconstituting a functional version of the essential transcript.
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Small Hairpin RNAs as Toxins

RNA silencing is a powerful method widely used to artificially silence genes in all
phyla (McManus et al. 2002; Perrimon et al. 2010). Based on endogenous small
RNAs and their processing machinery, RNA silencing techniques introduce artificial
small RNAs into an organism that bind to mRNAs in a sequence-specific manner,
promoting their degradation and/or inhibition of their translation (Filipowicz et al.
2005). Several methods are commonly used to induce synthetic RNA silencing of
specific genes (Perrimon et al. 2010), including long double-stranded RNAs
(sdRNAs), synthetic small interfering RNAs (siRNAs), and small hairpin RNAs
(shRNAs). In Drosophila, most initial RNA silencing techniques utilized long dsRNAs
produced from intron-spliced hairpin RNA molecules (Perrimon et al. 2010).
However, these do not effectively work in the female germline (Ni et al. 2011), and
can be difficult to clone and work with. To overcome these limitations, several
research groups have designed shRNAs based on endogenous micro-RNA (miRNA)
backbones (Chen et al. 2007; Ni et al. 2011). These shRNAs, which utilize silencing
pathways employed by endogenous miRNAs and siRNAs, are quite straightforward
to clone, and have been shown to systematically silence numerous Drosophila genes
with high efficiency (Ni et al. 2011). Thus, they are excellent candidates for the role

of silencing “toxins” in Drosophila underdominance constructs.

Two-Component Rescue
Designing an antidote that is distributed between two alleles can be challenging,
since neither part can provide any rescue function when on its own, yet rescue must
be robust when both parts are present in the same animal. There are several
distinctly different ways of doing this, but all involve a version of the gene being
targeted that is recoded at the DNA level to be impervious to the silencing shRNAs.
One way of achieving a two-component rescue is through the use of a split
transcription factor. In this mode of recue, each underdominant allele has half of a
transcription factor, with the full-length recoded rescue gene under the control of a
transcription factor-activated enhancer. When both alleles are present, the two

parts of the transcription factor will associate non-covalently and activate
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expression from their target enhancer, which will result in production of the rescue.
There are several split transcription factor/promoter systems available, and one
(LexA::VP16; Arndt et al., 2001; Luan et al., 2006) had been previously tested in the
lab as part of an underdominant system (Matzen 2012). However, such a system has
several potential drawbacks, including leakiness (i.e., expression from the promoter
in the absence of both transcription factor parts), ineffectual activation of the
promoter even when the full transcription factor is present, and toxicity of
transcription factor halves (Matzen 2012). Additionally, when previously tested in
the lab, this mode of rescue ultimately did not work (Matzen 2012).

Another way to build a two-part rescue involves expressing the target gene itself
in two pieces and reconstituting the pieces via intein-based protein splicing. Inteins
(short for internal proteins) are enzymes that catalyze their own excision from a
protein-intein fusion and splice the host protein back together, generating the free
intein and a mature protein (Lockless and Muir 2009; Schwartz et al. 2007; Cheriyan
et al. 2013). They work by a number of different mechanisms, and are ubiquitous in
single-celled organisms from all three domains of life (Carvajal-Vallejos et al. 2012).
Since they can tolerate heterologous sequences at their extein ends, and since split
inteins can splice in trans (i.e., when fused with different proteins), they have many
potential biotechnological applications, and optimized intein versions are becoming
increasingly more utilized (Carvajal-Vallejos et al. 2012; Cheriyan et al. 2013). Split
inteins have been shown to work efficiently in mammalian cells (Dhar and Mootz
2011), and some data shows they function in Drosophila in vivo, as well (Schwartz et
al. 2007). Splitting the recoded target gene in two and attaching each part to an
efficient split intein piece can thus allow for the distribution of the rescue between
two alleles.

Finally, instead of splitting the transcription factors required for rescue
expression or splitting the rescue itself, another approach to building a two-part
antidote entails expressing the recoded gene from one or both alleles in the
essential tissue in such a way that expression from one allele alone is not enough to
rescue. For example, one allele can encode a version of the rescue transgene in

which a portion of the gene is inverted, thereby generating a transcript that makes a
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non-functional protein. The second allele can encode a recombinase that restores
the inverted rescue transgene to its wild type configuration. In such a system, in
which both chromosomes express gene-silencing shRNAs, the animal can only
survive when both chromosomes are present. This kind of irreversible flipping can
be carried out using a FLP-catalyzed FLEX switch (Schnutgen and Ghyselinck 2007)
that consists of FRT and F3 recombinase sites. When arranged in a particular order
around a sequence, these sites plus the FLP recombinase will cause the portion of
the recoded target gene between the sites to be permanently re-oriented in the
direction that leads to the expression of the full length recoded rescue transcript.

A different way to implement the rescue scheme proposed above is to target a
haplolethal gene. Haplolethal genes require two functional copies of a gene for
animal survival. If a haplolethal gene is knocked down by shRNAs, one recoded copy
expressed under its own promoter will not be sufficient to restore viability.
However, two identical copies should restore transcript levels to those needed for
animal survival. If each allele contains an shRNA toxin and one copy of the recoded
rescue driven by its endogenous promoter, animals heterozygous for the construct
should not be viable, but homozygotes will have sufficient amounts of target protein
to survive. The appeal of such an approach is its simplicity, since only one
underdominant construct will need to be designed. And, as antidote function does
not require protein-protein interaction or re-assembly of multiple parts, rescue may
be easier to achieve. Indeed, it is with this system in Drosophila that we had the
greatest success, engineering several underdominant populations, some with
reproductive isolation. Since all animals have haplolethal genes, this system is also

potentially adaptable to vector species of interest.

Advantages of shRNA Toxin-Based Underdominance

A major benefit of using shRNAs as toxins is their evolutionary stability: since
numerous shRNAs targeting different mRNA sites can be included as part of the
toxin, mutations in any one shRNA or its target site should not de-activate the
toxin’s lethal properties. If deactivating mutations in the rescue gene occur, the

animals bearing them will simply die and the creation of broken kill-rescue alleles
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will be unlikely. This can be an important point of consideration in designing
underdominant modules that will be released into wild populations, as there will be
considerable selection against any toxin component of such a system.

Another advantage of this type of underdominance scheme is the range of options
available for all of its key components. Suppression of a number of genes can be
lethal in sensitive essential tissues, and there are numerous options for providing a
split rescue, so there are a lot of variables that can be manipulated to create an
underdominant system with the desired properties. This is likely to be true for other
species as well as for Drosophila, and makes this approach appealing, since our

ultimate goal is to create underdominant systems in various vector organisms.

This chapter describes various shRNA toxin-based approaches to creating a

single-locus underdominant system in Drosophila.

3.2 Results and Discussion

3.2.1 Underdominance with CG5266

Kelly Matzen originally selected the genes targeted by the various shRNA-toxin
underdominance systems described here. In her work with Hid-based
underdominance, she had had some success in driving toxin/antidote expression
with the heart-specific hand enhancer, and decided to try using it in an shRNA-based
underdominance scheme (Matzen 2012). Research by Neely et al. 2010 showed that
depletion of numerous transcripts in the heart, driven by tinman-expressed RNAI,
was lethal during development. Kelly chose two of these sensitive transcripts,
CG5266 and Rpl35a, as initial targets for shRNA-based approaches. After she
graduated, | continued to work on both targets, largely in parallel. Rpl35a-centered
approaches are detailed in a later section of this chapter. Here, I describe research
using CG5266, a proteasome subunit that has a homologue in Aedes, a vector

species of interest.
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Intein-Based Rescue

Initially, Kelly tested an shRNA triplet that was based on the endogenous Drosophila
miR-6.1 backbone; the three shRNAs targeted the 5’UTR, 3'UTR, and start codon of
CG5266, respectively. This shRNA set did not produce any killing in flies. She then
designed another triplet, also based on miR-6.1, targeting the coding regions (CDs),
and had Geoff Pittman design a different miR-6.1 triplet targeting the CDs based on
his ideas what an ideal target site should look like. Kelly never got the chance to test
these, and 1 began working with them after her departure from the lab. The
sequences of all these target sites are listed in Appendix B.

Kelly focused on bringing about rescue using a split transcription factor, but was
unsuccessful in getting significant levels of regulated expression. [ decided to try a
protein slicing-based rescue using the Nostoc DnaE split intein (Zettler et al. 2009),
which has been shown to work efficiently in mammalian cells (Dhar and Mootz
2011). I split the recoded CG5266 gene, with its introns, at a point that I surmised
would tolerate exposure until the mature protein was spliced together, and attached
each piece to the appropriate half of the intein (i.e., 5’ protein end to the N intein
portion, 3’ protein end to the C intein portion). In this way, when both halves were
present, the two pieces should be post-transcriptionally spliced together to form a

mature rescue protein (Figure 3.1A).

Cell Culture Tests

Before any fly constructs were built, I tested the various components of this system
in Drosophila S2 tissue culture. To determine if shRNAs targeting CG5266
suppressed transcript levels [ used a proxy for proteasome function, two short-lived
GFP proteins: Ub-R-GFP (Dantuma et al. 2000), an N-end rule substrate, and
pd2EGFP (Clontech, Mountain View, CA), which has a PEST sequence on the C
terminus of the protein. Each of these degrons results in the encoded protein having
a very short half-life in otherwise wild type cells, and therefore cells expressing
them have low levels of fluorescence. I hypothesized that fluorescence intensity

would increase if proteasome function was disrupted.
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Figure 3.1: A. Schematic of underdominant constructs with shRNA toxins and a self-
splicing protein rescue. Each underdominant allele contains a tissue specific
promoter driving the expression of shRNAs that silence some essential gene in the
3’'UTR of a recoded gene-intein fragment. When the two inteins are present in the
same individual, they catalyze the splicing of their extein protein fragments, creating
a mature recoded rescue protein. B. Architecture of the actual CG5266-targeting
intein constructs tested in various tissues in Drosophila. In addition to parts
described above, each construct has a blocking sequence that is excised upon the
addition of FLP, and is flanked by CTCFs.
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The two GFP-degron coding regions, as well as all three shRNA sets targeting

CG5266 built by Kelly (one targeting the UTRs and two targeting the CDs, with each
set in an intron), were cloned separately into the pAc5.1-HisB vector downstream of
the Actin5 promoter. The entire CG5266 recoded rescue protein and the N- and C-
portion protein-intein pieces were also individually cloned into pAc5.1-HisB. In this
way, I could test whether the shRNAs suppressed CG5266 levels, whether providing
a full-length recoded rescue could reverse this suppression, and whether intein
splicing of the split CG5266 protein parts would produce a comparable rescue effect.

As predicted, expression of either destabilized GFP protein (in otherwise wild
type cells) resulted in very faint, short-lived GFP signal in S2 culture. The addition of
shRNAs targeting CG5266 resulted in an increase in GFP levels, with the degree of
stabilization determined by the specific ShRNA set used. The set targeting the
CG5266 UTRs resulted in a very weak effect (as was expected, since Kelly saw no
phenotype when she expressed this set in the fly heart), while the sets targeting the
CDs produced a very significant increase in observable GFP levels, with the triplet
designed by Geoff Pittman (which clustered shRNA target sites in one portion of
CG5266) generating a slightly stronger effect. Addition of the full-length recoded
CG5266 gene to cells expressing the above shRNAs resulted in a drop in GFP
expression levels, suggesting rescue of the shRNA-induced phenotype. While neither
protein-intein piece on its own brought about rescue, addition of both fragments at
the same time produced a rescue effect comparable to, though slightly less than, that
achieved by expression of the full-length protein. Given the above data, I concluded
that, at least in tissue culture, the components of this underdominance scheme

functioned as designed.

GMR Constructs and Results

[ initially tested the above system in the fly eye, using the eye-specific GMR
promoter, as proof of principle for later work in essential tissues. The general
architecture of constructs generated for this experiment, and of all essential tissue
constructs deriving from this work, are shown in Figure 3.1B. Each underdominant

allele contained an identical set of intronic miR-6.1-based shRNAs in the 3'UTR of
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one of the two split rescue/intein pieces, expression of which was driven by the
tissue-specific promoter (the first round of GMR-driven constructs contained either
one or the other set of CD-targeting shRNAs, not both). The promoter was separated
from the intein-protein open reading frame (ORF) by either the Tet cassette or the
minimal GFP blocker described in Chapter 2. (Which blocker was used depended on
what phase of testing we were in, and changed from construct to construct;
however, this did not in any way affect the actual underdominance-related results.)
Additionally, the entire allele was flanked by artificial CTCF insulators (Kyrchanova
et al. 2008) to prevent any possible genomic insertion effects from influencing
expression.

The assembled GMR constructs were inserted into two attP insertion sites, and
the transgenic flies generated were then crossed to germline FLP lines to excise the
blocking cassette (detailed in Appendix C). When expressed in the fly eye under the
GMR promoter, both shRNA toxins resulted in a glassy, decaying eye phenotype;
additionally, there was some observed pupal lethality, likely due to leaky expression
of GMR in non-target tissues. Transheterozygous flies were obtained and appeared
to regain the wild type eye phenotype, suggesting that the rescue was functional
(Figure 3.2). It was evident, however, that rescue may not have been complete, as
some flies began to show an intermediate eye phenotype (i.e., not as healthy as wild
type, not as defective as kill-only flies) with age. The same kill and rescue
phenotypes were observed at both of the attP insertion sites tested (Table 3.1).

[ also tried using both sets of CD-targeting shRNAs in one construct in order to
achieve the small-eye phenotype observed with Hid-based underdominance alleles
driven by GMR (Matzen 2012). This did not result in small eyes, but did produce a
more pronounced glassy and decaying eye appearance. Transheterozygous flies
with the same characteristics as the ones above were obtained for these double-kill

alleles as well, and were used to set up underdominant fly stocks.
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UD1/+, UD2/+, UD1/UD1, UD2/UD2

Figure 3.2: Eye phenotype of flies bearing only one type of GMR-driven CG5266 UD
allele (above) versus both types of alleles (below). The heterozygous individuals
have abnormal colored, deformed eyes while the transheterozygotes eyes are
rescued back to a wild type phenotype.

Essential Tissue Constructs and Results

Since the CG5266 system appeared to function in tissue culture and in vivo in the
fly eye, it was moved to essential tissues. As Hid-based underdominance had shown
some success with the heart-specific hand enhancer, I first decided to test this
system with the minimal hand enhancer (handm; Han and Olson 2005), since it was
shorter (~ 500 bps long) and seemed to work at least as well as the full-length
version (~ 1500 bps long). Constructs identical to those diagrammed in Figure 3.1B,
with the handm enhancer followed by a basal hsp70 promoter, were injected into

two attP sites. Following FLP-mediated blocker removal, the shRNA toxin resulted
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GMR 86Fa Strong?! Yes?
9724 Strong? Yes?
handm 86FA Strong No
51D Strong Yes3
tinC 86FA Very weak —
51D Very weak —
dstl 86FA 100% No
51D 100% No
Svp 86FA 100% No
51D 100% No

Table 3.1: Fly results with CG5266 shRNAs and intein-based rescues.

L Killing in the eye refers to a severe eye phenotype.

2. Rescue refers to restoration of wild type eyes.

3. Although transheterozygous rescue individuals were obtained, there were few of
them and they were sickly.

in significant (~ 85-90%) killing. The flies that did survive were generally weak and
short-lived, with a delicate, fluid-filled wing phenotype; however, they were fertile,
and thus reproductive isolation was not achieved with this system.
Transheterozygous animals were recovered at one attP site (51D), but the majority
of them were not 100% healthy, indicating that the rescue was only partially
functional.

As neither killing nor rescue was optimal, [ attempted to improve both. Per
Pfeiffer et al. 2012, addition of certain translational enhancer (TE) sequences can
significantly boost expression levels. Thus, to enhance rescue expression, [ added a
5" MHC IVS16 intron and the p10 3’UTR (from Pfeiffer et al. 2012) to the CG5266-
intein fragment. This, unfortunately, did not produce any improvement in rescue.

To increase Killing, I tried using both sets of CD-targeting shRNAs instead of just
one, but this gave only a very slight increase in killing. Additionally, I built up six
new shRNAs that targeted the same sites as the existing shRNAs, but were based on
the miR-1 backbone (Ni et al. 2011), since work on Hid underdominance suggested

they may work better in the heart (see Chapter 2). These were placed in an intron in
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the 3’'UTR of the CG5266-intein ORF, both separately and behind the existing

shRNAs. By itself, this set produced killing that was no stronger (and potentially
slightly weaker) than the killing obtained with the two original miR-6.1 triplets.
When combined with the existing shRNA sets, killing improved only marginally.

[ also tested the original constructs (with only the stronger set of original miR-6.1
shRNAs) with different enhancer fragments to see whether stronger toxin
expression could be obtained. I utilized the enhancers previously tested with Hid-
based underdominance (Chapter 2), all with a basal hsp70 promoter: heart-specific
tinman (tinC; Lo and Frasch 2001) and oenocyte-specific desaturase 1 (dst1; Billeter
et al. 2009) and a seven-up fragment (svp; Gutierrez et al. 2007). TinC-driven killing
was very weak at both insertion sites I tried. Both dst1 and svp gave 100% killing at
the two sites; however, I was not able to generate transheterozygous flies with
either construct set, suggesting that the recoded splicing protein was not sufficient
to rescue with these promoters. The results obtained for all essential tissue work

described in this section are listed in Table 3.1.

CG5266 Underdominance with a Flipping Rescue

As discussed in the introduction, another way to build a two-component expressed
transcript rescue is to invert a portion of the recoded target gene in such a way that,
as is, the expressed transcript is nonsense. If this nonsense transcript is provided on
one underdominant allele while the other allele supplies some means of
permanently flipping around the inverted portion back to its correct orientation, a
functional rescue will only be expressed if both alleles are present.

Typically, FLP recombinase catalyzes the excision of fragments located between
two FRT sites in the same orientation, and the reversible inversion of fragments
located between two oppositely oriented FRT sites (Zhu and Sadowski 1995).
However, irreversible flipping can be brought about using a FLP-catalyzed FLEX
switch (Schnutgen and Ghyselinck 2007). This switch consists of classic FRT sites
and the F3 variant of FRT sites (each site type is unable to react with heterospecific

sites). When arranged in a particular order around a sequence, these sites plus the
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FLP recombinase will cause permanent inversion of the fragment located between
them.

We decided to integrate this switch into a different rescue modality for the
CG5266-based underdominant system. In this scheme (Figure 3.3), each construct
has the same promoter placement, intronic shRNA toxin, and flanking CTCFs as the
original intein alleles. However, in place of the CG5266-intein fragments, one
construct has FLP, and the other has the full-length recoded CG5266 gene with the
first exon inverted and flanked by the FLEX switch-dictated arrangement of FRT and
F3 sites. On its own, this inverted version should not produce an operative protein;
however, in the presence of FLP, the first exon should be inverted back to its correct
orientation, and functional rescue transcript should be made. Additionally, B3
recombinase sites instead of FRT sites flank the removable blocker sequence.

This system was first tested in the heart with the handm enhancer. After blocker
removal via crosses to germline B3 recombinase lines, the handm-FLP construct
gave killing identical to the handm-intein alleles (~ 85-90%), as would be expected
since the shRNA toxin remained constant. The construct with the partially inverted
CG5266 gave a similar percentage of killing, but the surviving heterozygotes, in
addition to being sickly and having fluid-filled wings, were also smaller than wild
type flies. This suggested that expression of the nonsense version of CG5266 had
some effect independent of the toxin, but we never determined why exactly that
effect arose. I was not able to obtain transheterozygotes for this set of constructs.

The flipping rescue scheme was also tested with the dstl and svp oenocyte
enhancers. For both enhancers, I observed the same complete killing as with the
oenocyte enhancer-intein constructs, but no rescue was brought about. To see
whether the FLEX switch was re-orienting the CG5266 exon as designed, I crossed
flies bearing the partially inverted CG5266 rescue allele, with the blocking sequence
still present, to the BicC FLP line, and then PCR-amplified the fragment containing
the inverted region from progeny genomic DNA. Sequencing of this region showed
that the FLEX switch was working as expected, and that the first exon of CG5266

was now in the correct orientation. I also further out crossed these flipped flies to
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Figure 3.3: Alleles constructed for the CG5266 flipping rescue underdominance
system. UD1 has a tissue-specific promoter driving FLP with CG5266-targeting
shRNAs in its 3'UTR; the promoter is separated from the FLP ORF by a blocker
sequence (flanked by B3 recombinase sites), and is surrounded by CTCFs. UD2 is
identical, except that FLP is replaced by full-length recoded CG5266, with its first
exon inverted and surrounded by the FLEX switch arrangement of FRT and F3 sites.
Upon addition of B3 recombinase, the blocker sequence will be excised from both
constructs. FLP will then cause re-orientation of the inverted CG5266 exon to its
proper direction, and the full-length recoded rescue protein will be expressed.



48

the germline B3 recombinase lines to remove the blocker, and saw that, for the dst1
promoter line, some unblocked flies survived. This suggests that, in the proper
orientation, the recoded CG5266 gene produces enough transcript to rescue when
one set of ShRNAs is present. However, whether the overall flipping rescue mode did
not work because FLP activity in the oenocytes was not adequate to catalyze the
FLEX switch, or because the reoriented CG5266 did not restore sufficient transcript

levels in the presence of two shRNA sets, could not be determined.

Killer-Rescue with CG5266

At this point, with 100% Kkilling using the oenocyte enhancers but no rescue, we
decided to take a more empirical approach to troubleshooting the antidote. Before
we could really test whether the intein splicing or FLEX switch rescue modalities
could work, we needed to know whether the recoded CG5266 gene in one piece was
sufficient to rescue.

To this end, I built separate kill and rescue constructs (Figure 3.4). Not only
would this clarify whether enhancer-driven CG5266 expression was sufficient for
rescue, but it would also potentially create a novel drive mechanism, as Kkiller-rescue
has been theoretically shown to have self-limiting gene drive capability (Gould et al.
2008). For the Kkill constructs, a single intronic shRNA set was placed into the 3’'UTR
of dsRed, and the GFP blocker separated the oenocyte enhancer from the dsRed
ORF. For the rescue constructs, the full-length recoded CG5266 gene was directly
driven by an oenocyte enhancer (no blocker was necessary, since no toxin was
present). Both alleles were flanked by CTCFs.

These constructs were tested at three different attP insertion sites (86Fa, 51D,
and 51C). At all three sites, killing after blocker removal was complete with both
dstl and svp. Rescue alleles inserted at the same sites as the kills gave robust
rescue, with Kkiller/rescue individuals appearing healthy. Rescue could also be
achieved with both promoters when the rescue constructs were inserted at a
different genomic site than the kill. However, very few double homozygotes (K/K;
R/R) could be generated, and no two kill/one rescue flies (K/K; R/+) were found.

This was problematic for two reasons.
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Figure 3.4: Architecture of CG5266 killer and rescue constructs. The rescue
construct consists of a tissue-specific promoter driving the full-length recoded
CG5266 gene. The Kkiller has the same promoter, which separated from dsRed and
CG5266-targeting shRNAs in its UTR by a GFP blocking sequence. FLP catalyzes the
excision of the blocker, leading to expression of dsRed and the shRNA toxin. Both
killer and rescue cassettes are flanked by CTCFs.

Firstly, healthy double homozygotes would be required for the killer-rescue system
to work as a drive mechanism. Additionally, as designed, both split-rescue
underdominance modalities with CG5266 only have one copy of the recoded
antidote gene for two sets of shRNAs, and therefore cannot be expected to give rise
to healthy flies unless that single copy of the antidote transgene is sufficient to
rescue the lethality induced when both shRNA sets are expressed. In short, the
above results suggest that one copy of the rescue transgene, expressed under the
control of the oenocyte promoters, was insufficient to provide rescue, calling into
question our ability to engineer underdominance using the above approaches.

There were several potential reasons that could explain poor rescue by one copy
of CG5266. Position effects could be responsible for differential expression of the
toxin and antidote, tipping the scale against robust rescue. Expression from
oenocyte enhancers may not have restored CG5266 transcript levels to those

naturally found in this tissue. Also, recoding of CG5266 may not have been sufficient
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to prevent some shRNA targeting of the rescue allele, thus reducing the amount of
transcript available. The last hypothesis was considered a likely source of problems.
This is because the shRNAs targeted the CD portion of CG5266, limiting my options
for recoding while still preserving the identical protein coding sequence (CG5266 is
a highly conserved protein).

To address this possibility, I built a final set of Killer rescue constructs. I
assembled two new sets of shRNAs, each consisting of four stem-loops targeting
either the 5’UTR (in one set) or the 3’'UTR (in the second set) of CG5266, and cloned
them into the kill backbones in place of the original toxins. Since the rescue does not
utilize the endogenous UTRs of CG5266, insufficient recoding could not be an issue. |
also put the previously described translational enhancers (Pfeiffer et al. 2012)
around the full-length recoded CG5266 gene, to hopefully enhance rescue
expression.

The above constructs were injected into two attP lines (51D and 86Fa), and
experiments with them are currently in progress. Initial results show that all but
one construct at one site (svp-driven 5’'UTR shRNAs at 86Fa) produce 100% killing.
Future work will determine whether rescue can be attained, and whether robust

double homozygotes and two kill/one rescue flies can be generated.

3.2.2 Underdominance with Rpl35a

Although it was not originally chosen as a target for this reason, Rpl35a is a
haplolethal gene (Cook et al. 2012; Marygold et al. 2007). This is advantageous for
two reasons: since levels of this transcript above 50% are required for proper
function, it was likely that sufficient suppression to bring about lethality could be
achieved using artificial shRNAs; this also presented an opportunity to try a
different approach to two-component rescue. Additionally, the mode of rescue is
such that only one construct needs to be built, simplifying cloning. And since
haplolethal genes are found in all organisms, it is likely that, if this approach to
building underdominance is successful in Drosophila, it can be transferred to vector
species of interest. Below, I describe successful construction of an Rpl35a-based

underdominant system in Drosophila.
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Construct Architecture

The original shRNA set utilized in this work, cloned by Kelly Matzen, had three
shRNAs - one targeting the 5’'UTR, one targeting the 3’UTR, and the last one
targeting the start codon of Rpl35a. Kelly had tested this set as a part of a split
transcription factor-based underdominance approach, and showed that it produced
100% lethality (Matzen 2012), but no rescue, when driven by the hand enhancer.
Since this shRNA set seemed to suppress Rpl35a well in the heart, | decided to use it
as a part of a haplolethal rescue scheme.

The basic structural design of all Rpl35a constructs described in this work is
shown in Figure 3.5A. The toxin portion is comprised of a tissue-specific enhancer
(handm plus hsp70 basal promoter for the initial construct), basic GFP blocker, and
intronic set of shRNAs in the 3'UTR of VP16, all flanked by CTCFs to prevent
inappropriate rescue activation by the enhancer. (VP16 has no actual function in the
construct, and was transferred to my system from Kelly’s arrangement to simplify
cloning and provide a fragment to place in front of my shRNAs.) The rescue portion
consists of full-length Rpl35a (with its introns) recoded to be insensitive to the
shRNAs, along with its 5’ and 3’'UTRs and enough surrounding genomic sequence to
(hopefully) capture elements needed for its apposite transcription. If shRNA
knockdown of endogenous Rpl35a is adequate, and if expression of the recoded
gene is temporally and quantitatively sufficient, then individuals with one copy of
the Rpl35a underdominant allele should not have enough transcript to survive
(since all of their endogenous Rpl35a is suppressed and they only have one rescue
copy), but those with two copies should be viable. Outcrosses of such
underdominant homozygotes to wild type should produce 100% offspring lethality
(Figure 3.5B).

Initial Fly Results

Transformants for this initial construct were generated at two attP sites (51D and
86Fa) and crossed to germline FLP lines to remove the blocker sequence. After
blocker removal, most heterozygotes survived, indicating that killing was very weak.

Since we knew that this particular set of shRNAs expressed under handm previously
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Figure 3.5: A. Schematic of the Rpl35a underdominant construct. The killer portion
of the allele is on the 5’ end, and consists of (5’ to 3’) a tissue-specific enhancer, a
GFP blocker sequence, VP16, and shRNAs targeting Rpl35a in the 3’'UTR of VP16.
This entire cassette is flanked by CTCFs. The rescue portion of the construct
contains the recoded Rpl35a gene with its endogenous 5’ promoter and 3’'UTR. After
FLP catalyzes removal of the blocker cassette, the toxin is expressed. B. A Punnet
square demonstrating the result of outcrossing Rpl35a homozygotes to wild type.
Wild type flies have two endogenous copies of Rpl35a and are viable. Homozygotes
for the Rpl35 underdominant allele have all of their endogenous Rpl35a silenced by
shRNAs, but have two copies of the rescue allele and are also viable. Their progeny
have all of their endogenous Rpl silenced by the shRNAs, but only have one copy of
the rescue, and are thus all inviable.
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gave 100% Kkilling at 86Fa, we hypothesized that Rpl35a suppression was not

particularly efficient, leaving enough endogenous transcript to effect rescue when
combined with a single copy of the recoded rescue. A stronger kill was needed for
the system to function as designed.

Experimentation with shRNA design in the lab had suggested that targeting the
CDs rather than the UTRs of a gene resulted in more potent suppression, and work
on Hid underdominance indicated that miR-1-based shRNAs may function better in
the heart (Chapter 2). Based on these suppositions, I designed a new intronic set of
six shRNAs that were based on the miR-1 backbone and targeted the CDs of Rpl35a,
and placed them downstream of the existing set. However, even with these

additional shRNAs, killing with handm remained very weak.

Oenocyte Promoter Work

At this point, we decided to move the Rpl35a system to a new (and hopefully more
sensitive) tissue. Since oenocyte enhancers gave robust killing in the CG5266
experiments, [ replaced handm in constructs that had the original and new miR-1-
based shRNAs with either the dstl or svp enhancer, and tested these two constructs
at 86Fa. Dst1 produced 100% killing, but did not give any rescue. Svp gave strong
but imperfect killing—less than 5% of heterozygotes survived, and those that did
were short-lived, developmentally delayed (emerging days after wild type flies), and
had fragile, buckled wings (they were, unfortunately, fertile). The svp construct also
produced rescue, and homozygous individuals were generated. They had a slight
wing phenotype, and did not appear 100% normal, suggesting that rescue was not
complete (all further references to incomplete rescue imply the same phenotype).
However, [ was able to establish and maintain an underdominant fly stock for use in
future drive experiments.

This was a good start. Ultimately, though, we wanted to engineer an extreme
underdominant system with high homozygote fitness (i.e., 100% kill and robust
rescue). To accomplish this, both kill and rescue functions would have to be
improved. I first decided to experiment with existing shRNA sets. One hypothesis for

why the rescue did not function at all in dst1 lines, and was not optimal in svp lines,
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was insufficient recoding. As with CG5266, anti-Rpl35a shRNAs targeted the coding

region of the gene, which is very highly conserved, and the amount of recoding I
could do while preserving amino acid integrity was limited. Thus, it was possible
that the shRNAs could suppress the recoded rescue allele to some extent.

To remedy this, I did a modest amount of further recoding of the rescue, focusing
on the few sites that weren’t previously recoded as thoroughly as possible, and in
some instances forgoing Drosophila codon bias. I also cloned constructs that
contained only the original shRNA set built by Kelly, since these targeted mostly
UTR sites that were slightly more amenable to recoding. This effort gave me four
new constructs—two with additional rescue recoding and two with one original
shRNA set (one for each oenocyte enhancer) —all of which were injected into attP
sites 86Fa and 51D.

The above set of experiments yielded some successful results. Increased recoding
did not make a significant difference in antidote function: the dstl construct still
produced 100% killing and no rescue at both sites, and the svp construct at 86Fa
gave the same strong killing and imperfect reversal of suppression. However, at 51D
(which was not previously tested with oenocyte enhancer-Rpl35a constructs), the
svp allele produced 100% killing and imperfect rescue, and an underdominant fly
line that was reproductively isolated from conspecifics was established. Constructs
with the original shRNA triplet at 51D effected complete killing and no rescue; at
86Fa, the dstl version produced complete killing and imperfect rescue, and the svp
version gave strong Kkilling and incomplete rescue. From these, two more
underdominant populations (one displaying extreme underdominant behavior)

were established.

Design of New shRNAs

Our results with Rpl35a-based underdominance thus far were quite promising, so
we continued optimizing this approach in hopes of generating an extreme
underdominant system with high homozygote fitness. At this point, we decided to
experiment with new shRNA sets that would silence potently yet be unable to target

the recoded rescue.
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To this end, I chose six new target sites in the CDs of Rpl35a that permitted more
thorough recoding (i.e., mainly that contained codons in which more than just the
third base pair could be changed without changing the corresponding amino acid).
ShRNAs (based on the miR-1 backbone) targeting three of these sites at a time, plus
a fourth 3’UTR-targeting shRNA from the original set (which targeted a non-
conserved site that could be fully recoded), were cloned as intronic four-mers and
assembled together with newly recoded rescues and either dstl and svp.
Additionally, I built a construct that had both of the above four-mers and a rescue
modified to be resistant to all of the shRNAs. These six constructs (one with shRNAs
targeting new sites one through three plus the UTR site, one with shRNAs targeting
new sites four through six plus the UTR site, one with all eight shRNAs, for both dst1
and svp) were tested at 86Fa and 51D. All gave complete killing and no rescue.

[ also built a construct with just the recoded rescue driven by its endogenous
promoter region (exactly as in our underdominant alleles) to test whether
expressing twice the normal amount of Rpl35a in tissues where there was no shRNA
knockdown imposed some kind of fitness cost. The flies with just the rescue
construct appeared completely normal, however, and had the same reproductive
fitness as the empty attP lines used to generate them.

We suspected that, even with the above new constructs, insufficient recoding was
the reason that rescue was not effected (even though the new set of target sites
allowed for greater rescue manipulation, recoding was still far from complete). In
order to circumvent this issue, we would have to select sites that could be changed
significantly without disrupting proper protein expression, and this was very
limiting, as the CDs and 5’'UTR of Rpl35a are extremely highly conserved across all
Drosophilids. However, [ did find limited regions of the 3'UTR that could
presumably tolerate significant change, as they were not conserved and didn’t
appear to have any significant regulatory sequences. Thus, I selected four such sites
to target with yet another new set of miR-1-based shRNAs.

The latent concern with such a strategy is insufficient silencing, as targeting of
UTRs does not seem to be as effective as targeting of CDs (Hay lab, unpublished

data). As we brainstormed ways to avoid this, we found that, according to research
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by De et al. 2013, mismatching the 3’ end of a guide shRNA to its mRNA target

significantly improved silencing of abundant genes, at least in mammalian cells. We
had not previously tried this in the lab, and as a rule always made out guide strands
100% complementary to their mRNA target sites; however, since Rpl35a is very
highly expressed, we decided to try this approach. Thus, in addition to cloning an
intronic shRNA four-mer using our typical approach (with shRNA guide strands that
are completely complementary to the mRNA sites they target), I cloned another
four-mer set where the last four base pairs of each guide strand were the same as,
instead of complementary to, the target mRNAs (since De et al. 2013 suggested that
a mismatch of four bases was optimal for silencing). These two new shRNA sets
were assembled together with appropriately recoded rescues and either dst1 or svp,
and injected into 86Fa and 51D.

Constructs with completely complementary shRNAs produced very weak killing
with both enhancers at both sites. However, the mismatching strategy worked:
mismatched shRNA-containing lines with dstl showed complete killing and no
rescue at both sites, while the mismatched shRNA-containing svp construct gave
strong but incomplete killing and robust rescue at 51D (at 86Fa, the killing was
appreciably weaker). I established an underdominant fly stock—our first with a

robust rescue—using the 51D line for use in future drive experiments.

Final Set of Constructs

Although, at this point, we had a number of underdominant populations with which
to set up gene drive experiments, we wanted to undertake one final effort to build a
system with complete kill and complete rescue. One confounding result from the
previous set of experiments was that the dstl allele with 3’UTR-targeting
mismatched shRNAs failed to rescue, even though inadequate recoding was not a
possibility. We went back and scrutinized our construct designs, and realized that
the y-tubulin 3’'UTR following our shRNAs was minimal, and may not have contained
all of the features necessary for proper transcription termination. This may have led

to read-through into the rescue, compromising its expression. (Even though a CTCF
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insulator separates the toxin and rescue, it is not clear that this insulator is effective
at preventing read-through.)

To remedy this, I replaced the short t y-ubulin UTR with a much longer version,
one that should contain all of the necessary termination signals. I also replaced the
VP16 fragment 5’ of the shRNAs with dsRed, since VP16 can be slightly toxic on its
own (Lin et al. 2006; Fu et al. 2010), even though this was never apparent in earlier
work (e.g., Matzen 2012). Just in case read-through was still a possibility, I also
assembled a version of the above construct that has the rescue segment inverted
onto the bottom strand, with its 3’'UTR abutting the y-tubulin 3'UTR. These
constructs have both been injected into 86Fa and 51D, and further analysis will

show whether they can bring about 100% killing and rescue.

Drive Experiments

As mentioned in the introduction, many of our regularly used attP lines, including
the ones used for most of the Rpl35a work, have intrinsic fitness costs that
disadvantage them in competition with wild type. Consequently, all drive
experiments involving transgenics created at these attP lines have to be done
against the empty attP lines themselves, as these transgenics may be unable to
compete with wild type for reasons unrelated to their underdominant alleles.

With this in mind, I set up initial drive experiments for all five underdominant
populations created during the course of the above experiments against the empty
attP sites used to generate them. For a single locus, single allele system with a low
fitness cost, drive could theoretically be expected if the frequency of initial release
was greater than 50% of the population (Davis et al. 2001; Sinkins and Gould 2006).
To mitigate any potential fitness costs in my systems, I utilized significantly higher
release frequencies (75% or 80%). Under these conditions, all of the
underdominant lines produced some gene drive. Most quickly spread to fixation;
however, one line did show both drive in and drive out (depending on the biological
replicate), suggesting that its initial release threshold was right around the 80%

frequency being used.
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[ then chose two of the underdominant populations—one of the reproductively
isolated ones, as well as the one with the robust rescue—and set up more extensive
drive in and drive out experiments at various thresholds. These experiments are still
ongoing, but preliminary results of the drive trials for the population with the
robust rescue are shown in Figure 3.6. As with the Hid system, this population is
characterized by rapid spread of the underdominant alleles even when released
below the hypothesized frequency of 50%. Instead, the threshold here seems closer
to 40%, as at that release ratio some replicates drive in and some replicates drive
out, while all releases below that frequency show decrease of underdominant

alleles. The preliminary numbers for the reproductively isolated underdominant Rpl
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Figure 3.6: Drive experiments for the Rpl35a UD population with the robust rescue
were set against the empty attP insertion line used to generate underdominant
transgenics by releasing transheterozygous male and female individuals at various
frequencies (from 30%-80%). Each line represents a biological replicate. Most
replicates show spread of underdominant alleles in the population, even when
released at frequencies below the predicted drive threshold of 50%. The threshold
here seems closer to 40%, as at that release ratio some replicates drive in and some
drive out, and releases below that frequency show decrease of underdominant
alleles.
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Figure 3.7: Drive experiments for the reproductively isolated Rpl35a UD population
with imperfect rescue were set in the same manner as those for the Rpl35a UD
population with robust rescue. Each line represents a biological replicate. As with
the earlier Rpl example, most replicates are so far showing spread of
underdominant alleles in the population, even when released at frequencies below
the predicted drive threshold of 50%. The threshold here seems to be between 30%
and 40%, but further data will be needed to ascertain this.

population appear similar (Figure 3.7), but the data set for those experiments is less
complete and is still being collected.

As discussed in Chapter 2, these unexpected drive dynamics could be due to eye
color differences between the underdominant flies and the empty attP insertion site
individuals (the former have red eyes, which makes their vision superior to that of
the latter, who have white eyes), and drive experiments in the dark will be set up to
address this. It could also result from presence of recessive deleterious alleles in the
attP insertion lines. The underdominant transgenic lines have been introgressed
with white minus and other fly lines during generation of homozygous
underdominant individuals, making recombination and selection of such alleles out
of their genomes possible; the attP insertion lines were not at all introgressed, and

might have lower fitness than the transgenics as a result. This can be mitigated by
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outcrossing the attP line individuals to white minus for a few generations and then
homozygosing them to create a comparatively introgressed stock for future drive
experiments. However, as proof of principle, the experiments presented here clearly

show the threshold-dependent property of underdominant gene drive.

3.3 Future Directions

Underdominance with CG5266

The first step to making either rescue scheme work is to assure that one copy of the
recoded transcript is sufficient to counteract toxicity of both shRNA alleles, since
they both will be necessarily present in transheterozygous animals. Hopefully, the
ongoing experiments with novel UTR-targeting shRNAs and translationally
enhanced rescues will achieve this goal. (If they do, and healthy killer-rescue double
homozygotes can be generated, it might be worthwhile to perform drive
experiments using this system, as its relative simplicity might make it easier to
transfer to vector organisms than more complex underdominance schemes; Gould
et al. 2008). If the current approach does not yield a rescue tolerant of two toxin
alleles, it will be important to figure out why. It is possible that expression of
CG5266 driven by either oenocyte enhancer is simply not high enough to restore
endogenous transcript levels, even with translational enhancement. In this case,
multimerization of the antidote gene should be considered, as well as use of its
endogenous promoter for rescue expression.

Once single-component rescue is robust, approaches used to distribute it
between two alleles can be revisited. For the intein-catalyzed protein splicing
rescue, efficiency and speed of the splicing reaction will be critical to success. If this
is thought to be limiting to rescue function, the system can be rebuilt using several
newly characterized split inteins that possess greatly increased splicing rates and
efficiencies (Carvajal-Vallejos 2012). Also, additional split rescue/intein pieces can
be added to each construct to boost rescue protein levels.

Functionality of the flipping rescue will depend on whether FLP is able to

efficiently reorient the inverted CG5266 fragment in oenocytes. If the rescue initially
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fails, it will be prudent to come up with a method of easily measuring FLP efficiency
in the target tissue, perhaps by using a fluorescent marker with an inverted portion
(instead of CG5266) so that FLP activity produces a visible output. If FLP activity is
found to be insufficient, translational enhancers can be added to boost expression,
and another FLP copy can be appended to the original one via a self-cleaving 2A
peptide (Szymczak et al. 2004).

It should be noted that for both rescue approaches, it is essential to move the
toxin shRNAs out of the 3'UTR of the antidote. Recent experiments in our lab have
shown that presence of shRNAs in the 3'UTR of a transcript, even if those shRNAs
are intronic, significantly reduces the expression levels of the protein encoded by
that transcript. Moving the shRNAs to the 3’'UTR of some benign transcript under

expression of the same promoter should resolve this issue.

Underdominance with Rpl35a

The haplolethal approach to shRNA toxin-based underdominance has proven quite
fruitful: with this method, we have engineered multiple underdominant lines (two
of which are reproductively isolated from conspecifics and are therefore, in effect,
novel species), and have also shown gene drive with these lines. I am hopeful that
the final set of constructs currently being tested will give us a complete kill-
complete rescue underdominant population as the conclusive piece of this proof of
principle study.

Of course, achieving gene drive into wild type populations using this system
would be desirable, and to this end we are currently looking for attP sites that do
not appear to harbor any fitness costs. However, it is not clear to what extent such
efforts are worthwhile, since Drosophila melanogaster is not a pest species and
there would be no utility for an actual drive mechanism in this species. If further
work in Drosophila is pursued to optimize this haplolethal-based underdominance
approach, it may be advisable to consider other haplolethal genes for targeting,
since Drosophila has a number of them (Cook et al. 2012; Marygold et al. 2007).
Specifically, it would be desirable to find genes with well-defined promoter and UTR

regions, so that sequence fragments used for the rescue portion could be carefully
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chosen to assure proper expression. Also, with shRNA designs that provide
improved silencing and promoters that kill well, it should be possible to target UTRs
exclusively, so it would be prudent to find haplolethal genes that possess UTR
regions amenable to recoding (i.e., not so highly conserved).

The ultimate goal, however, would be to transfer this technology to a vector
species of interest. This will likely be difficult: the system was not easy to optimize
even in Drosophila, whose genetics are well-understood, and required careful
selection and empirical testing of various components (promoters, shRNAs, target
sites, etc.) Nevertheless, Rpl35a is highly conserved in insects, and the work
described here can serve as a blueprint for attempting to engineer this scheme in

species of interest.

3.4 Materials and Methods

Fly Culture and Strains

Fly husbandry and crosses were performed under standard conditions at 25°C.
BestGene (Chino Hills, CA) and Rainbow Transgenics (Camarillo, CA) carried out all
of the fly injections, with Rainbow Transgenics performing the vast majority of them
with consistent reliability.

Additional fly strains utilized in this study were attP lines 86Fa (#24486),
51D(#24483), 51C (#24482), and #9724, as well as several germline FLP and B3
recombinase-expressing lines described in Chapter 2.

Fly crossing schemes used to introduce FLP into the germline and set up kill and
rescue crosses are detailed in Appendix C.

To measure fecundity and larval competitiveness of flies with Rpl35a rescue-only
constructs, equal numbers of pre-mated 86Fa-Rpl35a females and 86Fa females
(with an empty attP site) were kept on grape plates at 25°C for several days, with
fresh yeast and plates given approximately every 12 hours. Both sets of females
were then allowed to lay eggs on fresh grape plates for several hours at a time, and
their eggs were washed into both separate fly food bottles and into the same bottle.

The number of each kind of progeny that emerged from each bottle was then
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counted, and was roughly equal for both types of females.

The process of setting up drive experiments is described in Appendix C.

Cell Culture

Drosophila S2 cells were maintained in Schneider’s medium with 10% FBS, 1%
penicillin and streptomycin at 27.5°C, and passaged every ~ four days.
Transfections were performed with the FuGENE6 reagent (Promega, Madison, WI),
using a ratio of 2.5ul: 1pg of FUGENE to DNA. An RFP marker was always used as a
transfection control, and usually made up 20% of the DNA transfected. DNA used for
transfection was typically prepared using Zyppy™ Plasmid Miniprep Kit (Zymo

Research, Irvine, CA) and eluted in endotoxin-free TE buffer.

CG5266 Constructs

Cell Culture Constructs

All components were cloned into the multiple cloning site (MCS) of pAc5.1-HisB by
enzymatic assembly (EA) methods, and were expressed by the Actin 5 promoter
located upstream of the MCS. The three sets of intronic shRNAs were PCRed from
Kelly Matzen’s plasmids; the mRNA sequences they targeted are listed in Appendix
B. Ub-R-GFP was PCRed from Addgene plasmid #11939 (Addgene, Cambridge, MA);
pd2EGFP was PCRed from Clontech plasmid pd2EGFP-N1 (Clontech, Mountain View,
CA). The Nostoc DnaE split intein (Zettler et al. 2009, Dhar and Mootz 2011) was
codon-optimized for Drosophila expression and gene synthesized by Genscript
(Piscataway, NJ). The full intein sequence used is provided in Appendix B. K. Matzen
originally recoded CG5266, and it was PCRed from her plasmid. Its full sequence is
listed in Appendix B. It was either cloned whole into pAc5.1-HisB, or was put in with
appropriate intein pieces, so that the N-terminal portion of the sequence was cloned
upstream of the IntN intein part, and the C-terminal potion was separately cloned
downstream of the IntC intein part.

The first and last 30 base pairs (bps) of all DNA fragment used in the described

constructs are listed in Table 3.2.
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Fly Constructs

All constructs, unless otherwise noted, were cloned using EA methods. All shRNA
sets were assembled via Golden Gate cloning as described in Appendix A, and were
flanked by the same 5’ and 3’ intronic consensus sequences utilized in the original
set (5 site cagGTaagt, 3’ site tactaattcttcttttcccttttttttAGg, with splice donor and
acceptor capitalized). The initial CG5266-intein constructs were cloned into the attB
Drosophila vector using the MCS. The GMR promoter (which contained an hsp70
basal promoter fragment) was PCRed from K. Matzen'’s plasmids, and was cloned 5’
of either the minimal GFP blocker or the Tet cassette (details about both fragments
are discussed in Chapter 2). The CG5266-intein fragments were cloned downstream
of the blocker, followed by intronic shRNAs and the y-tubulin 3’'UTR (PCRed from
lab sources). CTCF insulators (Kyrchanova et al. 2008) PCRed from K. Matzen’s
plasmids flanked the entire insert.

In later construct versions, additional miR-1-based shRNAs were cloned 3’ of the
initial set by traditional cloning methods using PshAl and Avrll. The handm
enhancer (Han and Olson 2005), tinman enhancer (tinC; Lo and Frasch 2001),
desaturase 1 enhancer (dstl; Billeter et al. 2009), and seven-up enhancer (svp;
Gutierrez et al. 2007), PCRed from Hid plasmids, were inserted into the original
constructs in place of GMR, with a minimal hsp70 promoter downstream of each
fragment. In subsequent versions the MHC16 IVS intron (Pfeiffer et al. 2012) was
also cloned directly 5’ of each CG5266-intein fragment, and the y-tubulin 3'UTR was
replaced by the p10 3’'UTR (Pfeiffer et al. 2012).

The flipping rescue constructs were assembled into the MCS of the attB vector as
above. Originally, handm was cloned upstream of a blocker surrounded by B3 sites
(discussed in Chapter 2). FLP was PCRed from existing Tet cassette constructs
(Chapter 2) and was cloned 3’ of the blocker sequence, followed by intronic shRNAs
and the y-tubulin 3’'UTR. The recoded CG5266 gene was PCRed from K. Matzen’s
plasmid in two pieces; the FLEX switch (Schnutgen and Ghyselinck 2007)
arrangement of FRT and F3 sites was added on via multiple rounds of PCR, and the
two pieces were then cloned 3’ of the blocker sequence via EA (a partial sequence of

this arrangement is provided in Appendix B). The dstl and svp enhancers were
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cloned in place of handm as described above. The entire insert was flanked by
CTCFs.

The kill-only constructs were cloned using the strategies and fragments described
above, and consisted of (5 to 3’) an oenocyte enhancer with a minimal hsp70
promoter, the GFP blocking sequence, dsRed (PCRed from Tet cassette constructs,
described in Chapter 2), intronic shRNAs, and the y-tubulin 3’UTR, all flanked by
CTCFs. The rescue-only constructs contained an oenocyte enhancer with a minimal
hsp70 promoter, the entire recoded CG5266 sequence, and the y-tubulin3’'UTR, and
were also flanked with CTCFs. In later versions, the recoded CG5266 was replaced
by an endogenous version. Also, the MHC16 IVS intron was added directly 5 of
CG5266, and the y-tubulin UTR was replaced by p10. New miR-6.1-based shRNA
sets targeting the 5’ and 3’'UTRs of CG5266 (one four-mer for the 5’UTR and one for
the 3’'UTR) were designed and assembled as described in Appendix A, and cloned in
place of the original set by traditional subcloning using Ascl and Spel. Sequences of
their target sites are provided in Appendix B.

The FRT site and F3 site sequences, as well as the first and last 30 base pairs
(bps) of all other DNA fragment used in the described constructs, are listed in Table
3.2. All transcribed proteins had a Kozak sequence (CAACAAA) 5’ of the first ATG
codon added via PCR (unless they were directly preceded by the MHC16 IVS intron,

which has its own Kozak sequence).

Rpl35a Constructs

All constructs, unless otherwise noted, were cloned using EA methods. All shRNA
sets were assembled via Golden Gate cloning as described in Appendix A, and were
flanked by the same 5’ and 3’ intronic consensus sequences utilized in the original
set (5 site cagGTaagt, 3’ site tactaattcttcttttcccttttttttAGg, with splice donor and
acceptor capitalized). The initial Rpl35a constructs were cloned into the attB
Drosophila vector using the MCS. The 5’ toxin portion of the construct consisted of
(from 5’ to 3’) the handm enhancer with a minimal hsp70 promoter, the short GFP
blocker, a VP16-shRNA fragment PCRed from plasmid KJD161 (provided by K.
Matzen), and the y-tubulin 3'UTR. This entire region was flanked by CTCFs. The
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Rpl35a rescue was cloned 3’ of the second CTCF. It consisted of, 5’ to 3’, 1200 bps

upstream of the Rpl35a ATG (PCRed from genomic DNA), the recoded CDs with
introns (PCRed from K]JD161), and the annotated Rpl35a 3’'UTR plus 500 bp of
sequence past the UTR (PCRed from genomic DNA).

In later versions of these constructs, the handm enhancer was replaced by dst1 or
svp with a minimal hsp70 promoter as previously described. Also, VP16 was
replaced with dsRed that had a Kozak sequence (CAACAAA) 5’ of the first ATG
codon (PCRed from Tet cassette constructs), and the original 250 bp y-tubulin
promoter fragment was replaced by a 1500 bp fragment (PCRed from genomic
DNA).

Subsequent shRNA sets were designed and assembled by Golden Gate cloning as
detailed in Appendix A. The sequences of all shRNA target sites (the original miR-6-
based triplet cloned by K. Matzen; the first miR-1-based six-mer targeting the CDs;
the two subsequent miR-1-based four-mers targeting three CD sites each plus the
original 3'UTR site; and the final miR-1-based four-mer targeting the 3’'UTR) are
provided in Appendix B. One of the miR-1-based four-mers targeting the 3'UTR was
designed such that the last 4 bps of the shRNA guide strand were the same as the
target mRNA instead of being complementary to it; all other guide strands were
100% complementary to their target sites. The shRNAs were subcloned using Ascl
and Spel. Rpl35a rescue versions were recoded via PCR and enzymatic assembly.
Sequences of the recoded versions used for each set of shRNAs are listed in
Appendix B.

The first and last 30 bps of all DNA fragments used in the described constructs
are listed in Table 3.2.



Name 30 bps of the 5’ and 3’ ends of each
fragment, 5’ to 3’
Hsp70 basal AGCGCCGGAGTATAAATAGAGGCGCTTCGT

AAGCGCAGCTGAACAAGCTAAACAATCTGC

Hand minimal

CTTCAAAACTTCAATATTTCCAAAAAGGCA
CGCCCCAGTGCAGAAAAAGGGGGAGAAAAT

tinC

CATGAACAGCTTTCGATCGGCCACCGATCC
CAATGCAACTGTAAAATGTTTCCCTGCCTC

Dstl

CACAGGTTCGTTTTCCACCTGGCCACTTGT
TAAGCATGCCACCAATTCTGGCAATTATTT

Svp

AAGCTTGGAAAATGCGTTGGAGTAATAGCC
GGAGCACAAACACATGGGCCCTGCCACTTT

GMR

ATCCCCGATCCCCCTAGAATCCCAAAACAA
CTTTAAGTCGACTCTAGAGGATCCGCGGCC

P10 3'UTR

CTAGAATGAATCGTTTTTAAAATAACAAAT
TGGCTTGGATAGCGATTCGAGTTAACGGCC

MHC16 IVS

AAAAGGTAGGTTCAACCACTGATGCCTAGG
GAGGGTACCAACTTAAAAAAAAAAATCAAA

FLP

ATGCCACAATTTGATATATTATGTAAAACA
TTATATGCGTCTATTTATGTAGGATGAAAG

GFP

ATGGTGAGCAAGGGCGAGGAGCTGTTCACC
ACTCTCGGCATGGACGAGCTGTACAAGTAA

dsRed

ATGGTGCGCTCCTCCAAGAACGTCATCAAG
CTACAGGAACAGGTGGTGGCGGCCCTCGGT

Ub-R-GFP

CACCATGCAGATCTTCGTGAAGACTCTGAC
ACTCTCGGCATGGACGAGCTGTACAAGTAA

pd2eGFP

ATGGTGAGCAAGGGCGAGGAGCTGTTCACC
GCCTGTGCTTCTGCTAGGATCAATGTGTAG

CG5266 C Fragment

CGTCCGTATCTCTACCAATCCGATCCTTCG
ATCAAGGACTACTTGGCCAGCATCCCCTAG

CG5266 N Fragment

ATGGCTACCGAACGATACAGCTTTTCGTTG
TCCCTACTGATCTGCGGCTGGGACAATGAT

CTCF

CCTTGCAGCGCCACCTGGCCGCGAAGAGTT
GGCCAGGTGGCGCTGCAAGGTGTGAGTTGT

VP16

GCGGCTCCGGCTGCCAAAAAGAAGAAACTG
TTACAGTGGGCCGTATCGTGTCCGATACTG

Rpl35a CDs

ATGGCTGACACACAAGCCAAGTCCACTACT
TTGCAGATGCTGTACCCATCAAGGATTTAA

Rpl35a 5’ Region

AATCTTGTATACCCCATTACTCTGCAGATA
AGATTATCTTTTCTCATCCACAGCTAAGCC

Rpl35a 3’ Region

GTTAATATCCGACTTGAATTACTGACCTGC
CGAATATACCACCTAACATATTTTTAGAAG

y-tubulin 3’'UTR

TCGCTTGTGCCAGAAGAAATGCGTGCCATG
GACACATTAAATAAAAAACAGTTTTTAAAT

y-tubulin extended
3'UTR

TCGCTTGTGCCAGAAGAAATGCGTGCCATG
TATTCTGTTTCGAGGTCCATGATTTTAAAT

67

Table 3.2: The first and last 30 bps of longer fragments used in CG5266 and Rpl35a
underdominance constructs.
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Chapter 4
Translocations

4.1 Introduction

The potential caveat of underdominance systems described in the preceding
chapters is that they can break down after release. Even with utilization of
evolutionarily robust shRNA toxins, failure of the system can occur in several ways:
the protein or shRNA toxin may mutate and cease to function, which will result in
selection against the intact underdominance allele, because the mutant version of
the chromosome will always survive; the rescue may also become unlinked from the
toxin, which would also cause the drive mechanism to break down for similar
reasons; finally, the genes of interest (e.g., disease refractory genes) could become
unlinked from the drive mechanism, and any achieved strain replacement would be
of no practical use. Since any large-scale insect release is a time and resource-
intensive undertaking, it would be desirable to engineer a drive system with very
little chance of breakdown, so that future releases to replace or eradicate non-

functioning alleles can be minimized.

This chapter details our development of an underdominance-like drive

mechanism that is inherently robust on evolutionary time scales.

Translocations: Conceptual Framework

A reciprocal chromosomal translocation is an exchange of chromosome pieces
between two non-homologous chromosomes (Foster et al. 1972; Robinson 1976); a
balanced translocation simply means that the exchange is even and mutual, with no
excess or missing genes. Reciprocal translocations can occur naturally (for example,
their incidence is ~ 1/625 in the general human population; Van Dyke et al. 1983)
or can be induced by mutagens (e.g., Lyon et al. 1972). A heterozygote for a
reciprocal translocation should theoretically be normal, since it has a balanced
chromosome set (Figure 4.1A; of course, translocations that disrupt gene function
can impose fitness costs on their carriers). However, when out crossed to wild type,

only 50%
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Figure 4.1: A. A set of wild type (left), translocation heterozygous (center), and
translocation homozygous (right) chromosomes. Although translocation-bearing
individuals will have rearranged chromosomes, they will have equal gene copy
number and thus be viable. B. When a translocation heterozygote mates with a wild
type, 50% of the resulting offspring will be aneuploid and inviable (shaded in red),
25% will be wild type, and 25% will be translocation heterozygotes.
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of the translocation heterozygote’s progeny will be viable (Figure 4.1B). This can be

visualized as follows: if the genotype of a given translocation heterozygote is T1/+;
T2/+ (where “+” denotes wild type), it will produce four kinds of gametes in equal
proportion - (T1,+), (T1, T2), (+,+), and (+,T2). When combined with wild type
gametes - (+,+) - only the (T;, Tz) and (+,+) will give rise to viable progeny
(translocation heterozygotes and wild types, respectively). The other gamete types
will perish in progeny that have unbalanced chromosome sets. If the starting
translocation individual is homozygous (T1/T1; T2/T2), all first-generation progeny
in a wild type outcross will survive, but further mating of these progeny to wild type

would result in F> generation lethality.

Drive Characteristics
Unlike the underdominant schemes described earlier in this work, the basis of
translocation-mediated gene drive is not lethality of the heterozygotes themselves,
but rather death of some of their progeny. The system is similar to classical
underdominance, however, because it functions like a bi-stable switch:
translocations either spread to fixation or disappear from the population depending
on their initial frequency and associated fitness costs (as compared to wild type).
When the frequency of translocation-bearing individuals (T1/+; T2/+ and T1/T4;
T2/T:) is low, they are more likely to mate with wild types (+/+; +/+) than with each
other, and many of the translocation chromosomes end up being lost in inviable
progeny or grandchildren (ones with an unbalanced chromosome set, such as T1/+;
+/+). Wild type chromosomes are lost in these progeny, too, but since wild type
individuals are more abundant, they mostly mate with each other, producing more
viable wild types (+/+; +/+), and eventually T chromosomes are lost from the
population. Conversely, if TT animals are more abundant, they largely mate with
each other, producing a high frequency of T1/T1;/T2/T2 offspring, while wild type
chromosomes are regularly lost in inviable individuals with unbalanced
chromosome sets (such as +/T1; +/+). In this scenario, T alleles become fixed in the

population, while + alleles are lost.
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For a translocation with no fitness cost, a 50% population frequency represents
an unstable equilibrium (Curtis 1968); if the translocation’s frequency is greater
than 50%, it will spread to fixation, and if it’s less than 50%, it will disappear from
the population (Curtis 1968). Thus, releases of high fitness translocation
homozygotes (with fitness ~ 1) at frequencies above 50% should lead to gene drive,
while releases below that threshold should lead to loss of translocation alleles. If
there is a fitness cost associated with the translocation, the release frequency will be

correspondingly higher (Curtis 1968).

Advantages

As discussed in Chapter 2, threshold-dependent gene drive can be of considerable
advantage in initial tests of insect population replacement or when public approval
of transgenic releases is limited (Marshall et al. 2010a; Marshall and Hay 2012). A
system with a substantial introduction threshold is easier to confine to targeted
release areas—for example, theoretical analyses of translocation containment
(Marshall and Hay 2012) suggests that even as a translocation with a modest fitness
cost spreads to fixation in one population, it would not rise to greater than 4%
frequency in a neighboring population given a 1% migration rate. It is also
removable, since diluting translocation allele frequency below the release threshold
through continued release of wild type individuals will cause the allele to be lost
from the population (Marshall and Hay 2012). The release threshold for
translocations, while high, is still much lower than some of the release frequencies
required by sterile insect technique (SIT; Krafsur 1998; Gould and Schiekelman
2004). And, unlike SIT, translocations are self-propagating from generation to
generation, while SIT is an inundative approach that must be repeated on a regular
basis (Baker 1984; Robinson 1976). In short, while the initial costs associated with
release of a high threshold gene drive mechanism are greater than those associated
with low-threshold gene drive mechanisms such as Medea, the increased level of
control over population fate and spread are likely to make it attractive in many real

world settings.
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Another major benefit of translocation-dependent drive is its tremendous
robustness in the face of mutation. Unlike the toxin-antidote schemes described in
previous chapters, a translocation is itself both the toxin and the antidote, since the
presence of one copy results in lethality for some progeny, while the presence of
two copies in homozygotes guarantees survival of all progeny (when outcrossed to
wild type). Therefore toxin and rescue functions cannot be unlinked, and so
breakdown of the system due to toxin inactivation is not possible; and in any case,
reversion of the translocation chromosome to its original arrangement is
exceedingly improbable. Even if reversion did occur (which would neces