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Abstract

Over half of the world’s population is at risk of contracting potentially fatal arboviruses such
as dengue or Zika. Treatment of many of the diseases caused by these viruses is limited by
the absence and lack of availability of vaccines or cures, prompting strategies to control the
viral vectors and prevent disease transmission to humans. In this thesis | investigated two
potential vector control strategies — “satyrization” and “genetic underdominance” to provide
proof of principle. Satyrization is a form of reproductive interference whereby unidirectional
hybrid mating frequency and asymmetric post-mating effects from seminal fluid protein (Sfp)
transfer between species can contribute to the competitive exclusion of one species by
another. Satyrization has been documented in nature whereby the dengue vector Aedes
aegypti has been shown to suffer population reduction when in sympatry with the less
virulent vector Ae. albopictus. In this thesis | investigated the underlying mechanics and
drivers of satyrization in a series of experiments conducted within closely related members
of the Drosophila melanogaster species subgroup. This confirmed the widespread presence
of satyrization and demonstrated a potential link between hybrid mating and asymmetric
effects of Sfps. | also found that resistance to satyrization did not quickly evolve between D.
melanogaster and D. simulans as active satyrization was still present between the species
after 12 generations in sympatry, in contrast to what has been reported between Aedes
mosquitoes. My underdominance research focussed on a “killer-rescue” strategy. This
comprises a lethal Minute phenotype caused by knockouts (KO) of key haploinsufficient
Ribosomal protein (Rp) genes, and a transgenic Rescue gene on a separate chromosome that
contains functional copies of the KO Rp genes to nullify the costly effects of the Minute
phenotype. This allows the lethal KO Rp alleles to spread through a population for multiple
generations. | developed and built this Rescue gene in D. melanogaster and quantified the
fitness costs associated with Minute, to then theoretically model and simulate the spread of
an underdominant release. My model showed that a single 1:1 release of this underdominant
killer-rescue system could provide insect control for up to 20 generations. However, the
Rescue construct in the form that | developed requires further development before it is fit
for purpose as it would not express effectively in female carriers, and very few males carried
the transgene. This informed the next steps required for redesigning the Rescue constructs.
Overall my thesis research produced a promising evaluation of the potential use of
satyrization and genetic underdominance systems for insect control, and opened up

important new avenues for further study.
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1.1 Abstract

Insect vectors are responsible for millions of deaths every year resulting from the
transmission of disease. For example, more than half of the world’s population is at risk of
contracting at least one arbovirus due to the range expansion of prominent disease vectors
such as Aedes and Anopheles mosquitoes. Most of these diseases have no widely available
vaccine or cure. Therefore, control of the insect vectors of disease is vitally important. Many
techniques are currently in use and working effectively. However, there is a need to ensure
currently used strategies remain viable while developing new methods that are more
effective while also being sustainable and long lasting. Here | present a review of control
methods for reducing populations of insect vectors. | first discuss efficacy and issues
associated with insecticide use. | then describe species-specific control methods currently at
the vanguard of insect control, some of which are already used in the field, some that are
undergoing trials and some that are still under development. The techniques discussed are:
Sterile Insect Technique (SIT), Release of Insects carrying a Dominant Lethal (RIDL),
satyrization, underdominance, Wolbachia and Gene Drives using CRISPR-Cas9. In each case |
describe the mechanism of action, the benefits and potential drawbacks of each, and the
general direction of future improvements for each strategy. | conclude with a brief summary
of the work that | have completed in this thesis and the insect control methods that have

formed the focus for my investigations, namely satyrization and underdominance.
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1.2 Introduction and Rationale for the Development

of New Genetic Control Methods

Insect pests are a global problem affecting human livelihoods and health, through damage
to economically important crops and via the spread of disease. Along with plant pathogens
and weeds, insect pests contribute to the destruction of 40% of crops grown globally for food
production, food that would otherwise be sufficient to feed around 3 billion people
(Pimentel, 2009). Billions of people around the globe are also at risk of contracting insect-
borne diseases with over a million fatalities each year (World Health Organization, 2014). It
is a significant challenge to tackle such insect pests due to their short generation time and
high reproductive potential which can maintain insect population sizes at a level that may be
difficult to manage in control programmes, as well as their significant evolutionary potential
which can allow insect populations to evolve rapid resistance to implemented control

strategies.

The focus of this review is on methods to control insects that act as vectors for serious threats
to human health. For example, dengue disease infects over 390 million people per annum
across the world with many of these infections being severe and resulting in ~25,000 annual
deaths (Castillo et al., 2016; Bhatt et al., 2013). Though malaria remains a hugely important
problem across the globe, vector-borne diseases such as dengue are of increasing concern
due to the rapid increase of cases and the lack of effective treatment. Dengue fever is a viral
pandemic in tropical areas across the world, roughly half of the world’s population are at risk
of infection (Dighe et al., 2019; Zhang et al., 2015). Dengue fever manifests serious symptoms
such as shock syndrome and haemorrhagic fever leading to high levels of mortality in many
countries (Arauz et al., 2015; Gibson et al., 2013). It is carried and transmitted by Aedes
mosquitoes, mainly Aedes aegypti, and has a range spanning the tropics but with a recent

expansion into Europe and the Americas. It is likely that the range of Aedes will gradually
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expand further due to climactic shifts and, as there is neither a widely available vaccine nor
cure for dengue fever, there is a pressing need for additional Ae. aegypti control mechanisms

(Dighe et al., 2019; Kraemer et al., 2015).

To date, Aedes control has been tackled primarily using population suppression methods.
Aedes control strategies include: removing areas of standing water (in which mosquitoes
breed and their larvae grow), “fogging” whereby an insecticide is sprayed around public
areas, or by setting up lethal oviposition traps to lure and kill adult mosquitoes with
insecticides. These methods have variable efficacy. Removing standing water around human
homes and settlements and setting up oviposition traps may be effective in protecting
residents (Suman, 2019). However, such measures generally provide only short-term
solutions as the mosquito populations within such areas are not effectively eliminated. There
is some evidence that insecticide fogging can be effective in the short term, as part of an
integrated pest control strategy to target and kill adults within a local area. However, by itself
its reach is not sufficiently comprehensive to eliminate an entire local pest population and
the target species is often observed to ‘bounce back’ within several days (Esu et al., 2010).
Fogging is also environmentally damaging and non-species specific — it often unintentionally
kills off-target insects such as beneficial pollinators (Abeyasuriya et al., 2017). The evolution
of resistance to insecticides is an additional and prevalent problem. Ae. aegypti resistance to
insecticides such as pyrethroids and organophosphates has been documented in countries
across the world such as Nigeria (Ayorinde et al., 2015), Papua New Guinea (Demok et al.,
2019), and Singapore, where Ae. aegypti average mortality caused by pyrethroids is just 13%
in some strains (Koou et al., 2014). For these reasons, additional and complimentary
methods of insect control are required that are cheap, environmentally benign, that provide

strong species-specificity, and have fewer negative off-target effects.
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Genetic strategies for insect vector control can be divided into two broad categories, those
relying on population suppression (e.g. the Sterile Insect Technique (SIT), Release of Insects
carrying a Dominant Lethal (RIDL), some applications of underdominance and gene drives)
versus trait or population replacement (e.g. Cytoplasmic Incompatibility (Cl), satyrization,
other applications of gene drives and underdominance). Population suppression aims to
eliminate or severely reduce the size of a local pest population, whereas replacement aims
to control insects through the replacement of one species or population with a less harmful
one. For example, satyrization can be used to replace a disease vector species with a closely
related but less virulent vector species, or gene drives can be used to create and release a
mutant strain of a target vector containing genes that prevent virulence, and spread these

to wild populations.

Species-Specific Population Suppression

SIT

The best known of these genetic methods is SIT (Knipling, 1955), in which ‘sterile’ males are
mass reared and released to mate with wild females and reduce the population size (Figure
1.1). Sterility is usually achieved by irradiating pupae with X-rays or ionising radiation, with
the aim of disrupting the rapidly-dividing male germ line. Offspring that inherit the damaged
germ cells from the father are inviable. SIT is species-specific in its direct effects as its
targeting relies on the mate recognition system of the released male. This eliminates
concerns regarding direct off-target effects, though there may be unintentional damage to
the ecosystem from altering the population dynamics of an established species. SIT has
shown to be successful for eliminating insect pests such as Tsetse fly in Zanzibar (Vreysen et
al., 2000), Mediterranean fruit fly in Hawaii (Mclnnis et al., 1994), and New World
screwworm in North America (Wyss, 2000). SIT has also been successful for eliminating Aedes

mosquitoes in Reunion Island (Oliva et al., 2012) and regions of Italy (Bellini et al., 2013).
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Classically, the main drawback associated with SIT is the somatic tissue damage that arises

as a consequence of irradiation. This generally reduces the performance of SIT males, putting
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Figure 1.1: Sterile insect technique (SIT) in the field. A: Males are irradiated in a laboratory setting to
induce germline damage, rendering them sterile (green). B: Sterilized males are released into a
population of wildtype mosquitoes. An excess number of released insect is required to compensate for
the reduction in competitive fitness caused by the irradiation and by the negative impacts of laboratory
adaptation. C: Offspring produced from matings between sterile males and wildtype females are inviable

due to the male gametic sterility, reducing the pest population size.

them at a competitive disadvantage compared to wildtype (WT) males (Rodriguez et al.,
2013; Oliva, 2013). Irradiation dosage can be reduced to enhance SIT male fitness, but this
comes with the danger of incomplete sterility, allowing some viable progeny to develop from

matings between SIT males and WT females (Mastrangelo et al., 2018).

Release strategies of SIT must be considered for maximum efficiency and minimum danger
to the public. Bi-sex releases, whereby both sterile males and sterile females are released
into target populations are simpler to rear in the laboratory or factory but are less effective

than releases of exclusively sterile males, due to some sterile males mating with sterile
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females rather than target females. This is evidenced from field releases in Guatemala which
showed that male only releases of medfly are 3-5 times more effective for control than bi-
sex programmes (Renddn et al., 2004). Releasing female mosquitoes into wild populations is
also undesirable as even sterilized females may be able to bite and transmit disease,

potentially increasing disease incidence for a short time (Alphey et al., 2013).

Sexing for male-only releases has historically been laborious. The most common method has
been to sex based on pupae size (male pupae are smaller than female pupae) but individual
variation results in some size overlap between sexes (Papathanos et al., 2009) and therefore
this method of sexing is inefficient. Attempts to find new methods to improve the resolution
of sex sorting have been partially successful. For example, studies investigating feeding SIT
mosquitoes with toxic blood (blood containing insecticides so that it is lethal to ingest) have
shown that toxic blood can kill the majority of females in a cage, providing some sex sorting
potential, though some males also die through coming into contact with the toxic blood
(Lowe et al., 1981). More recently there have been developments of high-throughput
methods, such as by using sex-specific fluorescent markers which do not impact mating
fitness. This allows for the quick and easy separation of males from females at an early larval
stage. However, the instruments used for high-throughput screening are currently very

expensive (Marois et al., 2012) and can cost tens if not hundreds of thousands of dollars.

Unfortunately, mosquitoes seem particularly radiation-sensitive, rendering them relatively
intractable to control by SIT (Helinski et al., 2009). Advances in radiation dosage and targeting
in recent years have achieved some success in preventing somatic tissue damage in
laboratory and field experiments (Munhenga et al., 2016; Ageep et al., 2014; Madakacherry
et al., 2014). However despite these advances, 1:1 fitness of SIT and WT males has not yet
been achieved (partly due to additional fitness costs arising from laboratory adaptation) and

a large excess of SIT individuals must always be sterilized and released to ‘flush out’ and
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compete with WT males. The degree of ‘overflooding’ required has obvious cost,
infrastructure and efficiency implications. SIT is not a self-sustaining strategy and requires
multiple, successive releases of SIT insects over a programme period. Collectively, these

disadvantages can make SIT a costly control strategy for pests such as mosquitoes.

RIDL

Next-generation SIT-based methods, such as the development of the Release of Insects with
a Dominant Lethal (RIDL) have been successful in alleviating some of the potential drawbacks
associated with SIT. RIDL works by introducing a dominant lethal gene through a population
via released insects. The viability of individuals carrying this lethal gene is maintained in the
presence of a dietary component that is freely available in reared laboratory conditions but
not in the wild. Thus offspring that inherit the gene in the wild are killed (Thomas et al., 2000).
An example is the tet-off tTAV (tetracycline-repressible Transcriptional ActiVator) system in
which individuals carry a lethal transgene construct containing a tetO promoter that drives
the expression of a tTAV gene. tTAV expresses a toxic protein that is lethal in high doses. The
toxic tTAV protein binds to the tetO promoter to drive further tTAV protein expression in a
positive feedback loop. When constitutive tTAV expression reaches high enough levels, the
toxicity of the tTAV protein will kill carriers of the lethal transgene. Tetracycline breaks this
loop as it binds to the tTAV protein, preventing the tTAV protein from binding to tetO and
therefore repressing further tTAV expression. Thus, RIDL individuals that are reared on
tetracycline are viable. Using this, RIDL males can be reared in the laboratory on diets
containing tetracycline then released into the wild to mate. Offspring from these crosses
inherit the tetracycline-repressible lethal gene and die as there is no tetracycline in the wild,
which removes the repressive effect and allows the expression and toxic build-up of the tTAV
protein (Phuc et al., 2007). RIDL males do not require irradiation and thus avoid somatic

damage arising from this source prior to release. This means that the mating performance of
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RIDL males may be less compromised than standard SIT males and more comparable to that
of WT males (Massonnet-Bruneel et al., 2013). RIDL has been successfully used for reducing
Ae. aegypti populations in field trials. For example, sustained releases of RIDL Ae. aegypti
males for a year in an urban area of Brazil Islands reduced wild Ae. aegypti populations by

up to 95% (Carvalho et al., 2015).

RIDL has shown to be effective but has limitations. As with other ‘sterile-male’ methods,
sustained effective control requires repeated releases over a long period of time. As for other
control strategies, RIDL could also become subject to evolved resistance, e.g. via mutations
in functional RIDL genes, decreasing RIDL effectiveness (Alphey et al., 2011). Additionally,
RIDL is a genetically modified (GM) based method of control that requires regulatory
permission prior to implementation. The appropriate permissions may be opposed or take

time to be granted before they can be widely used (Black et al., 2011).

Species-Specific Population Replacement

Gene Drives - HEG

An alternative approach to population suppression is ‘population replacement’ whereby a
target population is replaced with another population. This can take the form of a genetically
modified or pathogen infected population of the same species, or another closely related

species entirely that fulfils a similar niche while being less harmful to human health.

The definition of a gene drive according to the National Academy of Science, Engineering and
Medicine is: “A system of biased inheritance in which the ability of a genetic element to
pass from a parent to its offspring through sexual reproduction is enhanced” (National
Academies of Sciences, Engineering and Medicine, 2016). The biased inheritance of gene
drives can be exploited to push through genes throughout an entire population that produce

a desired effect such as lowering fitness for population suppression (Medina et al., 2018), or
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making a desired population express a particular phenotype such as disease resistance

(Deredec et al., 2008) for population replacement.

One example of this is genetic engineering using a Homing Endonuclease Gene (HEG) drive
system (Traver et al., 2009). HEG works by using an endonuclease joined to a desired gene
which is designed to excise and replace a target gene within the organisms’ genome.
Following replacement, homology directed repair uses the new gene as a template to create
a copy in the homologous chromosome, permanently establishing it within the genome of
the organism (Figure 1.2). HEGs are thus heritable, allowing them to spread within an insect
population relatively quickly if there are short generation times and high mating frequency
(e.g. as occurs in Aedes mosquitoes and the Drosophila model system). The aim of a gene
drive system would therefore be to create a gene with the power to either kill a proportion
of the individuals that carry it, or prevent carriers from being able to transmit disease, while
allowing the target gene to sustain and spread throughout a population for multiple
generations (Esvelt et al., 2014). A concern with population replacement methods is the
possibility of inserted transgenes genes escaping outside their release context (Marshall,
2009). Hence, regulatory and ethical concerns have prompted safeguarding in gene drive
systems to make them reversible or self-limiting (Reed et al., 2018; Goldim, 2015; Quétier,

2015).
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Figure 1.2: The mode of action by HEGs. The target site is cleaved and replaced by the endonuclease
and gene of interest. Homology based repair uses this as a template to fix it within the homologous

chromosome (adapted from a diagram by Champer et al., 2016).

Gene Drives - CRISPR-Cas9

The development of CRISPR-Cas9 for gene editing in the last few years have made gene
drives easier than ever to develop and applications have moved towards engineering gene
drive systems using the technology (Gantz et al., 2015). CRISPR-Cas9 uses the Cas9
endonuclease to edit genes designed against a guide RNA, directing the Cas9 enzyme where
to cut. CRISPR is more efficient and cheaper than other HEG methods, and its specificity
allows site-directed cleavage at almost every gene within the genome (Hammond & Galizi,
2017; Belhaj et al., 2015). This specificity allows for fine tuning of genes and for multiple
genes to be targeted and modified to provide extra safeguards to be built into the gene drive
system that can make it self-limiting or reversible (e.g. adding a small fitness cost to carrying
transgenes so that the transgenes will eventually be removed from the gene pool in natural

populations).
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The brief summary above highlights that there are existing techniques with proven control
potential. However, given the ever-shifting nature of agricultural pests, vector-borne
diseases and regulatory frameworks, there is a pressing need for additional new techniques
that can provide complementary or alternative methods of control by using a diversity of
mechanisms that can be applied in a manner predicted to slow the evolution of resistance

to control.

Drosophila as a Model Organism

Though the targets of control strategies are pests of medical and agricultural importance,
test cases built for proof of principle in other, more experimentally tractable species such as
Drosophila melanogaster, can be extremely useful. Drosophila is an excellent model
organism to use in developing existing techniques, and investigating novel ones, due to their
short generation time, ease of rearing in a laboratory setting and the extensive genetic
toolkits available (Beckingham et al., 2005). Drosophila has been of key utility in the early
stages of developing and understanding control methods such as RIDL (Alphey, 2002), that
was subsequently successfully applied in Aedes aegypti in field tests carried out in the
Cayman Islands (Harris et al., 2012; Harris et al., 2011). D. melanogaster was also involved in
early development of CRISPR-Cas9 genome editing in insects which showed that targeted
alleles could efficiently be modified using CRISPR-Cas9 and that these modifications were
heritable (Gratz et al., 2013). Because of its effective use as a model organism, | used
Drosophila species, in the work described in the following chapters, to investigate

satyrization and genetic underdominance insect control techniques.

There are several methods that could be explored to provide mechanisms for insect control.

| discuss a selection of methods at the forefront of vector control technology below.
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1.3 Insect Control via Satyrization

Closely-related species undergoing divergence are often incompletely reproductively
isolated and hence can occasionally mate and hybridize. The incomplete divergence can lead
to a form of reproductive interference, a phenomenon whereby the fitness of one species
(or population) is adversely affected due to pre-mating or post-mating processes being
interrupted by members of another. This can take many different forms across taxa (Groning
& Hochkirch, 2008). In the context of insect control, reproductive interference can reduce
the fitness of a species by preventing them from mating properly and is often referred to as
satyrization (Ribeiro and Spielman, 1986). Satyrization describes fitness costs arising from
hybrid mating, contributing to competitive exclusion and replacement of one species by
another closely related species. Satyrization is hypothesised to be due to processes that
occur both before and after mating. Pre-mating drivers of satyrization involve incomplete
mating barriers between two closely related species, allowing one species to court and mate
with another. Post-mating effects and fitness costs can arise due to the actions of Seminal
fluid proteins (Sfps) transferred during mating. These proteins are transferred in the
ejaculate of the male and induce many changes in the female e.g. stimulating oogenesis and
reducing remating receptivity (Wolfner, 1997). These post-mating effects may also occur
when the females of one species receive costly Sfps from the male of another. Offspring
produced from these hybrid matings are often either inviable or sterile and their production
is therefore a total waste of time and energy for the female, drastically lowering her fitness.
Seminal fluid proteins that stimulate oogenesis will cause the female to produce more of
these evolutionarily null offspring. Rendering the female refractory to further mating will
prevent her from mating with a conspecific male and thus prevent the recovery of lost fitness
by producing healthy offspring. Because of the fitness costs arising from hybrid mating,
satyrization can contribute to interspecific competition between two closely related species

where one species can gain a competitive advantage through the imposition of asymmetric
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mating costs in the species with which they can hybridize. This can facilitate population

replacement of one species by the other (Tripet et al., 2011).

The extent of satyrization in nature is unknown, but some examples are recognised. For
example, in crosses between D. mauritiana and D. simulans, Carracedo et al. (2000)
demonstrated that D. mauritiana males will readily mate with D. simulans females, resulting
in infertile male offspring. However, D. mauritiana females exert strong mate choice and
only mate with conspecifics. Hence the reciprocal costs of hybrid matings are significantly
different. A second example comes from Ae. aegypti and Ae. albopictus. When Ae. albopictus
males mate with Ae. aegypti females, Ae. aegypti females become refractory to further
mating (Tripet et al., 2011). This mating is unidirectional, Ae. albopictus females will not mate
with Ae. aegypti males and hence suffer no fitness costs through hybrid mating. This
asymmetry can lead to competitive exclusion and indeed in locations in which both of these
species live in sympatry, populations of Ae. aegypti decline, apparently due to significant
asymmetric female mating costs, leading to replacement by Ae. albopictus (Tripet et al.,
2011). Both species are vectors of disease. However, Ae. aegypti is a more competent vector
of dengue (Alto et al., 2014), Zika (Hugo et al., 2019), and yellow fever (Johnson et al., 2002)
than Ae. albopictus. Therefore, satyrization between these two species can potentially

reduce disease transmission.

Mechanism of Satyrization

Using satyrization as a method for insect vector control involves introducing a population of
a benign species into the habitat of the target species or by increasing the population size of
a benign species in populations where they already live in sympatry with the target species.
The creation of infertile hybrid males, or other fitness costs associated with hybridization for
one species but not the other, would reduce the target population over time and replace it

with the benign species. Theoretically, population suppression should occur even if hybrid
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mating was bi-directional and satyrization costs were exactly equal between two species.
However, modelling has shown that the stronger that satyrization asymmetry is (i.e. mating
between satyr males and target females is unidirectional and post-mating effects arising
from hybrid mating are asymmetrical), the faster that competitive exclusion of the target
species by the satyr species can occur and therefore the stronger the control effect is (Kishi
& Nakazawa, 2013). Therefore, strategies involving satyrization should aim to introduce satyr
species into populations of a target species where strong asymmetry in terms of hybrid

mating fitness costs is found.

Using Ae. aegypti and Ae. albopictus satyrization as an example: Ae. aegypti is an important
vector of dengue fever. Introducing Ae. albopictus into populations of Ae. aegypti is
predicted to reduce Ae. aegypti numbers due to the refractory effect that occurs with hybrid

mating, rendering the Ae. aegypti females unable to mate and produce viable or fertile

progeny.

Replacement of Ae. aegypti by Ae. albopictus would not eradicate dengue fever, but would
result in far fewer human sufferers (Bargielowski et al., 2013). Ae. albopictus is itself a vector
of arboviruses such as dengue though it is not as competent a vector as Ae. aegypti (Alto et
al., 2014) which means that the application of additional, complementary strategies to

eventually rid the area of Ae. albopictus would also be required.

An alternative strategy to bi-sex releases would be to introduce satyr males only. This would
be less damaging in the long run as it would not involve the release of females which bite,
transmit disease, and lay eggs to sustain the satyr population. However, this would be more
labour intensive as the satyr species would not be able to establish itself in the target
population and releases would have to be made every generation in order to maintain the

hybrid mating pressure.

Benefits and Drawbacks of Satyrization for Insect Control
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A benefit of satyrization is its ease and relative freedom from regulations surrounding GM,
although there is a danger of invasive spread when releasing non-native species into an area.
As for any other strategy, it is also important to consider the likelihood of resistance
evolution. Experiments in Aedes mosquitoes have shown that satyrization costs are high,
facilitating the selection of resistance alleles in Ae. aegypti females that are in sympatry with
Ae. albopictus males (Bargielowski & Lounibos, 2014). However, resistance genes are also
costly and are often not maintained outside of sympatry where satyrization is likely to occur
(Bargielowski et al.,, 2019). Therefore, allopatric Ae. aegypti populations should be
susceptible to satyrization as there will be no selection to maintain satyrization resistance
genes at a high frequency in the population. However, once Ae. albopictus populations are
introduced into Ae. aegypti, the rapid resistance to satyrization in sympatry may lower its
effectiveness and make it harder for Ae. albopictus to competitively exclude Ae. aegypti.
Hence, an effective release plan for this strategy should be developed to periodically cycle
the use of satyrization in a way that can minimise the development of resistance, or use
satyrization alongside other insect control methods in order to kill females in a population

where resistance to satyrization is selected for (REX Consortium, 2013).

Future Prospects for Satyrization

It would be useful to develop a metric for identifying satyrization targets. Effective
satyrization leading to competitive exclusion requires that fitness costs are asymmetric
between two different species (Kishi & Nakazawa, 2013) as a result of hybrid mating, either
through unidirectional hybrid mating, asymmetric fitness effects of cross species Sfps, or
both. Identification that unidirectional hybrid mating occurs could therefore be a good initial
indicator for promising satyrization targets. Fitness costs arising from historical hybrid
mating between two species may promote resistance to hybrid mating (Bargielowski et al.,

2013) or to heterospecific post-mating effects in one species, therefore asymmetries in the
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frequency of hybrid mating (i.e. hybrid mating being unidirectional) may be an indicator that
some degree of satyrization is active between two species. In Chapters 3 and 4 of this thesis
| explore this in greater detail, looking for indicators of satyrization and how quickly

resistance to hybrid mating might be evolving.

A potential drawback with satyrization is the health and ecological concern of replacing a
target vector species with another. Satyrization works by introducing populations of one
species to drive competitive exclusion of a target species. Therefore, in the context of Aedes
mosquitoes, satyrization would utilize releases of Ae. albopictus to competitively exclude and
replace populations of Ae. aegypti. However, Ae. albopictus are themselves vectors of
diseases such as dengue and Zika, though they are less competent disease vectors compared
to Ae. aegypti (Liu et al., 2017; Alto et al., 2014). Satyrization strategies that involve releases
of large numbers of a disease vector into an area would be controversial. Ae. albopictus may
even experience a boost in population numbers from controlled releases and disease
transmission may therefore be higher in the immediate days after Ae. albopictus releases.
Future work to examine how to improve satyrization for field releases may consider male
only releases or the development of an engineered strategy (e.g. releases of mutant
transgenic Ae. albopictus lines that have increased resistance to transmittable disease) that
will replace the disease vector with a completely benign species, while minimising public

health risks.

As with all insect control methods, recall strategies also need to be designed in case of
unforeseen consequences. With regards to satyrization, there is the immediate increased
risk of disease arising from increasing mosquito frequency for a short while, though this could
be partially alleviated with male only releases (Beech et al., 2009). There is also the risk of
unintended ecological effects of replacing one species from another. In the Aedes example,

Ae. aegypti and Ae. albopictus inhabit a similar niche. However, it is naive to suggest that we
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comprehensively understand their role in the ecosystem and can predict what the ecological
effects of replacing one species with another would be. Therefore, it would be important to
develop a plan to revert the population dynamics back to pre-control levels to undo any
unintended damage that might occur. This could be done, for example, by adding more Ae.
aegypti back into satyrization target populations, or by transforming Ae. albopictus for

release with a gene that would be susceptible to RNAi knockdown as a reversible failsafe.

1.4 Control via Gene Drive through Underdominance

Classically, underdominance describes a one-locus phenomenon where heterozygotes at a
single locus are less fit than the two homozygotes. Here | will talk about a two-locus form of
underdominance, broadly describing a scenario where two different parental strains are
homozygous for different alleles at two unlinked loci. Hybrid offspring from matings between
these two parental strains produce a variety of hybrid genotypes with combinations of
heterozygosity and homozygosity at each of the two loci, each allelic combination being less
fit than the two parental strains (Edginton & Alphey, 2018; Reed et al., 2013). The principle
of implementing underdominance using gene drives for control populations has been
discussed for many years (Huang et al., 2007; Magori & Gould, 2006; Davis et al., 2001; Curtis,
1968). However, it has recently undergone renewed evaluation due to the increased ability
to construct strains of model and non-model insects carrying genetic modifications. This is
providing new mechanisms by which underdominance control strategies can be

implemented.

Mechanism of Underdominance-Based Control

Artificially induced underdominance can be used for population suppression or population
replacement. One example is the underdominant killer-rescue strategy (Figure 1.3). Thisis a
two-locus underdominance strategy whereby one or more fitness related alleles are knocked
out (KO) that are important for reproductive success and an unlinked Rescue gene or genes
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(functional copies of the KO alleles created with a slight fitness cost) is inserted onto a
separate chromosome to nullify the KO effects. A cargo gene, such as a gene that makes
insect vectors refractory to disease so that they cannot transmit disease to humans, can also
be linked to the Rescue gene. Transgenic homozygotes are released into a WT population,
passing on various combinations of KO and Rescue alleles to offspring. Offspring that have
one or two copies of the KO allele without the sufficient number of Rescue alleles to rescue
viability will express the costly phenotype and die. The Rescue gene, masking the costly effect
of the KO alleles, allows both Rescue and KO genes to be driven into a population for multiple
generations to achieve control before the high cost of the KO alleles causes the KO alleles to
decline in frequency and fall out of the gene pool. The Rescue allele will initially spread within
the target population, spreading the cargo gene with it, as there is a selective advantage for
individuals to inherit the Rescue allele while the KO alleles are high in frequency in the gene
pool. However, the fitness costs associated with the Rescue gene forces it to decline in
frequency and eventually to be removed from the gene pool. At this stage it no longer
becomes advantageous for individuals to carry it in the absence of the KO alleles — this is the
property that allows for the underdominant killer-rescue strategy to be self-limiting

(Edgington & Alphey, 2018).
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Figure 1.3: A simplified overview of the two-locus underdominant killer-rescue strategy. Mutants
are made containing lethal genes (in blue) caused by the knockout (KO) of essential genes and
Rescue genes (in green) that are composed of functional versions of the KO genes. When released
in to the wild, mating with wildtypes creates a variety of lethal and non-lethal genotypes. (A)
Offspring that inherit just wildtype alleles are viable and survive. (B) Offspring that inherit the KO
alleles without the Rescue alleles are inviable. (C) Offspring that inherit the KO alleles with the
Rescue alleles are viable and competitively fit, allowing KO alleles, the Rescue alleles, and cargo

genes linked to the Rescue gene that express a desired trait to spread to the next generation.

Another example of a two-locus underdominance strategy was devised by Davis et al. in
2001. It consists of two unlinked transgenes, each transgene containing one lethal gene and
a suppressor for the complementary lethal gene that is present on the other transgene. In
this scenario, individuals that inherit just one of these transgenes will die as the lethal gene
will express in the absence of the suppressor on the other transgene which is not inherited.
Individuals that inherit both transgenes survive as the linked suppressor for each lethal gene
on the complimentary transgene are both inherited, preventing the toxic effects of the lethal

genes (Davis et al., 2001). The method is reversible (i.e. by releasing WT individuals into the
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population) and also allows for geographic isolation of the control programme as the
transgenes can become diluted upon mating with WT individuals, preventing the build-up of
sufficient homozygote transgenics that would lead to the fixation of the allele in another

location.

Benefits and Drawbacks of Underdominant Control

Fixation of artificial transgenes remains a controversial subject and responsible gene drive
strategies aim to be reversible or self-limiting to avoid unforeseen negative consequences of
pushing genes to fixation (e.g. transmission of transgenes to off-target species or
populations) (Harvey-Samuel et al., 2017). An underdominance system could be reversed by
introducing the WT allele back into the population and flushing out the transgenic allele. This
reversal means that the technology is relatively safe as there is no risk of transgene escape,
or other potential dangers such as causing harm to humans when bitten by an insect carrier

of the transgene. Reversibility also means there is a low risk of transgene escape.

One advantage of the underdominant killer-rescue system is that it is self-limiting. The
Rescue gene would increase in frequency initially while the KO alleles are in the gene pool at
high frequency. As the KO alleles decline in frequency, the Rescue gene is no longer selected
for. Fitness costs associated with carrying the Rescue gene itself then results in the Rescue
gene declining in frequency. This means the underdominant killer-rescue system will not be
maintained in the population, producing a fail-safe in case of any adverse effects, though it
could be sustained for as long as was required through periodic releases of killer-rescue

males.

A potential disadvantage in the killer-rescue strategy is the possibility of resistance through
genome duplication, to create another copy of the gene that would function normally, or
through upregulation of the Rescue allele in heterozygotes, which would negate the fitness

costs of the KO alleles.
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Future Prospects for Underdominance Control

Much of this work is in the early stages, with constructs currently being designed and
transformed into target organisms and simulation modelling conducted to predict the spread
of underdominant alleles. However, no field work has yet been carried out to measure the
spread of these transgenic alleles or quantify the levels of population reduction as compared
to WT populations. This will be crucial to evaluate which underdominance methods are the

most effective in killing pest populations for a low cost and ecologically sound strategy.

Some underdominant killer-rescue strategies currently under development target the
Ribosomal Protein (Rp) genes, as they produce the Minute phenotype in their heterozygous
state, and are characterised by significant fitness costs due to low fertility and developmental
delay (Marygold et al., 2007). Reeves et al. (2014) suggested that the potential of
underdominance using Rp genes for control could be enhanced through the development of
enhanced transgenes e.g. snoRNAs (small nucleolar RNAs). snoRNAs chemically modify RNA
molecules, but their contribution to fitness is currently unclear. RpL14, an Rp gene found in
Aedes mosquitoes, codes for its own particular snoRNAs which are knocked down along with
the gene, causing unknown fitness effects. Quantifying these effects could allow for targeting
specific snoRNA knockdowns to attain a more controlled reduction in fitness. This could allow
the design of constructs that exhibit lethality at particular life stages, for example, to increase
larval competition against WT larvae before lethality at eclosion. It would also allow for the
design of more efficient Rescue constructs to raise homozygote transgenic fitness further

relative to that of the WT.

40



1.5 Wolbachia-Induced Cytoplasmic Incompatibility

for Control

It is estimated that 66% of all known insect species are infected with some strain of
Wolbachia (Serbus et al., 2008). Parasitic and intracellular bacteria of the genus Wolbachia
are of significant fundamental and applied interest because of their widespread distribution
and ability to spread through populations due to the property of cytoplasmic incompatibility
(Cl) (Hoffman et al., 2015). Cl causes a modification in the sperm such that an infected male
can only successfully fertilize the eggs of an infected female. Infected females can receive
and utilise sperm from both infected and uninfected males and can outcompete uninfected
females. Wolbachia is maternally transmitted, so all offspring from an infected female will
also be infected, increasing the frequency of Wolbachia infection throughout the population
(Figure 1.4) (Sinkins, 2004). Along with cytoplasmic incompatibility, infection of insect hosts
with different Wolbachia strains confers a variety of fitness effects on the host such as male
killing, feminization and lifespan reduction which are useful for population suppression of
insect vectors (Hoffman et al., 2015; Hoffman, 2014). Wolbachia infection can also increase
pathogen resistance in some species such as Aedes. The exact mechanism for disease
resistance effect is not yet known but Cl could be exploited to spread the disease resistance
effect throughout a population and prevent that population from picking up viruses such as

dengue and Zika virus and transmitting them to humans.
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Figure 1.4: Wolbachia spread through a population by cytoplasmic incompatibility. Wolbachia
infected Aedes are shown in blue. Females that mate with infected males will suffer embryonic
lethality, whereas Wolbachia infected females will produce viable progeny regardless if the male is
Wolbachia infected or not. All progeny from Wolbachia infected females will also be Wolbachia
infected, quickly spreading Wolbachia infection in a population within several generations, as well as

any attached Wolbachia effects (adapted from a diagram by eliminatedengue.com, 2016)

Mechanism of Control via Wolbachia Infection

Cl can be exploited in a manner similar to SIT in a strategy known at Incompatible Insect
Technique (lIT). As previously described, male carriers of Wolbachia that mate with non-
infected females do not produce viable progeny (Figure 1.4). Therefore, Wolbachia infected
males can be released into target populations that either carry a different strain of
Wolbachia, or no Wolbachia at all. Progeny produced from matings between released males
and target females that contain incompatible strains of Wolbachia will be inviable,

supressing the target population (Kittayapong, 2018).

Alternatively, the spread of Wolbachia through Cl can be used to spread desirable traits. A
strain of Wolbachia called ‘wMelPop’ infection upregulates the immune system in Ae.
aegypti which shortens lifespan and increases resistance to dengue infection (Kambris et al.,

2009). Aedes adults have a window of 8-12 days from initial infection by dengue virus before
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they are able to transmit it to humans. During this period wMelPop can be sustained within
the population through Aedes mating and the shortened lifespan of Wolbachia-infected
mosquitoes may limit the available window for transmitting dengue (Hugo et al., 2014). This
offers the potential for a two-pronged control technique in spreading a self-sustaining
suppression of dengue, as Cl would be sufficiently effective to rapidly infect populations and

sustain itself while increasing dengue resistance and shortening the adult lifespan of Aedes.

Itis important to note that different Wolbachia strains have different effects in different host
species. In Ae. albopictus, for example, Wolbachia can confer some level of resistance to
dengue fever, but from a low level of infection within the host. However, the same
Wolbachia strain in Ae. aegypti confers much higher levels of resistance, as the strain infects
the host tissues at higher density (Martinez et al., 2015). This may make it difficult to apply
Wolbachia to multiple vector species in the absence of fine-tuning each Wolbachia to each
species in question. The ‘wMelPop-CLA’ strain is currently considered to have good control
potential in Ae. aegypti (Ritchie et al., 2015). However, to reduce the impact of evolved

resistance, other effective strains should also be sought.

There is no clear explanation for many of the effects of Wolbachia on their insect hosts,
although there are several possibilities. For example, Wolbachia infection upregulates the
immune system, which could increase protection against viral infection causing the increase
in Aedes resistance to dengue infection. There may also be competition between viruses and
Wolbachia for resources within the host, e.g. for cholesterol (Iturbe-Ormaetxe et al., 2011),
shortening host lifespan and fitness. Discovering the molecular basis by which Wolbachia
interferes with host fitness and virus transmission is of prime importance for control efforts,

but is challenging because of the inability to grow Wolbachia in culture.

Benefits and Drawbacks of the use of Wolbachia for Control
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The major benefit of Wolbachia infection for control is its ability to spread easily through a
population via cytoplasmic incompatibility. This potentially allows the spread of desired

phenotypes through specific strains (Bull & Turelli, 2013).

There is some variability regarding the ability of Wolbachia to spread through Aedes
populations. Trials using the ‘wMel’ strain in Ae. aegypti have indeed been successful,
showing that the fitness costs associated with Wolbachia infection are small, which can allow
a successful spread of Wolbachia throughout localised populations (Walker et al., 2011;
Hoffman et al., 2011). Another example of successful Wolbachia spread through Aedes
populations comes from a study by Dutra et al. (2016). In this study, five urban sites in Brazil
were chosen to explore the potential for Wolbachia gene drive by infecting wMel into Ae.
aegypti. Wolbachia was able to establish itself successfully in all five sites with minimal

detrimental side-effects in Ae. aegypti from the infection.

However, a counter example by Nguyen et al. (2015) found that fitness costs associated with
infection of another Wolbachia strain “wMelPop-PGYP” were too high to establish wMelPop-
PGYP in Aedes populations in Australia and Vietnam. It is possible that the effectiveness of
Wolbachia for control could be correlated with the density of the infection within the tissue
of the host. Higher density could produce stronger effects though this may also cause higher
fitness costs which could make it difficult to spread Wolbachia through a population. For
example, the disease resistance effects of Wolbachia infection may incur large deleterious
fitness effects for the host (Martinez et al., 2015; Joshi et al., 2014). It is also reported that
infection with some Wolbachia strains actually increases host fitness (Brelsfoard & Dobson,
2011). It is likely that not all Wolbachia strains will be useful in combating disease vectors
and each must be individually assessed for the desired phenotypes they produce and the

ability to establish that strain throughout a population. It is likely therefore that fitness costs
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are dependent on both the strain of Wolbachia used and the species of the host. Future

research should examine these dynamics to fully optimise the system.

The introduction of Wolbachia into a mosquito population may require raising the baseline
population level of mosquitoes in order for Wolbachia to be established. In regions where
malaria and dengue fever are rife there may be legitimate worries about increasing vector
numbers, even temporarily, as this could increase the rate of infection before benefits are
evident (Ritchie et al., 2013). Implementing Wolbachia as a method of population control
therefore requires several regulatory and ethical challenges to be overcome (Hoffman et al.,

2015).
Future Prospects for Wolbachia Control

As different strains seem to confer different effects in different hosts, it is necessary to
optimise individual Wolbachia strains for control. In Ae. aegypti, the most likely useful
Wolbachia candidates are those that reduce disease transmission and those that shorten
host insect lifespan. Testing the logistics and fitness costs of each strain is needed
(Lambrechts et al., 2015). It may even be possible for strains to be combined to induce a
superinfection of Wolbachia by more than one strain. The advantages of this could be to
spread specific Wolbachia strains through already infected populations. Infection of hosts by
multiple Wolbachia strains could also result in beneficial stacking of traits whereby the

effects of each strain will manifest itself in the infected host (Watanabe et al., 2011).

1.6 Gene Drive or Population Suppression through

Gene Editing using the CRISPR-Cas9 system

Gene editing refers to the modification of DNA in order to change or knockout the function

of a particular gene. CRISPR-Cas9 gene editing technology allows for efficient, heritable and
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easy gene editing (Ma et al., 2010), and offers many potential avenues for control via both

gene drive and population suppression.

Mechanisms of Gene Editing Techniques for Control

The CRISPR-Cas9 system is found in many strains of bacteria (44%) and archaea (95%) (Grissa
et al., 2007; Kunin et al., 2007) where it functions to confer effective immune responses
against attack by bacteriophages. CRISPR elements (or Clustered Regularly Interspaced Short
Palindromic Repeats) are separated by short runs of ‘spacer’ DNA. This spacer DNA is genetic
material taken from bacteriophages during infection and stored within the CRISPR cassette
to provide a type of immunological ‘memory’. When a bacterium suffers another infection,
spacer DNA is transcribed into CRISPR RNA (crRNA) which can be used as a guiding system
by a Cas9 enzyme to target the foreign invader, cleave it at a complementary pairing site and

destroy it (Horvath & Barrangou, 2010).

This system has been exploited, using an RNA guidance system, to induce precise gene
editing that is both easier and more efficient than previous gene editing technologies (Cong
et al., 2013). Single guide RNA (sgRNA) can be constructed using crRNA for recognition and
trans-CRISPR RNA (tracrRNA) for binding and activating the Cas9 enzyme (Hsu et al., 2014;
Chylinski et al., 2013; Jinek et al., 2012). sgRNAs are designed to be complementary to the
desired target DNA sequence for modification, Cas9 then binds to this sequence and cleaves

it.

CRISPR-Cas9 gene editing can be conducted in two ways: The Non-Homologous End Joining
(NHEJ) based technique, which involves cutting a double stranded site, creating indels and
knocking out genes due to incorrect repair. The second pathway is the Homology Directed
Repair (HDR) technique, which involves a designed DNA template being introduced with the

Cas9 enzyme to act as a new template at the cleavage site, exploiting the DNA repair systems
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to fix the other strand using the new introduced template and hence overwriting the original

gene (Sternberg et al., 2014; Zhang et al., 2014).

In the context of insect control, CRISPR gene editing can be used to knockout, insert or
modify a target gene which can then spread through the population via gene drive
(Hammond et al., 2016). It has been demonstrated that CRISPR works in mosquito species
(Basu et al., 2015; Dong et al., 2015; Kistler et al., 2015), which opens up an exciting new
avenue for novel control routes. Many efforts are currently focused on using HDR to drive
genes that cause population suppression (Kyrou et al., 2018; Dhole et al., 2018) but HDR
could also be used for population replacement techniques. It should be possible to drive
through a population a gene that confers resistance to parasites or viruses to reduce
transmission risk to humans. NHEJ could also be used to knock out resistance genes in
current control methods in order to prolong their effectiveness, or to knock out genes
associated with vector competence, to reduce the ability of vectors to carry and transmit

disease (Gabrieli et al., 2014).

Benefits and Drawbacks of Gene Editing for Insect Control

Gene editing technology has become widely celebrated due to its accuracy, robustness, ease
and low cost (Cong et al., 2013; Mali et al., 2013). As this technology literally rewrites DNA,
the changes are heritable, allowing edits made in insect vectors to be sustained indefinitely
within a population. This is advantageous, as the release of insects for control is needed only
infrequently, reducing costs and labour in comparison to methods such as classical SIT.
However, the ability of gene drives to spread quickly through populations brings ethical
concerns, such as the potential damaging ecological effects from rapid population decline,
unintentional human health effects from being bitten by genetically modified mosquitoes,
and the possibility of accidental leakage of gene from a target population into a non-target

population due to migration or dispersal (Rode et al., 2019; Mumford, 2012). Current
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recommendations specify gene drives must be reversible or self-limiting to minimise these

risks (Dhole et al., 2018).

Functionally, a significant concern for applications of CRISPR-Cas9 is the potential for off-
target mutagenesis (de Bruin et al.,, 2015). The sgRNA targets a specific gene through
complementary base pairing. However, similar DNA sequences may also be targeted by the
Cas9 complex, potentially knocking out or modifying other essential genes (Fu et al., 2013).
If such a system were to be used in population control of insect vectors and off-target
mutagenesis occurred, the transgenic individuals would be unsuitable for population control.
There is evidence that this can be alleviated through controlled dosage of CRISPR-Cas9 and
genetic screening to highlight any potential off-targets (Ansai & Kinoshita, 2014; Fu et al.,
2013). Furthermore, pleiotropy, the phenomenon whereby genes can affect multiple
phenotypic traits, could result in unexpected phenotypic effects when targeting specific
genes for knockdown or insertion (Li & Shen, 2019). This may severely impact the
effectiveness of a gene editing strategy if pleiotropic effects also mean that the edited
population are too unfit to spread the edited gene throughout a population. For example, a
gene knockdown that makes an individual more resistant to picking up and transmitting a
disease would be useless if it also makes the individual so unfit that the gene cannot

effectively spread when released into a wild population.

There may also be constraints about which DNA sites are suitable for modification,
potentially limiting target choice. The Cas9 enzyme requires a 2-5nt Protospacer Adjacent
Motif (PAM) sequence immediately downstream of the target area in order to function. PAM
is an essential part of Cas9 editing as it separates which DNA is to be cleaved from that which
is not. Genes of interest that do not contain a PAM site therefore cannot be targeted for
gene editing, which may limit the applications of CRISPR to particular genes. Future work

may seek to overcome this limitation in order to edit any gene of interest (Wei et al., 2015).
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Future Prospects for Control by Gene Editing

The potential for CRISPR is significant for the treatment of human disease and for modifying
the genetic code of animal or plant species to combat various pests and diseases. Future
developments include the opportunity to create genetic ‘trigger’ mechanisms, to allow lethal
genes to drive through a population without immediately killing hosts bearing the genetic
modifications. This could work by pushing two genes through a population using the CRISPR-
Cas9 system — one with an inactive version of the lethal gene and another with the activator
for that gene linked up to a genetic trigger, perhaps a pheromone detector. After allowing
the genes to spread within a population for several generations until it reaches fixation, a
specific pheromone could be introduced into the habitat, triggering the activator and turning
on the lethal gene, killing large swathes of the population simultaneously. However, there
are significant ethical concerns regarding the use of gene editing, especially when using them
for gene drives, for example, the risk of propagating genes with unintended side effects

through a population (Goldim, 2015).

Regarding the development of gene editing tools in the broader sense, there is also the
concern that powerful gene editing technology can reawaken a form of eugenics through
non-essential or cosmetic genetic modifications (e.g. choosing a child’s eye colour before it
is born). As such, the potential for gains through this powerful technology are subject to

careful limitation by ethical debate and legislation (Ishii, 2015; Pollack, 2015).

1.7 Discussion

The potential control methods described above can be grouped into insect suppression or
replacement approaches. SIT and RIDL induce population suppression as they aim to reduce
pest numbers directly within populations. Satyrization is primarily a population replacement
or substitution method as it aims to introduce a transgenic strain or a new species into a
population. Wolbachia, underdominance, and gene drives using CRISPR can be either
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suppression or substitution depending on how they are used. For example Wolbachia can be

used for IIT or for spreading resistance against viruses.

There is growing debate about which of insect suppression or replacement offers the most
acceptable and effective control potential. Janet Fang (2010) posed the question to biologists
and ecologists studying mosquitoes, of whether there would be any significant negative
effects if all mosquito species were eradicated, concluding with “probably not.” Mosquitoes
have been shown to pollinate (Lahondeére et al., 2019) and are prey for many species of fish
and birds (Dida et al., 2015; Louca et al., 2009). However, many researchers proposed that
any niche left vacant would quickly be filled and, even if not, it was deemed a small price to
pay for the eradication of prominent disease vectors. It is also true that the native habitat of
Ae. aegypti lies in parts of Africa such Kenya and Uganda (Mattingly, 1967). The relatively
recent habitat introductions to the Americas and parts of Asia (Bracco et al., 2007; Slosek,
1986) suggest that mosquito elimination in those areas would produce minimal ecological
effects as it is unlikely that mature ecological dependencies would yet have evolved. It may
even be bioremedial whereby removing a recently established invasive species could be

beneficial for the ecosystem.

Whether this is an overly naive stance, due to the complex nature of ecosystems and the lack
of knowledge to accurately judge what would happen if a species was suddenly removed, is
not yet clear. There are also significant bioethical concerns regarding what right we might
have to eliminate species because they are inconvenient. Practically speaking, we also lack
the capability to destroy multiple large populations of rapidly breeding species. Substitution
methods may offer a way of editing traits (Ansai & Kinoshita, 2014) and inserting
replacement, hereditary genes to render insect disease vectors harmless to humans without
removing them (Yi et al.,, 2014). Since evolutionary resistance is inevitable, it is also

necessary to implement new methods in a way that minimizes the risks of resistance. A
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recent review suggested that various methods of population control, applied cyclically and
in multiple locations could prevent populations from being subject to single selection
pressures over time and hence slow resistance evolution (Leftwich et al., 2015). It would be

beneficial to test such methods in cage and field trials.

1.8 Thesis Roadmap

In my thesis research, | have investigated the existence and form of satyrization in closely
related Drosophila species as a test case, and explored underdominant killer-rescue based
gene drives. | initiated my satyrization study by observing the frequency of hybrid matings
between two closely related Drosophila species and the fitness costs that arise from these
hybrid matings, which can be indicative of satyrization. | then investigated the role of seminal
fluid proteins in satyrization within the D. melanogaster species subgroup to identify
evolutionary drivers and consequences of satyrization. | concluded by setting up populations
of two satyrizing species of Drosophila in allopatry and sympatry for 12 generations to test

whether pre- or post-mating resistance to satyrization evolved as predicted.

For my underdominance investigations, | took a genetic approach to assess whether the
underdominant killer-rescue strategy can be used as a method of population control.
Together with collaborators from The Pirbright Institute, | developed and constructed an
underdominant killer-rescue system in D. melanogaster as a test case. This underdominant
killer-rescue system includes three targeted ribosomal protein genes (RpS19a, RpS21 and
RpS26) and a genetically engineered Rescue construct for all 3 Rp genes. Specific Rp
knockouts produce a Minute phenotype, characterized by delayed development and a
reduction in female fertility, ultimately leaving individuals that express Minute competitively
inviable. Introducing the transformed lines into WT populations would lead to a proportion
of offspring inheriting non-functional copies of Rp and no copies of the Rescue construct,

causing the Minute phenotype and resulting in their inviability. Some offspring will receive
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KO Rp genes and a copy of the Rescue construct, allowing them to be competitively viable
and spread the KO Rp genes to the next generation. | concluded by constructing a
parameterised theoretical model of this system, to simulate a controlled release of the
underdominant killer-rescue strategy developed. In this, | used parameters that | obtained
from experimental data, to monitor the frequency of KO Rp alleles, Rescue alleles, and WT

alleles over multiple generations.

1.9 Conclusion

There are multiple effective routes for combating disease vectors. | have discussed them in
turn and described the pros and cons of each. The development of insect vector control is
continually ongoing and no single strategy is likely to be able to eradicate entire Aedes
populations in dengue stricken areas or offer a permanent solution, due to the high
reproductive value and evolutionary potential of the host to adapt to control methods. There
are also important, ongoing debates concerning whether substitution or suppression are the
most logistical and ethically sound strategies. The potential for employing complementary
methods for control is significant and the correct application of each will undoubtedly aid in

reducing the occurrence of mosquito-borne diseases in vulnerable areas.
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Chapter 2

Evidence of Reproductive Interference
between D. melanogaster and D.

simulans



2.1 Abstract

Satyrization is a form of reproductive interference that results in asymmetric fitness costs
from reciprocal hybrid matings between two closely related species or between divergent
populations within species. It is of increasing interest as a potential method of insect control,
to complement existing approaches. Asymmetric fitness costs of hybrid mating can lead to
competitive exclusion. Hence, a species could be introduced into the habitat of a target pest
with which it can hybridize and control achieved if the asymmetric costs of hybrid matings
cause a greater reduction in fitness of the pest species over the introduced species. However,
the prevalence of, and mechanisms underlying, asymmetric fitness costs associated with
hybrid matings are under-researched. Evidence from mosquitoes highlights a potential role
for incompatibility between the actions of the seminal fluid proteins (Sfps) of males and their
receptors in females. Here | tested for the presence of asymmetric fitness costs in hybrid
matings between two widely used fruit fly models, Drosophila melanogaster and Drosophila
simulans, which hybridize in nature. Despite a wealth of research into the mating of these
species and their hybrids, such costs have not previously been tested for. | also tested directly
for the involvement of Sfps in mediating any asymmetric costs observed. Males and females
of D. simulans and D. melanogaster were placed in conspecific and heterospecific pairs and
mating, courtship and fertility recorded. | found that D. simulans females mated significantly
more frequently with D. melanogaster males than was observed for the reciprocal hybrid
cross. D. simulans females suffered reduced fitness by producing unfertilised eggs and
infertile and inviable progeny as a result of heterospecific matings to D. melanogaster males.
Receptivity tests conducted 24h after conspecific and heterospecific matings showed that
hybrid mating caused D. simulans females to significantly reduce their remating receptivity,
reducing their opportunity to receive fertile sperm from a conspecific male. This showed that
D. simulans are susceptible to the refractory post-mating response of D. melanogaster Sfps.
Together these results provide evidence for satyrization in matings between D. melanogaster
and D. simulans. Overall, D. simulans females mated more frequently with D. melanogaster
males than was true for the reciprocal cross, suffered potential costs in the production of
inviable hybrid offspring from hybrid matings, and were less likely to mate again due to the
refractory effects of D. melanogaster Sfps on D. simulans females. The results contribute to
a growing realisation of the importance and unappreciated prevalence of satyrization and

thus its potential for insect control.
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2.2 Introduction

Satyrization is a type of reproductive interference that is characterised by asymmetric mating
costs resulting from hybrid mating between two closely related species. The result can be a
competitive advantage for one species over the other (Ribeiro & Spielman, 1986). The
frequency of satyrization in the wild is not well known, nor have the mechanisms underlying
it been thoroughly established. However, recent evidence from mosquitoes suggests that
Seminal fluid proteins (Sfps) are involved in determining reproductive asymmetries (Tripet
et al.,, 2011). Sfps are a cocktail of proteins that form the non-sperm part of the male
ejaculate. They cause a variety of effects in females such as a higher oviposition rate and a
reduced receptivity to further mating (Rubinstein & Wolfner, 2013; Chapman & Davies, 2004;
Chapman et al., 2003). Approximately 10% of the genes encoding seminal fluid proteins are
known to evolve rapidly (Swanson et al., 2001). It has been suggested that such proteins may
therefore have unexpected effects when transferred into the female of a different species

(Dapper & Wade, 2016).

Previous work on quantifying asymmetric fitness costs between Drosophila hybrid pairs
suggests that a contributor to satyrization may be the production of infertile or inviable
offspring. The fitness costs of producing such hybrids may exert strong selection in sympatric
species to evolve pre-mating isolation barriers (Coyne & Orr, 1989). With regards to crosses
between D. simulans and D. melanogaster, Jamart et al. (1995) found that D. melanogaster
females were incompatible with D. simulans males, the cross producing inviable males and
a 100% female, infertile progeny. The reciprocal cross is reported to be hard to achieve (Ellis
& Carney, 2009). However, in successful hybrid matings that do occur, 100% male progeny
are produced (Barbash, 2010). Differences in the frequency of reciprocal hybrid matings have
been described, with Sturtevant (1920), Sperlich (1962) and Moulin et al. (2004) all finding

that the D. simulans (&) x D. melanogaster (?) cross occurs more readily than the reciprocal.
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However, there can also be variability, with Barker (1962) reporting instead that D.
melanogaster (3) x D. simulans (?) crosses were more frequent. Variation in the relative
frequency of D. melanogaster x D. simulans reciprocal hybrid matings could be due to age
(Moulin et al., 2004), the specific strains used (Barker, 1962), or to the presence of the
intracellular symbiont Wolbachia. Wolbachia produces a spectrum of effects on
reproduction across different arthropod species, including feminization and cytoplasmic
incompatibility (Stouthamer et al., 1999) some of which can select for mating directionalities.
The exact effects of Wolbachia infection depend on the host species and Wolbachia strain.
For example, a strain known as wMel can increase viral resistance in D. melanogaster
(Teixeira et al., 2008), whereas another strain, wDmpopcorn, shortens D. melanogaster
lifespan (Fry et al., 2004). Wolbachia infection is thought to be present in at least 30% of

laboratory stocks (Clark et al., 2005).

The magnitude of fitness costs arising from Drosophila hybrid matings between reciprocal
species pairs has not yet been quantified, and this is the omission | address here. As all hybrid
progeny are sterile or infertile between D. melanogaster and D. simulans, the fitness effects
primarily arise as opportunity and energetic costs, via ‘time out’ of the mating pool or
through wasted progeny production. | tested for unidirectional mating and asymmetric
fitness costs to provide evidence of satyrization between these two species. | investigated
mating receptivity and fitness costs arising from reciprocal matings between D.
melanogaster and D. simulans in comparison to conspecific pairings. Fitness costs were
measured by quantifying fecundity as an index of reproductive investment and energy
expenditure by females arising from the production of hybrid offspring. Hybrid offspring are
either inviable or infertile and thus represent an evolutionary dead end. Production of these
hybrid offspring represents a potential energy cost for the female. The final step was to test
the involvement of Sfps in altering remating receptivity in hybrid matings. Seminal fluid

proteins are known to evolve quickly (Sirot et al., 2015) and thus may not function as
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expected in females of a different species. A role for Sfps in determining costs of
hybridization would be apparent if prior mating with a heterospecific male reduced mating

receptivity to the same degree as a prior mating with a conspecific male.

2.3 Methods

Overview and Rationale for Experimental Methods

| first conducted two replicate experiments in which | measured the consequences of single
pair conspecific and heterospecific matings between D. melanogaster and D. simulans. |
conducted these replicated experiments at 25°C and 22°C, to check that any asymmetric
fitness costs observed were not caused by performing experiments at the optimal
temperature of one or other species, respectively. 25°C is within the optimal range for D.
melanogaster and is the temperature under which the stocks have been maintained for
many years (Crill et al., 1996; Cohet & David, 1978). However, the optimal temperature of D.
simulans is more variable and strain-dependent, with many strains having increased fitness
at temperatures lower than 25°C (Austin & Moehring, 2013; Morin et al., 1996; Montchamp-
Moreau, 1983). The stocks of D. simulans | used here had been kept for several years at 22°C.
To examine the role of seminal fluid-mediated effects in satyrization, | next compared
conspecific mating receptivity in females having initially experienced heterospecific or
conspecific matings, both at 25°C and 22°C. Finally, to test for any involvement of Wolbachia
infection on mating asymmetries, | treated laboratory stocks of D. melanogaster and D.
simulans with tetracycline (e.g. O’Shea & Singh, 2015; lkeya et al., 2009) for seven
generations to cure them of any potential Wolbachia infection and then repeated the mating

tests to investigate whether the characteristics of hybrid mating had changed.

Sample Collection
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All experiments were conducted in a constant temperature (CT) room at 25°C, 60%RH and
12h:12h light:dark photoperiod. The experiments tested conspecific and heterospecific
reciprocal matings between D. melanogaster (Dahomey wild type strain) and D. simulans
(obtained from the San Diego Stock Center). D. melanogaster and D. simulans eggs were
collected by placing one red grape juice agar plate (550ml H,0, 25g agar, 300ml red grape
juice, 21ml 10% w/v Nipagin solution per batch of medium) into each of the population stock
cages for each species. Plates were left for three hours, taken out of the cages, yeast
removed and then incubated. After 24 hours, first instar larvae of each species were picked
from the plates and placed 100 larvae per vial (75 x 25 mm), containing Sugar Yeast Agar
(SYA) medium (30 ml 10% w/v Nipagin solution, 3ml propionic acid, 15g agar, 50g sugar and
100g brewer’s yeast per Litre of medium). This procedure standardised the larval
development across and within species and minimised any environmentally-induced
variation in body size. Virgin adult females and males were collected using ice anaesthesia
and separated by sex. The sex segregated flies were then stored, 10 to a vial, for 3-6 days

until use in the experiments.

Frequency and Fitness Effects of Hybrid and Conspecific Matings between D. melanogaster

and D. simulans at 25°C

At 3-6 days old, flies were allocated at random to one of the four following experimental

treatments: D. melanogaster (3) x D. simulans (?) (N=39),; D. simulans (3') x D. melanogaster
(?) (N=40); D. melanogaster () x D. melanogaster (?) (N=40) and D. simulans (&) x D.

simulans (?) (N=40). One male and one female from each species were placed into a vial and
were observed for three hours, during which spot checks were also performed every 20
minutes to score courtship and copulation frequency. The spot checks of behaviour were
then repeated for the same three hours over the following two days. After matings had
occurred, the pairs were retained in the vial and transferred to a fresh vial every two days
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for six days in total. The eggs from each vacated vial were counted and the vials then

incubated until the progeny hatched. Progeny were then frozen for later counting.

Frequency and Fitness Effects of Hybrid and Conspecific Matings between D. melanogaster

and D. simulans at 22°C

| then tested to see if hybrid mating frequencies were as common at 22°C, the preferred
temperature of D. simulans, as they were at 25°C, the preferred temperature of D.
melanogaster. The experimental set up was the same as above except that the experiment
itself was carried out at 22°C. The sample size for this experiment was: D. melanogaster (&)

x D. simulans (?) (N=39); D. simulans (3') x D. melanogaster (?) (N=39),; D. melanogaster (3)

x D. melanogaster (?) (N=39) and D. simulans (&) x D. simulans (?) (N=39).

Effects of Hybrid and Conspecific Matings on Fecundity and Female Remating Receptivity

in D. melanogaster and D. simulans at 25°C

Here | tested receptivity of females that had been previously mated to a heterospecific male
in comparison to a conspecific male. Females were each placed into a vial with a conspecific
or heterospecific male that had been placed in the vial the day before. Pairs were given three
hours to mate and the time they were placed into the vial, the time that copulation started
and the time that copulation ended were recorded. After mating had occurred, the male was
immediately removed and the female retained in the vial for 24 hours. Any females that did
not mate in this first mating were immediately discarded. A remating receptivity test with
conspecific males was then set up in the afternoon of the following day, 24 hours after the
end of the first matings. Females that had mated previously were each placed in a new vial
containing a conspecific male and were observed over three hours. | recorded the time they
were placed into the vial and the time that copulation started and ended. No matings

between D. simulans () x D. melanogaster (?) were observed during the first mating and so
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no females from this treatment were available for the second mating. Excess heterospecific
pairs were set up to try to ensure that there were sufficient mated females for the remating
tests. The sample size for each treatment was D. simulans (&) x D. simulans (%) 1st mating =
30, 2nd mating = 25; D. melanogaster () x D. melanogaster (?) 1st = 52, 2nd = 48; D.

melanogaster (3) x D. simulans (?) 1st = 136, 2nd = 31; D. simulans (&) x D. melanogaster (?)

1st =82, 2nd =0.

Effects of Hybrid and Conspecific Matings on Fecundity and Female Remating Receptivity

in D. melanogaster and D. simulans at 22°C

The above assay was then repeated at 22°C. The experimental set-up was the same as above.

The sample sizes for the second, conspecific, mating were: The sample size for each
treatment was D. simulans (J) x D. simulans (?) 1st mating = 50, 2nd mating = 49; D.
melanogaster (3') x D. melanogaster (?) 1st =49, 2nd = 48; D. melanogaster (') x D. simulans

(?) 1st =100, 2nd = 39; D. simulans () x D. melanogaster (?) 1st = 161, 2nd = 1.

Effects of Wolbachia Removal via Tetracycline Treatment on the Incidence of Hybrid

Mating in D. melanogaster and D. simulans

Subpopulations of wild type Dahomey D. melanogaster and D. simulans were fed on SYA
food containing 100ug/ml tetracycline for seven generations to cure them of any potential
Wolbachia infection (Alexandrov et al., 2007). After the 7™ generation, after which any
potential Wolbachia infection would have been cured (Rottschaefer & Lazzaro, 2012), adults
were collected, separated by sex and stored at 10 flies per vial for 4-6 days post-eclosion to
reach sexual maturity. The day before the mating assay, males were placed singly into SYA
vials containing a small amount of yeast paste to encourage mating. On the day of the mating

test, a female was placed into a vial of the corresponding treatment (see below) and
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observed for three hours. The time that the female was placed into the vial, the time to start
mating, and the time to finish mating were all recorded. All pairs were discarded after three

hours whether they had mated or not. Treatments were: D. melanogaster () x D. simulans
(?) (N=40); D. simulans (3) x D. melanogaster (?) (N=25); D. melanogaster (3) x D.

melanogaster (?) (N=40); D. simulans (3') x D. simulans (?) (N=25).

Statistical Analysis

Courtship frequency, mating duration, egg number and progeny number data were analysed
by performing a one-way ANOVA and Tukey’s HSD post-hoc test. Copulation frequency and
mating latency were analysed by performing a Kruskal-Wallis (KW) and Dunn’s post-hoc test
(p-values adjusted with the Benjamini-Hochberg method) to test for significance differences
between treatments for each dependant variable. Sex ratios were calculated in each
experiment from counting the number of adult males and females from all vials in each
experiment. All analysis was carried out in R v3.2.2. All data were visualised using box plots

constructed using R (R Core Team, 2012).

2.4 Results

Courtship Frequency of Hybrid and Conspecific Matings between D. melanogaster and D.

simulans

At 25°C and at 22°C there was significant variation between the conspecific and
heterospecific pairs in terms of courtship behaviour (Figure 2.1). At 25°C, males of both
species courted conspecific females significantly more than heterospecific females (F(3,179) =
51.42; p<0.001). At 22°C, D. simulans males again courted conspecific females significantly

more than heterospecific females (F(,154) = 18.4; p<0.001) but this time there was no
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difference in the frequency of courtship between either species of female courted by D.

melanogaster males.

Copulation Frequency of Hybrid and Conspecific Matings between D. melanogaster and D.

simulans

Conspecific mating was significantly more frequent than heterospecific mating at both 25°C
(H1) = 62.33; p<0.001) and 22°C (H(3) = 37.94; p<0.001) (Figure 2.2). Post-hoc analysis showed
that D. simulans females mated heterospecifically significantly more frequently than D.

melanogaster females at 22°C (Z;) = -2.83; p=0.007) but not 25°C (Z;3) = -1.53; p=0.15).

Mating Latency in Hybrid and Conspecific Matings between D. melanogaster and D.
simulans

Conspecific pairs initiated mating significantly quicker than D. melanogaster (3) x D. simulans
(?) pairs at both 25°C (H(;) = 18.39; p<0.001) and 22°C (H(1) = 17.82; p<0.001) (Figure 2.3). D.
melanogaster (3) x D. simulans (?) hybrid matings were also rarer than conspecific matings,
with successful mating occurring only 1/5" — 1/3™ as often as the number of conspecific
mating pairs. No data could be collected for the reciprocal hybrid cross as no mating occurred

during the three hour observation window.
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Table 2.1: Frequency of courtships and copulations (average per female per treatment), mating

duration and latency (mins), fecundity and offspring of conspecific and reciprocal heterospecific

hybrid matings between D. melanogaster and D. simulans. Mean fecundity and progeny averaged

over the 3 post mating vials as well as the individual vial data are shown. Two of the “% Hatched

Progeny” entries are >100% due an egg miscount that resulted in more offspring being counted than

eggs.
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Number of Courtships at 25°C

Number of Courtships at 22°C
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D. melanogaster (J) x
D. melanogaster (?)
N=40

D. melanogaster (3) x
D. melanogaster (?)
N=39

D. simulans (3) x
D. melanogaster (Q)
N=40

c e e e

D. simulans (3) x
D. melanogaster (?)
N=39

D. simulans (3 x
D. simulans (?)
N=40 N=40

D. melanogaster () x
D. simulans (Q)

D. simulans (3) x D. melanogaster () x
D. simulans (Q) D. simulans (})
N=39 N=39

Figure 2.1: Number of courtships observed between conspecific and heterospecific matings

between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as male

x female. Courtship behaviour was sampled by spot checks conducted every 20 minutes for three

hours after lights on over three consecutive days. Shown are box plots (median, 25-75% IQ range,

whiskers (1.5 x IQR), and outliers). Sample sizes for each cross are indicated. Different letters

indicate statistically significant differences between groups
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Number of Copulations at 25°C

Number of Copulations at 22°C
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D. melanogaster (3) x D. simulans (3) x D. simulans (3') x D. melanogaster (&) x
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D. melanogaster (&) x
D. melanogaster (9)
N=39

Figure 2.2: Number of copulations observed between conspecific and heterospecific matings
between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as
male x female. Copulation behaviour was sampled by spot checks conducted every 20

minutes for three hours after lights on over three consecutive days. Different letters indicate

D. simulans (3) x
D. melanogaster (?)
N=39

D. simulans (3) x
D. simulans (Q)
N=39

D. melanogaster () x
D. simulans (Q)
N=39

statistically significant differences between groups. Boxplots defined as in Figure 2.1.



Mating Latency at 25°C (minutes)
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D. melanogaster (3) x D. simulans (3) x D. melanogaster (3) x
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D. melanogaster (3) x
D. melanogaster (?)
N=38

D. simulans (&) x
D. simulans (9)
N=36

D. melanogaster (&) x
D. simulans (?)
N=13

Figure 2.3: Mating latency (mins) between conspecific and heterospecific matings between
D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as male x
female. Mating latency was sampled by observing mating behaviour for three hours after
initial introduction of Drosophila pairs into the first vial. Different letters indicate

statistically significant differences between groups. Boxplots defined as in Figure 2.1.
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Mating Duration in Hybrid and Conspecific Matings between D. melanogaster and D.

simulans

D. melanogaster (3) x D. simulans (?) matings were significantly shorter than conspecific
matings at 25°C (F(1,s5) = 9.65; p>0.001) and 22°C (F(1,s5) = 18.51; p>0.001) (Figure 2.4). No data
could be collected for the D. simulans (3) x D. melanogaster (?) treatment as they did not

mate during the 3h observation window.

Fecundity in Hybrid and Conspecific Matings between D. melanogaster and D. simulans

There were significant differences between treatments at 25°C (F3,01) = 31.07; p<0.001) and
22°C (F(3,79) = 10.36; p<0.001) (Figure 2.5). Post-hoc analysis shows conspecifically mated D.
simulans (?) produced significantly more eggs than heterospecifically mated D. simulans (?)
at both temperatures (25°C: p<0.05; 22°C: p<0.05). It was not possible to make any
inferences in the number of eggs laid between conspecific D. melanogaster pairs and the D.
simulans (3) x D. melanogaster (?) treatment due to low statistical power from to the low

sample size in this cross.

Progeny Number in Hybrid and Conspecific Matings between D. melanogaster and D.

simulans

Fewer progeny on average were produced at 22°C than 25°C. However, the pattern between
treatments was the same at both temperatures. Conspecific matings produced significantly
more progeny than heterospecific matings at 25°C (F1,03) = 68.9; p<0.001) and 22°C (F(1,81) =

47.3; p<0.001) (Figure 2.6).
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D. melanogaster (2)
N=40

D. simulans (3) x
D. simulans (Q)
N=39

D. melanogaster () x
D. simulans (Q)
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N=38

D. simulans (&) x

D. simulans (9)
N=36

D. melanogaster () x
D. simulans (¥)
N=13

Figure 2.4: Mating duration (mins) observed between conspecific and heterospecific matings

between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown

as male x female. Mating duration was sampled by observing mating behaviour for three

hours after initial introduction of Drosophila pairs into the first vial. Different letters indicate

statistically significant differences between groups. Boxplots defined as in Figure 2.1.
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Egg Number at 25°C

Egg Number at 22°C
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D. melanogaster (3) x D. simulans (3) x D. simulans (3) x D. melanogaster (3) x
D. melanogaster (?) D. melanogaster (?) D. simulans (Q) D. simulans (¥)
N=38 N=1 N=38 N=18
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D. melanogaster (3) x D. simulans (3) x D. simulans (3) x D. melanogaster () x
D. melanogaster (?) D. melanogaster (?) D. simulans (Q) D. simulans (?)
N=32 N=2 N=33 N=16

Figure 2.5: Number of eggs observed between conspecific and heterospecific matings
between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as
male x female. Matings were inferred either by observation of mating itself or by the presence
of offspring in the hybrid mating vials. Different letters indicate statistically significant

differences between groups Boxplots defined as in Figure 2.1.



Number of Progeny at 25°C

Number of Progeny at 22°C
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Figure 2.6: Progeny number observed between conspecific and heterospecific matings between
D. melanogaster and D. simulans at 25°C (top) or 22°C (bottom); crosses shown as male x
female. Mated pairs are defined as such through either physical observation of mating or the
presence of offspring. Different letters indicate statistically significant differences between

groups. Boxplots defined as in Figure 2.1



Progeny Sex Ratio in Hybrid and Conspecific Matings between D. melanogaster and D.

simulans

Table 2.2: Progeny sex ratios from mated females in conspecific and heterospecific crosses
between D. melanogaster and D. simulans. Number and percentage of male and female progeny

in each of the three post mating vials are given. D. simulans (3 x D. melanogaster (?) produced no

progeny in Vial 1 and Vial 2 at 25°C or in Vial 1 at 22°C.

Vial 1 (3:?) | Vial 2 (5:?) | Vial 3 (6:?) | Total (5:?)
D. melanogaster (J) 921:970 423:416 308:322 1652:61
X D. melanogaster (Q) (49%:51%) (50%:50%) (49%:51%) (49%:51%)
D. simulans (&) x 0 0 9:0 9:0
J50c | D melanogaster (?) (100%:0%) (100%:0%)
D. simulans (J) x 436:526 211:223 163:201 810:950
D. simulans (?) (45%:55%) | (49%:51%) (45%:55%) (46%:54%)
D. melanogaster () 76:0 52:0 76:0 204:0
x D. simulans (%) (100%:0%) | (100%:0%) (100%:0%) (100%:0%)
D. melanogaster (J) 446:434 242:218 184:205 872:857
X D. me/anogaster (Q) (51%:49%) (53%:47%) (47%:53%) (50%:50%)
D. simulans (&) x 0 3:13 0:6 3:18
229¢C D. me/anogaster (Q) (19%:81%) (0%:100%) (14%:85%)
D. simulans (&) x 156:195 111:157 90:151 357:503
D. simulans (9) (44%:56%) | (41%:59%) (37%:63%) (42%:58%)
D. melanogaster (J) 46:1 36:0 41:0 123:1
x D. simulans (%) (98%:2%) (100%:0%) (100%:0%) (99%:1%)

The sex ratios for the conspecific crosses showed that an equal number of males and females

were produced (Table 2.2). There was only one data point from matings between D. simulans
(d) x D. melanogaster (?) at 25°C, which was a male. More progeny were produced from D.
simulans (3) x D. melanogaster (?) at 22°C and these were mostly female. The D.

melanogaster () x D. simulans (?) cross produced almost exclusively male progeny at 25°C

and 22°C.
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Effects of Heterospecific and Conspecific Mating on Female Remating Receptivity in D.

melanogaster and D. simulans at 25°C and 22°C

Hybrid matings were unidirectional with matings exclusively occurring between D.
melanogaster () x D. simulans (?) direction but the reciprocal cross of D. simulans (&) x D.
melanogaster (?) occurring very rarely. Therefore D. simulans are the only species receiving

the cost of hybrid mating. This effect was found at both 25°C and 22°C, which demonstrated

that temperature acclimatisation did not significantly affect these results.

A summary of the data is shown in Table 2.3 and each measured variable will now be

discussed in turn.
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Table 2.3: Mating latency and duration (mins), fecundity and offspring of conspecific and

reciprocal heterospecific first matings and conspecific second matings between D. melanogaster

and D. simulans.

Sune| . . . . . . .
plo30s - poIEIN 56 96°'9¢ e/u 00°ZT 6C°6€ 8L YT 000 102 06'SE
3unew
L 8T'GT e/u €€°0T 8T'ET €v'LT e/u 6'CC €6'€C
(s@anuiw) Sunen
puosas - uoneing €502 e/u €EET 60'9¢ vL°8T e/u L9'6C v9'CE
Suney uesy
(s@anuiw) Sunen
puosas — Auaze] 1,96 e/u 19°66 00°'99 T.°06 e/u 00°€8 00°'TS
Suney uesy
Suneny . . . . . . .
15114 = PRIEIAl % T€'C6 0 €E'E6 99'vE 96°'L6 290 00'86 00'6€
Suneny
EM_LSE_,Z 09'v¢ e/u S8'ST €eel 6L'v¢ 00°LT GE8T T¢9T1
3 uesN
(s@anuiw) Sunew
aw_T.s_E__n_ 9%'8T e/u 0L'T¢ ¢0°'ST 00°€¢ 00°s¢ ¢0'8¢ (4N A"
une uea|
(s@anuiw) Sunew
w__TaEE 8€°€T e/u LOPT 6185 ST'€T 00°'8T ¢6°'ST 00°LL
une uea
(&) (&) (8) supjnwis (8) (8) 4235060UDIOW (8) (8) supjnwis (&)
Ja1spbounjaw ‘g x Ja1spbounjaw g ‘a X supjnwis ‘g x (L) ‘ax(o) 431spboupjaw “q ‘a X supjnwis ‘g x (L)
(o) 42350B0UDIAW “q x (o) supnwis -q (L) suojnwis *q Ja1spbounjawl ‘q Ja1spbounjawl ‘q X (9) supjnuiis @ (2) suojnwys g J33spbounjaw “q

JoSTC

ol

73



Mating Latency

During the first mating, D. melanogaster () x D. simulans (?) took significantly longer to
mate at 25°C (H(z) = 42.22; p<0.001) and 22°C (H3) = 63.83; p<0.001) than the two conspecific
treatments (Figure 2.7). For the second mating no significant differences in mating latency
were seen between any of the treatments at 25°C (H) = 2.38; p=0.31) or 22°C (H(y = 2.32;
p=0.31) demonstrating that the post-mating refractory effect from previous D. melanogaster
mating affected D. simulans females as significantly as D. melanogaster females. This
indicated significant fitness costs for D. simulans females as they were less likely to remate
with a conspecific male following a hybrid mating and therefore less likely to produce viable

offspring. No matings were seen between D. simulans (&) x D. melanogaster (?)

Mating Duration

D. melanogaster (&) x D. simulans (?) pairs mated for a significantly shorter time than the
conspecific treatments at 25°C (Fz,119) = 19.78; p<0.001) and 22°C (F(3,133 = 31.5; p<0.001).
The second mating by contrast showed no significant difference between any of the
treatments at 25°C (Fp26 = 1.7; p<0.2) though D. melanogaster females mated for a
significantly shorter time than D. simulans females at 22°C (F(,22) = 7.24; p<0.003) (Figure
2.8). Thus, D. simulans females mated for the same length of time with a conspecific male
during the second mating, independent of the first mating. No conclusions could be

established for the D. simulans (&) x D. melanogaster (?) cross due to a low sample size
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Figure 2.7: Mating latency (mins) during the first (FM, white) and second (SM, grey) matings
between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as male
x female. The x-axis labels represent the groups of the original first mating however all females in
the second mating were paired with a conspecific male. Mating latency was sampled by observing
mating behaviour for three hours after initial introduction of Drosophila pairs into the first vial.
Number of mated females in the first and second matings are shown. Different letters indicate

statistically significant differences between groups. Boxplots as defined in Figure 2.1.
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Figure 2.8: Mating duration (mins) during the first (FM, white) and second (SM, grey) matings

between D. melanogaster and D. simulans at 25°C (top) and 22°C (bottom); crosses shown as male

x female. The x-axis labels represent the groups of the original first mating however all females in

the second mating were paired with a conspecific male. Mating duration was sampled by

observing mating behaviour for three hours after initial introduction of Drosophila pairs into the

first vial. Number of mated females in the first and second matings are shown. Different letters

indicate statistically significant differences between groups. Boxplots as defined in Figure 2.1
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Testing for Incidence and Directionality of Hybrid Mating in Tetracycline Treated D.

melanogaster and D. simulans

Consistent with the previous experiments, unidirectional mating was seen between D.
melanogaster males and D. simulans females (here in 37.5% of the total opportunities for
such matings) (Figure 2.9). Mating in the reciprocal direction was not observed. Additionally
the significantly reduced mating receptivity in hybrid matings that was observed in the
previous experiments was also found here, with D. melanogaster (3) x D. simulans (?)
matings taking significantly longer to initiate than either of the conspecific treatments (Hp) =

34.88; p<0.001).
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Figure 2.9: Mating incidence and mating latency (mins) observed between conspecific and
heterospecific matings of D. melanogaster and D. simulans at 25°C that had been treated with
tetracycline for seven generations to remove any potential Wolbachia infection; crosses shown
as male x female. Mating latency was sampled by observing mating behaviour for three hours
after initial introduction of Drosophila pairs into the first vial. Different letters indicate statistically

significant differences between groups. Boxplots defined as in Figure 2.1
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2.5 Discussion

Collectively, my results revealed evidence for satyrization between D. melanogaster and D.
simulans. Hybrid matings occurred unidirectionally, with D. melanogaster males frequently
mating with D. simulans females but the reciprocal cross being very rare. D. simulans females
that mated with D. melanogaster males suffered significant fitness costs in terms of reduced

mating receptivity and production of inviable or sterile (Barbash, 2010) hybrid offspring.

Pre-Mating Evidence for Satyrization

For practical, control applications of satyrization in the wild, fitness effects of hybrid matings
are required to be asymmetric in reciprocal crosses in order for one species to outcompete
the other (Kishi & Nakazawa, 2013). The frequency of hybrid matings can play a significant
role in this as the initial step in determining such costs. D. simulans males exhibited almost
no courtship behaviour towards heterospecific D. melanogaster females and only one such
pair was observed to mate. D. melanogaster males showed a reduction in courtship
behaviour towards D. simulans females compared to females of their own species but
courtship was frequently present. This may represent incomplete species recognition in D.

melanogaster males, facilitating the occurrence of hybrid matings.

This result is consistent with previous studies describing incompatibilities in courtship
behaviour between D. melanogaster and D. simulans, in which D. melanogaster has been
observed to court D. simulans females (Ellis & Carney, 2009). This is thought to be
attributable to differences in the cuticular hydrocarbon composition and courtship song
inter-pulse intervals, two factors widely believed to allow individuals to distinguish between
sex and species (Arthur et al., 2013; Sharma et al., 2012; Takahashi et al., 2012). The
significantly fewer courtships in heterospecific in comparison to conspecific pairings

indicated some, albeit incomplete, influence of mate recognition systems. The heterospecific
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courtships may represent asymmetric opportunity costs of time and energy. For example, D.
melanogaster males were more likely to spend time courting the wrong female than D.
simulans males were. However, the cost of courting and mating with a female of the wrong
species is likely to represent only minimal costs for males, in terms of a few minutes of
opportunity costs and possibly some costs arising from ejaculate production and courtship
delivery. Additionally, males do not suffer the significant refractory costs observed in
females, as they have the capacity to enter the mating pool almost immediately following a

heterospecific mating.

Conspecific matings were significantly more frequent and were shorter to initiate than
heterospecific matings. This supported the idea of incomplete mate recognition as a driver
for hybrid matings between these species indicating some mate recognition control by the
females. Almost all conspecific pairs mated and some pairs mated several times. Conspecific
pairs of D. simulans mated significantly more than conspecific pairs of D. melanogaster. D.
simulans (3) x D. melanogaster (?) pairs barely mated at all, with only two observed
copulations in this direction. D. melanogaster (&) x D. simulans (?) pairs mated more
frequently than the reciprocal cross. However, mating only occurred at about a third as often
as the conspecific pairs. This is strong evidence for pre-mating satyrization, as the presence
of unidirectional hybrid mating means that only one species suffers the fitness costs of
hybridization. The unidirectionality | observed is in contrast to many (Moulin et al., 2004;
Sperlich, 1962; Sturtevant, 1920) but not all (Barker, 1962) studies on D. melanogaster x D.
simulans hybrids. The unidirectionality between D. melanogaster x D. simulans appears to

be strain dependent, and this should be investigated in future work.

Overall, there was little difference observed in the results of the tests conducted at 22°C in
comparison to 25°C. Both species were significantly less fecund at 22°C compared to 25°C

but there were no significant differences between the treatments. This suggested that the
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temperature of these mating assays did not have any effect on hybrid mating incidence or

the fitness costs arising from it in crosses between D. melanogaster and D. simulans.

These experiments were no choice experiments and therefore the frequency of hybrid
mating between D. melanogaster and D. simulans in this experiment is likely to be much
higher here than is found in natural environments where females have mate choice.
Additionally, | separated males and females by sex as soon as adult eclosion occurred to
ensure that virgins were used in these experiments. Males induce pheromone responses in
females to coerce females to mate, and the pheromone composition is different between D.
melanogaster and D. simulans (Pardy et al., 2018). If females were exposed to conspecific
males for longer, induced conspecific pheromone responses may have made females
receptive to conspecific mating and less likely to mate heterospecifically. | addressed these
issues by investigating “free choice” mating in Chapter 4 where | set up mating cages
containing multiple males and females from both species to observe how often hybrid
mating occurs in a more naturalistic setting. Nevertheless, the experiments in this chapter
demonstrate the stark unidirectionality of hybrid mating between D. melanogaster and D.

simulans, indicative of satyrization.

Post-Mating Evidence for Satyrization

Hybrid offspring from crosses of D. melanogaster x D. simulans in both directions are inviable
or infertile; they have no positive fitness value. Hence, females that produce more hybrid
offspring may suffer a larger fitness cost due to the energy used to produce them. Both
species suffered significant fitness loses following hybrid mating in comparison to conspecific
matings, in terms of energy spent on the production of inviable and infertile offspring

production. The low sample size arising from the rarity of matings between D. simulans (3)

x D. melanogaster (?) meant that there were too few data to determine how many progeny

80



D. melanogaster females produced from hybrid matings in comparison to conspecific
matings. However, the few data obtained suggested that heterospecifically mated D.
melanogaster females produced fewer offspring than conspecific females. Heterospecifically
mated D. simulans produced significantly fewer eggs and offspring compared to conspecific
matings due to genetic incompatibility between D. melanogaster and D. simulans (Matute et

al., 2014).

Female receptivity reduction is generally beneficial for the male as a form of paternity
assurance as it reduces the chance for another male to inseminate the female and flush out
the initial males’ sperm (Kalb et al., 1993). This can result in sexual conflict if the female
becomes less likely to be inseminated with sperm from a fitter male. With hybrid matings,
the cost of reduced receptivity is costly for the female as the offspring produced are either
infertile or inviable. If Sfps from heterospecific males can reduce receptivity to further mating
as was observed here, the female may be hindered in her ability to remate with a male of
the same species and flush out the incompatible heterospecific sperm to produce fertile
progeny. Satyrization would therefore occur and harm the species in which females show
greater receptivity to initial hybrid matings. There was no significant difference in remating
behaviour between D. simulans females that had first mated heterospecifically compared to
those that had first mated conspecifically. This shows that the hybrid matings costs suffered
by D. simulans females are sustained from the actions of Sfps of the wrong species, as prior
mating to D. melanogaster males caused them to be less receptive to further mating. The
effect of D. melanogaster Sfps on D. simulans females is strong evidence for satyrization,
which would result in fitness costs for a population of D. simulans in sympatry with D.

melanogaster.

Gilchrist & Partridge (2000) suggested that a long mating duration, beyond the period during

which sperm are transferred, is a form of mate guarding, which reduces the probability of
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female remating. Other literature has supported this idea, finding that males are the primary
controllers of mating duration but with an effect attributable to the female’s ability to
decouple during the last stages of copulation (Bretman et al., 2014; Lizé et al., 2012; Bretman
et al., 2011; Mazzi et al., 2009). This suggests that shorter copulation time may be beneficial
to the female as it increases they time they have to remate with another male and reduces

the amount of time they are vulnerable to predation (Stockley, 1997).

Concerning satyrization, no significant difference in mating duration was seen between first
and second matings of conspecific pairs. However, females that had first mated with a male
of a different species mated for significantly longer when presented with a male of the same
species. This may be due to males preferring to mate guard a conspecific female as opposed
to wasting time and energy guarding a heterospecific female who will produce infertile or
inviable offspring. For the female this is also advantageous. Remating with a conspecific male
after a costly hybrid mating has been shown to displace the sperm of a heterospecific male.
Thus, less time spent in heterospecific matings would be advantageous for females, in order
to increase the chances of finding a future conspecific mate (Jamart et al., 1995).
Additionally, a second mating with a conspecific male can rescue the fitness of a female who
has had a prior heterospecific mating. This increase in mate duration with a conspecific male
may be beneficial for a female who has had prior heterospecific mating as the mate guarding
effect can prevent another heterospecific male from mating with her again and reducing her

fitness for a second time.

Hybrid Sex Ratio in Conspecific and Heterospecific Matings between D. melanogaster and

D. simulans

D. melanogaster (&) x D. simulans (?) produced almost exclusively male progeny at both 25°C

and 22°C, which is in agreement with the established literature (Barbash, 2010; Sturtevant,
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1920). Very few matings occurred in the reciprocal direction, only one hybrid offspring could

be found from D. simulans (&) x D. melanogaster (?) crosses at 25°C which was a male.

However at 22°C, 22 offspring were produced from D. simulans (&) x D. melanogaster (%)

crosses which were predominantly female and this was again concurrent with established

literature (Barbash, 2010).

Effect of Temperature on Patterns of Satyrization

Running the experiments at both 25°C and 22°C revealed some minor differences, though
the overall pattern of satyrization remained the same. Lower temperature is known to
reduce the metabolic rate of Drosophila populations adapted to a higher temperature
(Berrigan & Partridge, 1997) and as such the lower temperature would have reduced the
metabolic rate of D. melanogaster and the energy they spent courting females or producing

eggs (Dillon et al., 2007, Chapman et al., 2001).

Effect of Wolbachia on Patterns of Satyrization

The pattern of matings in tetracycline treated populations showed a similar profile to that
observed in the absence of tetracycline. There was a high incidence of conspecific mating in

both species and mating was initiated quickly. No mating occurred at all between D. simulans
(&) and D. melanogaster (?) but heterospecific mating between D. melanogaster (3) and D.
simulans (?) occurred at a low rate, with 15 out of 40 pairs mating over the three hour period.

These heterospecific matings were significantly slower to initiate than conspecific matings.

The D. melanogaster and D. simulans used in this experiment were cured of any potential
Wolbachia infection. This would have removed any reproductive effects associated with
Wolbachia infection that may have affected my stocks of D. melanogaster and D. simulans.

Despite this, there was no difference in the direction of hybrid mating. Therefore it is unlikely
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that Wolbachia itself had any effect of the patterns of hybrid matings | observed here. Any
variation in unidirectionality in hybrid mating between these two species across studies
(Moulin et al., 2004; Barker, 1962; Sturtevant, 1920) is likely to be dependent on the strains

of D. melanogaster or D. simulans used.

Future Work

Very few matings between D. simulans (&) and D. melanogaster (?) were observed. Future
work could optimise mating assays in order to collect data from such crosses, test how D.
simulans sperm are received and stored by D. melanogaster females, and identify any
asymmetries in Sfp receptivity. In the following chapter, | directly injected heterospecific
seminal fluid proteins into females to overcome this barrier, similar to a study carried out by

Tripet et al. in 2011.

2.6 Conclusions

Overall, my data provided evidence for satyrization between the sister species D.
melanogaster and D. simulans. D. simulans females were more receptive to heterospecific
males and produced more hybrid offspring proportional to conspecific offspring than did D.
melanogaster females. D. simulans wasted energy in the production of inviable and infertile
offspring as well as spending longer out of the mating pool. Evidence of satyrization was also
present in the receptivity-inhibiting effects of Sfps, which function in females of both species.
D. simulans females that mated with a male of a different species were less receptive,
preventing them from receiving conspecific fertile sperm. D. simulans females were
significantly more likely to hybrid mate than D. melanogaster females, further accentuating
the fitness costs from hybrid matings. Based on these results and some experimental

evidence (Montchamp-Moreau, 1983), it would be likely that populations of D. simulans
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might suffer a population decline through higher fitness costs of hybrid mating, if in sympatry

with D. melanogaster, as a result of satyrization which could lead to competitive exclusion.
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Chapter 3

Quantifying the Effect of Heterospecific
Seminal Fluid Proteins on Post-Mating
Responses within the D. melanogaster

Species Subgroup



3.1 Abstract

Reproductive interference exists when there is a disruption to normal reproductive
processes. This can take many forms, and when it occurs in hybrid matings with asymmetric
fitness costs from hybrid mating leading to competitive exclusion of one species by another,
it is known as satyrization. This competitive exclusion effect is of increasing interest in the
context of pest control. Satyrization has been shown to occur in hybrid matings between D.
melanogaster and D. simulans (Chapter 2), but its general prevalence is not yet clear. Here,
| tested for the presence and magnitude of asymmetrical post-mating effects, which are
indicative of satyrization, between D. melanogaster and five other species within the D.
melanogaster species subgroup. The selected species included three with which D.
melanogaster can hybridize (D. simulans, D. sechellia, and D. teissieri) and two with which it
cannot (D. yakuba and D. erecta). This allowed a preliminary investigation of whether there
was any association between the presence of asymmetry in post-mating effects and
hybridization in this group. Reproductive asymmetries may often be mediated by the effects
of seminal fluid proteins (Sfps) on post-mating female responses. Therefore, | tested the
effects of conspecific and heterospecific Sfp injections in pairwise comparisons between
females of D. melanogaster and of D. simulans, D. sechellia, D. teissieri, D. yakuba and D.
erecta. Mating receptivity was assessed by observing the frequency and mating latency of
females injected with conspecific Sfps, heterospecific Sfps, or saline. There were
asymmetries in the post-mating responses between D. melanogaster x D. simulans, D.
sechellia and D. teissieri. D. melanogaster Sfps significantly reduced the mating receptivity of
D. simulans, D. sechellia and D. teissieri females, but Sfps from those species either had no,
or a significantly weaker, effect on female D. melanogaster receptivity. There were no
asymmetries between D. melanogaster x D. yakuba and D. erecta females and in these tests,
Sfps reduced female receptivity of both species. Thus asymmetric responses were observed
only between species that can hybridize. Why post-mating response symmetry is retained
between pairs of species that no longer mate with each other is not yet clear. The results
suggest differences in the rates of evolutionary change of Sfps and their receptors across
species pairs, relative to general divergence. The overall significance of these effects for
fitness will depend upon how often such matings occur, hence the degree of pre-mating
isolation of reciprocal matings. The finding that satyrization is apparently common among
diverging species suggests that it could hold significant promise for insect control via

competitive exclusion.
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3.2 Introduction

Reproductive interference describes a phenomenon whereby courtship and copulation of
one species is interrupted or disturbed by another (Gréning & Hochkirch, 2008). It is
described across many taxa (Shuker & Burdfield-Steel, 2017; de Bruyn et al., 2008; Seehausen
et al., 1997; Landolt & Heath, 1987) and takes many forms, including signal blocking,
heterospecific rivalry and hybridization (Gréning & Hochkirch, 2008). In the context of insect
control reproductive interference is often referred to as satyrization (as coined by Ribeiro
and Spielman (1986)). The interest in satyrization as a control method arises because if the
consequences (particularly the costs) of hybrid mating are asymmetric, then there is the
potential for one species to competitively exclude the other. For instance, the probability of
reciprocal hybrid matings may differ because one species has evolved a more robust mate
recognition system than the other. In reciprocal hybrid matings, post-mating effects may also
differ, due to various types of incompatibility in the effects of seminal fluid proteins (Sfps)
that may evolve more rapidly in one species than the other. Furthermore, production of
potential hybrid offspring may be sterile or simply inviable, depending upon the degree of
divergence. Costs can potentially occur at each stage and affect the impact of interspecific
competition. Most significant for control is when fitness costs differentially affect the more
harmful of two hybridizing species that occur in sympatry and inhabit a similar ecological
niche. This can result in the competitive exclusion and replacement of a harmful target

species by a more benign one.

Control applications of satyrization could involve releases of ‘satyr’ males into populations
of the target pest, increasing the interspecific competition and contributing to the decline of
the target. As such, it represents a relatively benign, low cost strategy that does not involve
the release of GM insects. Given this, it is surprising that it is so poorly studied. However,

there are concerns surrounding the use of satyrization for control, for example, the effect on
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ecosystems of altering population dynamics and introducing potentially novel species would

need to be fully evaluated.

Competitive exclusion by satyrization has been demonstrated in natural populations of
Aedes mosquitoes. Unidirectional mating is observed between Ae. aegypti females and Ae.
albopictus males, whereby Ae. aegypti females receive Sfps from Ae. albopictus males. These
Sfps, beneficial in conspecific Ae. albopictus mating for increasing oogenesis and reducing
female receptivity as a form of paternity assurance, have adverse effects in Ae. aegypti. Ae.
aegypti consequently suffer infertility and are less willing to mate with a conspecific male. In
addition, offspring produced from this hybrid cross are either inviable or infertile,
representing a sharp reduction in fitness for the female that produces them (Tripet et al.,
2011). In sympatric populations Ae. albopictus outcompete Ae. aegypti at least partially
because of satyrization effects. Nascent species divergence is characterised by markers of
satyrization such as incomplete mate recognition and Sfps that are functional between
species, e.g. D. melanogaster x D. simulans and Ae. aegypti x Ae. albopictus. This gives a good
indicator for identifying satyrization targets and drivers. However, there are still many
questions surrounding the evolutionary development, mechanics, and consequences of

satyrization.

Sfps are transferred to the females along with sperm during mating in many insect species
and there are at least >150 in D. melanogaster (Sirot et al., 2009a). They have very diverse
forms and multiple post-mating functions, such as stimulating ovulation, egg laying and
inhibiting mating receptivity (Hollis et al., 2019). Female post-mating responses are likely to
be an efficient signal to co-ordinate the many reproductive processes that occur following
mating. As such, their effects are likely to benefit both sexes. However, some Sfp effects that
increase a male’s fitness (e.g. oogenesis stimulation and the prevention of female remating)

may conflict with the fitness interests of the female, as increased egg production beyond a
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certain level may incur energetic costs, lowering survival over the longer term (Chapman et
al., 1995). High refractoriness may also prevent females from subsequent matings with high
quality males (Wolfner, 1997). Females may be selected to mitigate these fitness costs,
whereas males may be selected to more strongly express Sfps to be highly effective in
inducing potentially costly post-mating responses. It is thought that this type of sexual
conflict is at least part of the reason for the rapid evolution seen in many genes encoding
Sfps (Haerty et al.,, 2007; Mueller et al., 2005; Swanson & Vacquier, 2002). This rapid
evolutionary change is also observed in studies of Sfps in closely related species of
Drosophila, in which some D. melanogaster Sfps are orthologous to others in the D.
melanogaster species subgroup, but others are species-specific (Findlay et al., 2008). As a
result of sexual conflict, Sfps may quickly become incompatible in females of other species,
and may even shape the evolution of reproductive isolation (van Doorn et al., 2009).
Therefore, we may expect to observe significant asymmetry in the post-mating effects of

Sfps that are characteristic of satyrization.

There is evidence that individual seminal fluid proteins can induce post-mating responses in
different species of the D. melanogaster species subgroup (Denis et al., 2017; Tsuda & Aigaki
2016) and that post-mating responses can be induced via injection of seminal fluid proteins
directly into the abdomen. For example, Tsuda & Aigaki (2016) showed that females from
multiple species within the D. melanogaster species subgroup expressed a post-mating

response when injected with a synthesized D. melanogaster Sfp.

| identified asymmetric effects of Sfps in hybrid matings between D. melanogaster and its
closely-related sister species D. simulans, characteristic of satyrization (Chapter 2). | found
evidence for satyrization caused by imperfect pre-zygotic mating barriers and differential
costs of post-mating effects due to receptivity inhibition and stimulation of evolutionarily

‘dead end’ offspring. These effects resulted in significant fitness costs of hybrid matings for
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females of D. simulans that were higher than for D. melanogaster. | extended this approach
here to evaluate the effect of heterospecific Sfps in females across members of the D.
melanogaster species subgroup. | assessed female receptivity to mating after reciprocal
injections of conspecific and heterospecific Sfps between D. melanogaster and five other
members of the D. melanogaster species subgroup (Figure 3.1). | hypothesised that
asymmetries in post-mating responses would be associated with species hybridization
because costly hybrid matings would likely create selection pressures to reduce the effect of
heterospecific species Sfps in females of a satyrized species, while no such selection

pressures would occur in non-satyrized species.

. melanogaster

L simulans>

——— D). mauritiana

O
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e

D. arena

D). erecta

Figure 3.1: The D. melanogaster species subgroup showing all nine known members and their
evolutionary relationships. Species in the blue circles were used in this study. Figure modified

from Llopart et al., 2005.

The aim was to quantify the existence and strength of satyrization between closely related
species, observe any asymmetry in post-mating responses and test for an association
between post-mating asymmetries and the ability to hybridize. This will provide information

regarding the evolutionary history of asymmetric reproductive interference within the D.
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melanogaster species subgroup and provide insights into its drivers and evolutionary
consequences. A detailed understanding of mechanisms of satyrization is expected to be of

significant utility for developing new opportunities for control in pest species.

3.3 Methods

The rationale was to conduct receptivity tests in females following injection of conspecific
Sfps, heterospecific Sfps or saline control. D. melanogaster (Dahomey) was used in each
experiment as a reference against which to test all others — D. sechellia (KYORIN-Fly Stock
No. k-s10), D. simulans (San Diego Stock Center), D. erecta (K-F Stock No. k-s02), D. teissieri
(San Diego Stock Center) and D. yakuba (K-F Stock No. k-s03). As shown in Figure 3.1, these
species are spread across the major clades of the Drosophila melanogaster species subgroup
and included three species with which D. melanogaster can hybridize (D. sechellia, D.
simulans and D. teissieri) plus two with which it cannot (D. yakuba, D. erecta) (Turissini et al.

2018).
Seminal Fluid Protein Collection

For tests with D. melanogaster x D. simulans / D. erecta / D. yakuba - Petri dishes containing
purple grape juice (550ml H,O, 25g agar, 300ml red grape juice, 21ml 10% w/v Nipagin
solution per batch of medium) supplemented with live yeast were placed into a mating cage
containing the desired species for 24h. These experiments were conducted at 25°C under
12h:12h light:darkness photoperiod and 60% relative humidity (RH). Glass vials containing
7ml SYA (Sugar Yeast Agar: 30 ml 10% w/v Nipagin solution, 3ml propionic acid, 15g agar,
50g sugar and 100g brewer’s yeast per litre of medium) were used throughout this study.
Larvae were picked and placed 100 to a vial and incubated until eclosion. Males were
collected upon eclosion and stored 10 per vial containing SYA medium for at least 48h to

replenish any expended Sfps from prior mating.
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For tests with D. melanogaster x D. teissieri / D. sechellia it was found that D. teissieri and D.
sechellia showed low fecundity on purple agar plates and suffered high mortality at 25°C.
Therefore, flies for these two experiments were cultivated in vials for 8h and 16h laying
periods at 22°C. 50-100 vials were set up, each containing 8 females and 2 males of the
respective species (and 4 females and 1 male for D. melanogaster to control for egg density
across species). These experiments were conducted at 22°C in a 12h:12h light:darkness
60%RH CT incubator. Adults were first placed onto SYA vials for an 8h egg laying period, then
immediately transferred to new SYA vials for 16h to lay eggs. Adult flies were removed after
the egg laying period and the eggs from both oviposition periods were placed at 22°C CT to
develop to adulthood after which the males were collected and isolated for at least 48h to

replenish Sfps.

90-120 pairs of accessory glands were dissected from males of each species and placed into
a microcentrifuge tube containing 1xPBS (Phosphate Buffer Saline) at a concentration of 3
accessory gland pairs/ul of 1xPBS. These were stored at -20°C. The day before the injection
experiment, the accessory gland pairs were sonicated in 1xPBS with 5x one second pulses
and centrifuged at x12,000g for 15 minutes at 4°C. The supernatant which was composed of
the accessory gland homogenate, containing the Sfps, was placed into a new microcentrifuge

tube and placed back into the -20°C freezer until use.

Virgin Collection

Virgin females for injection and males for the receptivity tests were collected as described
above, separated into sexes using ice anaesthesia and placed into vials, 10 per vial. Adults

were given 3-6 days to sexually mature before Sfp injections and receptivity tests.

Sfp Injections
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On the day of the Sfp injections, virgin females were injected with 0.1ul of either 1xPBS
saline, 0.1pl of conspecific Sfps or 0.1ul of heterospecific Sfps. The volume of Sfps injected
represents ~1/3™ of an accessory gland pair equivalent to each female and is similar to the
quantity of Sfps received in a normal mating (Sirot et al., 2009b). Immediately after injection
each female was placed into a separate vial containing yeast paste to promote mating, and
placed at 25°C (For experiments using D. simulans, D. yakuba and D. erecta) or 22°C (For
experiments using D. sechellia and D. teissieri) for 24h. 80 females were injected in each

treatment.

Receptivity Tests

24h post-injection, a conspecific male was placed into each vial containing a surviving female.
Pairs were observed for 3h (4h for the D. melanogaster x D. sechellia / D. teissieri
experiments conducted at 22°C). Time placed into the vial, time to start mating and time to
stop mating was recorded and the adults were discarded after the observation period had

ended or after they had mated.

Data Analysis

Female mating receptivity data were analysed using a Cox-proportional hazards regression
model and the data presented as survival graphs. All analysis was performed using in Rv3.2.2

(R Core Team, 2012).
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3.4 Results

Overall, significant asymmetries in the effects of Sfps of female receptivity were seen in
reciprocal injections of Sfps between D. melanogaster and D. simulans, D. sechellia and D.
teissieri. D. melanogaster Sfps significantly reduced mating receptivity in females from all
three of these species. However, the Sfps from D. simulans, D. sechellia and D. teissieri either
had no effect or a significantly weaker effect than D. melanogaster Sfps on reducing
receptivity in female D. melanogaster. In contrast, no asymmetries were seen in reciprocal
Sfp injections between D. melanogaster and D. erecta or D. yakuba. In these species, the Sfps
significantly reduced the receptivity of the reciprocal females, with no significant difference
in the strength of the effects between conspecific and heterospecific Sfps. These results are

now discussed in more detail.
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D. melanogaster x D. simulans

D. simulans females showed significantly reduced receptivity following injection with Sfps
from both D. melanogaster (Hazard Ratio (HR): 0.13; 95% Confidence Intervals (Cl) [0.06,
0.3]; p<0.001) and D. simulans (HR: 0.32; 95% CI [0.18, 0.55]; p<0.001) compared to the saline
control (Figure 3.2). However, D. melanogaster Sfps reduced the mating receptivity in D.
simulans females significantly more than did conspecific D. simulans Sfps (HR: 0.41; 95% Cl
[0.17, 0.97]; p=0.043). Conspecific D. melanogaster Sfps also significantly reduced D.
melanogaster female receptivity (HR: 0.53; 95% Cl [0.35, 0.8]; p=0.002) compared to the
saline control, but D. simulans Sfps did not (HR: 0.78; 95% Cl [0.51, 1.2]; p=0.26). These data
provided strong evidence of asymmetry, in which D. melanogaster Sfps had a significant

inhibitory effect on receptivity in females of both species.
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Figure 3.2: Percentage of females that mated over the 3h remating assay period, 24h following
injection with either saline (red), D. melanogaster Sfps (blue) or D. simulans Sfps (black). Injections
were into D. melanogaster females (left) and D. simulans females (right). Shown in the shaded areas
are the 95% confidence intervals for each treatment, asterisks indicate significant differences

(p<0.05).
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D. melanogaster x D. sechellia

D. melanogaster female mating receptivity was significantly reduced by D. sechellia Sfps (HR:
0.35; 95% Cl [0.25, 0.49]; p<0.001) and D. melanogaster Sfps (HR: 0.07; 95% Cl [0.04, 0.11];
p<0.001) compared to the saline control. However, D. sechellia Sfps induced a significantly
weaker refractory response than D. melanogaster Sfps (HR: 0.2; 95% CI [0.13, 0.32]; p<0.001)
indicating an incomplete effect and an asymmetry (Figure 3.3). D. sechellia females
conversely showed a significant reduction in mating receptivity when injected with Sfps from
both D. melanogaster (HR: 0.02; 95% CI [0.003, 0.16]; p<0.001) and D. sechellia (HR: 0.1; 95%
Cl [0.03, 0.43]; p<0.001) compared to the saline control, with no significant difference

between them.
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Figure 3.3: Percentage of females that mated over the 3h remating assay period 24h following
injection with either saline (red), D. melanogaster Sfps (blue) or D. sechellia Sfps (black). Injections
were into D. melanogaster females (left) and D. sechellia females (right).Shown in the shaded areas
are the 95% confidence intervals for each treatment, asterisks indicate significant differences

(p<0.05).
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D. melanogaster x D. teissieri

D. melanogaster females significantly reduced mating receptivity when injected with
conspecific Sfps (HR: 0.29; 95% Cl [0.19, 0.44]; p<0.001) but not when injected with D.
teissieri Sfps (HR: 0.82; 95% Cl [0.56, 1.2]; p=0.31) compared to the saline control. However,
D. teissieri females exhibited significantly reduced mating receptivity when injected with
both D. melanogaster Sfps (HR: 0.14; 95% Cl [0.05, 0.35]; p<0.001) and D. teissieri Sfps (HR:
0.21; 95% CI [0.1, 0.46]; p<0.001) compared to the saline control (Figure 3.4). As with the
tests with D. sechellia and D. simulans, there was a significant asymmetry in female post-

mating receptivity responses.
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Figure 3.4: Percentage of females that mated over the 3h remating assay period 24h following
injection with either saline (red), D. melanogaster Sfps (blue) or D. teissieri Sfps (black). Injections
were into D. melanogaster females (left) and D. teissieri females (right). Shown in the shaded areas
are the 95% confidence intervals for each treatment, asterisks indicate significant differences

(p<0.05).
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D. melanogaster x D. yakuba

No asymmetries were observed between D. melanogaster and D. yakuba. D. melanogaster
female mating receptivity was significantly reduced by injections of D. melanogaster Sfps
(HR: 0.23; 95% CI [0.15, 0.35]; p<0.001) and D. yakuba Sfps (HR: 0.16; 95% Cl [0.1, 0.26];
p<0.001) compared to the saline control. Similarly, D. yakuba female mating receptivity was
significantly reduced from injections of D. melanogaster Sfps (HR: 0.22; 95% CI [0.09, 0.52];
p<0.001) and D. yakuba Sfps (HR: 0.15; 95% Cl [0.07, 0.34]; p<0.001) compared to the saline

control (Figure 3.5).
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Figure 3.5: Percentage of females that mated over the 3h remating assay period 24h following
injection with either saline (red), D. melanogaster Sfps (blue) or D. yakuba Sfps (black). Injections
were into D. melanogaster females (left) and D. yakuba females (right). Shown in the shaded areas
are the 95% confidence intervals for each treatment, asterisks indicate significant differences

(p<0.05).
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D. melanogaster x D. erecta

D. erecta females significantly reduced their mating receptivity when injected with D. erecta

Sfps (HR: 0.33,95% Cl [0.16, 0.67]; p=0.002) and D. melanogaster Sfps (HR: 0.1; 95% CI [0.02,

0.41]; p=0.002) compared to the saline control. D. melanogaster females similarly

significantly reduced mating receptivity when injected with D. erecta Sfps (HR: 0.2; 95% ClI

[0.13, 0.31]; p<0.001) and D. melanogaster Sfps (HR: 0.18; 95% CI [0.11, 0.28]; p<0.001). As

for the test with D. yakuba, there was no evidence for asymmetry in post-mating receptivity

responses (Figure 3.6).
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3.5 Discussion

Tests for Effects of Sfps on Post-Mating Receptivity across Species Pairs Revealed

Asymmetries

These results showed that post-mating asymmetries, symptomatic of satyrization, were
unexpectedly prevalent within the species tested. Members of the D. melanogaster species
subgroup have been studied for over a century and yet it is only recently that evidence of
satyrization between species within the subgroup has emerged (Yassin & David, 2016). This
is promising for the use of satyrization as an insect control method, as it implies that many

taxa may potentially be susceptible to satyrization, including many insect control targets.

Asymmetries in post-mating receptivity responses were seen between D. melanogaster and
D. simulans, D. sechellia and D. teissieri. In each of these assays, D. melanogaster Sfps
significantly reduced receptivity in females of the reciprocal species, but the reciprocal
species Sfps produced either no significant effect or a significantly weaker effect when
injected into D. melanogaster females. There was no asymmetry in the injections between
D. melanogaster and D. erecta or D. yakuba. In these tests all Sfps from conspecific or

heterospecific species significantly reduced mating receptivity to the same extent.

The results supported the prediction of an association between ability to hybridize and
asymmetry of post-mating effects as asymmetries were found only in species that can still
hybridize. Turissini et al. (2018) show that laboratory hybrid crosses are possible between D.
melanogaster and D. simulans, D. sechellia and D. teissieri but not with D. erecta or D.
yakuba. Taken in conjunction with my injection data here, this suggests a positive correlation
between post-mating asymmetries and incomplete mating barriers i.e. those that can hybrid
mate with D. melanogaster also show asymmetry in the post-mating response with D.

melanogaster.
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Consistent with the hybridization probability, D. yakuba and D. erecta are more
evolutionarily distant to D. melanogaster than are D. simulans and D. sechellia. D. teissieri
seems to lie between the branches between D. erecta and D. yakuba, though debate still
remains as to its exact phylogenetic relationship (Obbard et al., 2012). This implies that
asymmetries in the post-mating response are more prevalent between species that are more
closely related to each other. Why this pattern exists may be due to several factors, as

outlined below.

Evolution of Resistance to Costly Hybrid Matings

It has been hypothesized that Sfps can evolve under rapid selection as a failsafe to protect
against interspecific mating if complete pre-mating isolation has not yet evolved (Billeter &
Wolfner, 2018). Highly diverged species generally evolve complete pre-mating barriers which
can take the form of behavioural or mechanical pre-mating isolation mechanisms (Ehrman,

1964).

D. melanogaster and D. yakuba / D. erecta are highly diverged and show strong pre-mating
barriers (Turissini et al., 2018). Therefore, there is no selection for D. melanogaster and D.
yakuba / D. erecta to evolve strong post-mating barriers. As such, even though there is no
hybrid mating possible between D. melanogaster and D. yakuba / D. erecta, seminal fluid
proteins are still compatible between these species and can cause the refractory effects seen
here. However, this is a potentially puzzling result, as given there is no selection for post-
mating resistance between D. melanogaster and D. yakuba / D. erecta, increasing species
divergence would instead be expected to degrade interspecific Sfp functions (Orr, 1996),

rather than retain them, as observed here.

D. simulans and D. sechellia are less evolutionarily diverged from D. melanogaster than other
members of the D. melanogaster species subgroup (Obbard et al., 2012) and therefore have

not yet evolved robust pre-mating barriers. Hybrid mating between D. melanogaster and the

102



most recent common ancestor of D. sechellia and D. simulans may have facilitated post-

mating resistance to hybrid mating that still persists in these species.

Genes conferring resistance may be costly to evolve (Bargielowski et al., 2019) therefore
post-mating barriers are likely to be stronger in species that commonly mate such as D.
melanogaster and D. simulans (Chapter 2; Moulin et al., 2004; Gromko & Markow, 1993).
The relaxed selection to resistance occurring due to the geographic isolation between D.
melanogaster and D. sechellia until relatively recently (but not between D. melanogaster and
D. simulans) may explain why D. melanogaster females are more susceptible to D. sechellia

Sfps than to D. simulans Sfps.

D. teissieri is less closely related to D. melanogaster that D. simulans and D. sechellia but can
hybrid mate with D. melanogaster. Post-mating resistance to heterospecific male-induced
refractoriness to remating therefore may have evolved between populations of both species
in sympatry immediately after the branching off event between their most recent common
ancestor, where complete pre-mating isolation has yet to evolve. Hybrid mating between
the two species is unidirectional (Turissini et al., 2018) — with D. melanogaster females
mating with D. teissieri males. Therefore, selection to evolve post-mating resistance would
have only been present for D. melanogaster females, offering an explanation as to why D.
melanogaster Sfps can induce a post-mating response in D. teissieri females but not vice

versa.

Consequences of Sexual Conflict in the D. melanogaster Species Subgroup

Sfps are under strong selection (Findlay et al., 2014) and it has been hypothesised that
intraspecific sexual conflict in the D. melanogaster species subgroup promotes the rapid
evolution of Sfps because both males and females have mechanisms to shape the extent of
post-mating Sfp responses (Hollis et al., 2019; Minekawa et al., 2018; Sirot et al., 2015; Sirot

et al., 2014; Findlay & Swanson, 2010; Pitnick et al., 2001). Drosophila have >150 Sfps, with
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multiple functions, but high apparent functional redundancy. One hypothesis to explain this
is that high redundancy is advantageous because the possession of a bank of functionally
similar, but compositionally different, proteins may prevent females from easily evolving

resistance receptivity-inhibiting compounds (Chapman, 2008).

It is possible that Sfps in D. melanogaster are particularly redundant, giving Sfps the capacity
to retain function and induce a post-mating response in females of each of the species in the
D. melanogaster species subgroup. However, this may not be true of the other species
tested, which may have lost some flexibility in Sfp functions. Many of the Sfps in the D.
melanogaster species subgroup are unique to this group (Tsuda & Aigaki, 2016). Hence, the
first Sfps to evolve would have been specific to the common ancestor of the subgroup and
may still be effective in many of the current species. This could explain why D. melanogaster
and D. erecta / D. yakuba Sfps retain the ability to induce refractory effects in females in the

reciprocal species despite their relatively high evolutionary divergence.

However, producing so many different types of Sfps is likely to be costly and unless there is
an advantage to retaining them, there should be selection to trim the number of Sfps in D.
simulans and D. sechellia. The resources required to produce a varied repertoire of Sfps
might also trade off against other traits constrained by species ecology. D. sechellia are
endemic to the Seychelles, where they have low genetic diversity and a small effective
population size (David & Capy, 1982; Legrand et al., 2009). It is plausible that this reduction
in genetic diversity has resulted in shedding of redundant Sfp genes, explaining why D.
melanogaster Sfps reduce D. sechellia receptivity, but D. sechellia Sfps have a significantly
weaker effect in D. melanogaster females. Fewer Sfps are found in D. simulans than D.
melanogaster (Findlay et al., 2008) which is evidence of either D. simulans shedding

redundant Sfps or D. melanogaster evolving more novel Sfps. This might explain why D.

104



melanogaster Sfps can induce a significantly stronger refractory response in D. simulans

females than conspecific D. simulans Sfps.

Seminal Fluid Protein Evolution as a Driver of Speciation

The idea that sexual conflict could drive speciation (Gavrilets, 2000) has experimental
support (Gay et al., 2009; Martin & Hosken, 2004; Martin & Hosken, 2003; Arnqvist et al.,
2000) and gives rise to the idea that fast evolving seminal fluid proteins could be a driving
force in speciation and contribute to the pattern of results seen here. This idea was modelled
by van Doorn et al. (2009). The model found that divergent selection reinforced by sexual
selection facilitates speciation. In Drosophila, sexual conflict could have promoted speciation
between already diverging natural populations of Drosophila. Divergent selection could have
created different Sfp compositions. Females in one population may have been more
receptive to intrapopulation than interpopulation Sfps, therefore showing differential
stimulation of oogenesis. This would result in more offspring from intrapopulation matings
compared to interpopulation matings and fitness would be enhanced. This in turn could

gradually reinforce population divergence.

The initial introduction of the ancestral Drosophila species which speciated into D. sechellia
is not well understood but may have come from ships of human settlers or blown to remote
islands through strong winds (Jones, 2005). The resulting speciation event from this new
allopatric population that would evolve into D. sechellia may have in part been due to fast
evolving Sfps as a consequence of sexual conflict and consequently D. sechellia Sfps would
evolve specificity towards D. sechellia females. A similar scenario seems likely in D. simulans
which originated in Madagascar, an island where D. melanogaster are rare and thus initial
populations of the two species were allopatric (Lachaise et al., 1988), facilitating Sfp
specificity within D. simulans populations. These species-specific Sfps are unlikely to have an

effect in D. melanogaster females but as D. melanogaster males produce a larger number of
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‘more ancestral’ Sfps that are less species-specific, these may retain the ability to induce a
post-mating response in D. simulans and D. sechellia females. Unfortunately, this does not
work as a general explanation for all patterns seen across the D. melanogaster species
subgroup. For example, D. yakuba, another relatively young species in the D. melanogaster
species subgroup, and one closely related to D. teissieri, did not show any asymmetry with

D. melanogaster.

Each factor described above is not by itself able to explain the entire observed pattern of
results. The close relationship between D. simulans, D. sechellia and D. melanogaster is
consistent with all the hypotheses. However, the pattern of asymmetry between D.
melanogaster and D. yakuba / D. erecta / D. teissieri shows there is no simple relationship
between evolutionary divergence and asymmetry. D. teissieri shows asymmetry with D.
melanogaster and yet is of intermediate relatedness to D. melanogaster between D. yakuba
and D. erecta, neither of which show asymmetry with D. melanogaster. This lack of a simple
relationship between evolutionary divergence and asymmetries suggests that additional

factors may be responsible.

Of course it is also important to note that these results are a product of testing a single
population in each species. Populations were sourced from multiple labs that have been
reared for many years in laboratory conditions and the degree of genetic variation in each
population that | tested here is variable between species. These results present an
interesting snapshot of satyrization between different species in the D. melanogaster species
subgroup that should be subject to confirmatory tests on other populations to fully establish

the degree of satyrization between these species.

Reproductive Interference

These results shed light into the potential drivers of reproductive interference such as

protection against costly hybrid matings and the consequences of sexual conflict. In the
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context of pest control, to identify satyrization requires two parts - identification of hybrid
mating species and quantification of the consequences of hybrid mating. While there are
many documented examples of hybrid mating species (Shuker & Burdfield-Steel, 2017; de
Bruyn et al., 2008; Groning & Hochkirch, 2008; Seehausen et al., 1997; Landolt & Heath,
1987), there is little work on the consequences of hybrid mating and there are likely to be
many examples of satyrization in nature that have been overlooked. Hence, the potential for
satyrization as a form of control is almost certainly more widespread than is currently
appreciated. Here | found a positive correlation between hybrid mating species and
asymmetric post-mating costs indicative of satyrization. If future work confirms this
correlation as significant across different insect taxa, then incomplete pre-mating isolation
could become an effective indicator for identifying satyrizing species. Insect species are
prime taxa for satyrization to develop as the short generation times exhibited by most insect
species facilitate fast evolution and speciation leading to incomplete pre-mating isolation
and post-mating incompatibilities. Satyrization is therefore likely to be present and

potentially applicable to develop as a form of control in many target insect pest species.

3.6 Conclusions

Asymmetric post-mating effects due to reciprocal cross injections of Sfps occurred between
D. melanogaster and D. sechellia, D. simulans, and D. teissieri. In these tests, D. melanogaster
induced a significant refractory effect in females of the other species but the reciprocal effect
was significantly weaker or non-existent. No asymmetric effects were seen in the tests of
conspecific and heterospecific Sfps between D. melanogaster and D. yakuba & D. erecta, in
which the refractory responses of females of each species were equivalent. A key finding was
a positive correlation between the ability to hybrid mate in one or both directions and
asymmetry in the post-mating response. Asymmetric post-mating effects were also seen

between more closely related species. This may be due to evolved resistance to costly hybrid
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mating or the consequences of fast evolution of Sfps due to sexual conflict. These results
show that satyrization is probably more widespread in nature than is currently realised.
Identifying satyrization is difficult as it requires a knowledge of not only the ability to hybrid
mate but also quantification of asymmetric post-mating responses. Future work should focus
on investigating how general is the correlation between hybrid mating and asymmetric

fitness costs, to develop an easy indicator for identifying satyrization control targets.
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Chapter 4

Testing for Pre-Mating and Post-Mating
Resistance to Satyrization via

Experimental Evolution
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4.1 Abstract

Satyrization, or asymmetric reproductive interference, is present in reciprocal matings
between D. melanogaster and D. simulans (Chapter 2). Such satyrization has potential as a
complementary tool for insect control, because it can result in the competitive exclusion of
one species by another. However, the likelihood and speed of resistance to the costs of
satyrization needs to be investigated in order to produce strategies of application that will
ensure its long term viability. In this chapter | addressed this question in an experimental
evolution study. | set up replicated populations of D. melanogaster and D. simulans in
allopatry and sympatry for 12 generations. At regular intervals throughout | performed
mating assays to observe the frequency of hybrid matings in each treatment. This allowed
me to track the rate of hybrid mating over time. | hypothesised that the fitness costs of
satyrization would select for a decreased frequency of hybridization under sympatry. After
12 generations | also tested for post-mating resistance to satyrization. To do this | injected
the seminal fluid proteins (Sfps) of sympatric and allopatric populations into females of each
species in all combinations. This allowed me to test whether receptivity post mating
responses had changed and to test the explicit hypothesis that sympatric populations would
lower costs of satyrization by showing reduced responses to heterospecific Sfps in
comparison to the allopatric populations. The results showed that after 12 generations there
was no significant change in hybrid mating frequency in either the sympatric or allopatric
treatments. Post-mating responses to Sfps showed inconsistent responses in D.
melanogaster females across sympatric and allopatric regimes. In contrast, sympatric D.
simulans females showed some evidence of lowered Sfp responses and hence reduced costs
of satyrization in one sympatric treatment. This result may indicate incipient resistance to
satyrization, though this needs to be confirmed. The lack of pre-mating changes is in contrast
to previous work in Aedes that shows resistance to satyrization can evolve rapidly. This
indicates that the potential effectiveness of satyrization as an insect control method needs

to be assessed on a case by case basis.
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4.2 Introduction

A potential concern with most, if not all, insect control strategies centres on the evolution of
resistance to the control strategy. This can, if unchecked, reduce the efficiency of control of
pest insect populations. Such resistance can potentially affect the effectiveness of various
methods - from chemical insecticides such as DDT and pyrethroids (Hemingway et al., 1989;
Malcolm & Wood, 1982; Pimentel et al., 1951) to ecologically-based strategies such as Sterile

Insect Technique (SIT) (Mclnnis et al., 1996; Hibino & Iwahashi, 1991).

As the development of insect control strategies incurs significant time, monetary, labour and
environmental costs, it is imperative that the up-front planning for any method includes
significant consideration of resistance mitigation. Key to this is to anticipate and mitigate the
speed and mechanisms of resistance evolution. This can aid in ensuring effective and
persistent insect control strategies (Hackett & Bonsall, 2019; Burt, 2014). Resistance to pest
control has prompted the discussion of evolutionary counter strategies, including
deployment of multiple different approaches in combination, or in alternating cycles
(Bourguet et al., 2013). This has the advantage of weakening selection pressure against any
single method while having alternative mechanisms available to kill individuals that evolve
resistance to at least one. One insect control technique that may be involved in this type of
release strategy and that has been studied in the context of resistance evolution

(Bargielowski & Lounibos, 2014) is satyrization.

Satyrization, or asymmetric reproductive interference, has two main components -
incomplete mate recognition and variation in post-mating responses. Incomplete mate
recognition can result from relatively recent divergence between sister species. In this,
females of one species may evolve post-zygotic sexual isolation faster than the mate
recognition mechanisms required to differentiate between conspecific and heterospecific

males. This can result in hybrid matings (Mair et al., 2018; Gréning & Hochkirch, 2008) that
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have zero fitness because a satyrized female will often produce no viable offspring. This
situation is likely to create strong selection for increased mate recognition systems, as
observed in wild populations of D. arizonae and D. mojavensis (Markow, 1981) and will

facilitate the evolution of resistance to hybrid matings.

Though expected to be slower to evolve in Drosophila than pre-mating barriers (Turissini et
al., 2018), post-mating responses can also potentially evolve resistance to satyrization, via
the responses to seminal fluid proteins (Sfps). Sfps have a wide range of fitness effects — for
example, they stimulate females to produce significantly more eggs and become significantly
less receptive to mating (Chapman, 2001; Heifetz et al., 2000). Within species, these
responses increase the number of viable offspring produced. However, in hybrid matings,
females that respond to the Sfps of heterospecific males lose fitness - they produce elevated
numbers of sterile or inviable offspring and are removed from the mating pool due to their
sexually unreceptive state. Thus, they suffer energy costs through the production of zero
fitness offspring and opportunity costs of lost opportunities to remate with conspecific
males. This situation should select for the evolution of altered Sfp responses in satyrized
females, e.g. to prevent seminal fluid proteins binding, or to increase the species specificity

in the seminal fluid proteins that do (i.e. by only responding to conspecific Sfps).

There are many examples of pre-mating isolation barriers not evolving at the same rate in
hybrid mating species (Kodric-Brown & West, 2014; Polacik & Reichard, 2011; Moulin et al.,
2004; Mendelson, 2003; Lee, 1983). This can be partly due to post-mating costs to hybrid
mating also being asymmetric, driving faster pre-mating isolation in the species that suffers
higher fitness costs from hybridization (Arthur & Dyer, 2015). This asymmetry underlies the
strategy behind satyrization, in which asymmetric hybrid mating frequency and hybrid
fitness costs factor into competition between two species that eventually results in a

satyrized species becoming replaced by the other. Using satyrization as a method of insect
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control involves introducing a less harmful target species into sympatry with a target species.
If the introduced species can hybrid mate with the target and cause asymmetric costs by
doing so, the target can be outcompeted by the introduced species and may even eventually

be replaced (Tripet et al., 2011).

Investigations into the applied use of satyrization in Aedes mosquitoes found evidence for
rapid evolved resistance to hybrid matings, in the form of increased mating recognition,
which resulted in a more robust pre-mating barrier. Using population cage experiments of
Ae. aegypti and Ae. albopictus in sympatry, Bargielowski et al. (2013) found that satyrization
was strongly selected against due to the detrimental effects of hybrid mating. Ae. albopictus
Sfps causes heavy fitness costs in Ae. aegypti females such as infertility, reduced willingness
to remate, and infertile and inviable offspring. Because of this, Ae. aegypti females kept in
sympatry with Ae. albopictus became significantly less willing to mate with the Ae. albopictus

males after only a couple of generations.

Satyrization has been identified between Drosophila melanogaster and D. simulans
(Chapters 2 and 3). In this, asymmetric fitness costs from hybrid matings were identified that
put D. simulans at a competitive disadvantage when in sympatry with D. melanogaster.
Incomplete pre-mating barriers in D. simulans females meant that hybrid mating was
unidirectional - D. melanogaster males mated with D. simulans females but reciprocal
matings were rarely observed. D. simulans females then suffered a high cost of hybrid mating
due to D. melanogaster Sfps producing a detrimental post-mating response. D. simulans
females suffered a significant reduction to receptivity from hybrid mating and they produced
offspring that were either inviable or infertile, representing a large waste of energy. In
sympatry this could contribute to the competitive exclusion of D. simulans by D.
melanogaster. Previous work shows that competitive exclusion is temperature dependent,

but that D. melanogaster does dominate and competitively exclude D. simulans at 25°C
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which is the primary temperature at which | ran the satyrization experiments in Chapters 2
and 3 (Montchamp-Moreau, 1983). This is predicted to facilitate the evolution of improved
pre-mating barriers in the form of increased mate recognition by D. simulans females to
avoid hybrid mating, or improved post-mating barriers via reduced sensitivity to the post-

mating effects of D. melanogaster Sfps.

| addressed this prediction in an experimental evolution study. | set up replicated populations
of D. melanogaster and D. simulans in allopatry and sympatry for 12 generations. This
allowed me to track the rate of hybrid mating over time. | hypothesised that the fitness costs

of hybrid mating would select for an increased resistance to satyrization.

4.3 Methods

Experiment Rationale

Pre-mating resistance was tested by conducting free choice mating assays throughout to
measure the frequency of hybrid mating within these treatments every few generations.
Post-mating resistance to Sfps was measured by experimental injections of Sfps into females
of both species in each treatment. D. melanogaster and D. simulans females were injected
with either saline, conspecific Sfps or heterospecific Sfps. After 24 hours, receptivity was
tested by placing each injected female into a vial with a conspecific male of the same
treatment and assaying copulation latency and frequency. If pre-mating satyrization had
evolved in my populations, | expected the frequency of hybrid matings to decrease under
sympatry over the course of the twelve generations. If post-mating resistance to satyrization
had evolved, | would expect that D. melanogaster Sfps would become significantly less
effective at reducing D. simulans female receptivity in the sympatric treatments, compared

to the allopatric treatments.
Baseline Hybrid Mating Frequency in Sympatry (Cage Conditions)
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| first investigated the frequency of hybrid matings in sympatry between D. simulans and D.
melanogaster. This was to test if hybrid matings would occur at sufficient frequency in
sympatry, under free choice of conspecific and heterospecific mates (previous experiments
in Chapter 2 were single pair, no choice assays). This also served to produce a baseline rate

of hybrid mating, from which to compare any subsequent changes.

All experiments and culturing were conducted at 25°C 60%RH 12h:12h light:darkness in a
constant temperature (CT) room. D. melanogaster (Dahomey) and D. simulans (San Diego
Stock Center) were used. Eggs were collected by placing a purple agar plate (550ml H,0, 25g
agar, 300ml red grape juice, 21ml 10% w/v Nipagin solution per batch of medium) with added
yeast into a population cage containing either D. melanogaster or D. simulans for 3h. The
plates containing eggs were then removed and left to incubate in the CT room for 24h. First
instar larvae were picked from these plates and placed 100 per vial, each containing 7ml SYA
(Standard Yeast Agar: 30ml 10% w/v Nipagin solution, 3ml propionic acid, 15g agar, 50g sugar
and 100g brewer’s yeast per litre of medium). Virgins were collected upon eclosion,

separated into separate sexes and placed 10 per vial.

To identify each species when in sympatry, one species was chosen at random for wing clip
identification. This was counterbalanced so that the clipping, sex and species were different
in each treatment to ensure that wing clipping could not bias the results towards the mating
success of either species. There is also no evidence that wing clipping has any effect on

mating success (Dodd & Powell, 1985).

After 4-6 days to allow all adults to reach sexual maturity, three treatments were set up. In
each treatment 50 males and 50 virgin females from both species were placed into a plastic
mating cage with a gauze lid (8cm x 15.5cm x 8.5cm) containing three SYA vials. Spot checks

were carried out by observing each mating and recording the sex and species involved. Spot
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checks were continued every 20 minutes over a 3h morning period and repeated over three

days. After the final spot check on the third day the flies from each treatment were discarded.

Experimental Evolution of Hybrid Mating Frequency and Sfp Responses in Sympatry (Cage

Conditions)

Experimental Evolution Setup: Eggs were collected by placing petri dishes containing purple
grape juice agar with added yeast into mating cages containing either D. melanogaster or D.
simulans adults for 3h. The dishes were then removed and incubated in the CT room for 24h.
First instar larvae were picked from these plates and placed 100 larvae per vial. Upon
eclosion males and virgin females were placed into small (8cm x 15.5cm x 8.5cm) or large
(8cm x 15.5cm x 17cm) plastic mating cages with gauze lids containing 3 or 6 SYA vials,

respectively, as described further, below.

Experimental Evolution Treatments: | set up three replicates of allopatric treatments
composed of 50 males and 50 females for each species in the small cages. | created an
additional single allopatric treatment of 100 males and 100 females for each species in large
mating cages. This was to serve as an additional density control. Two replicates of sympatric
treatments were set up in large cages each comprising 50 males and 50 females of D.
melanogaster and 50 males and 56 females of D. simulans. 11% of matings occurred between
D. melanogaster (3) x D. simulans (?) in the baseline mating experiment, which represents
6/50 D. simulans females. These females will be experiencing null fitness as a result of
satyrization and therefore likely not to be contributing offspring to the next generation. To
account for this, six extra D. simulans females were added in each sympatric treatment each
generation to maintain a rough effective population size of 50. The experimental evolution

experiment thus comprised:

e D. melanogaster allopatry x3 replicates
e D.simulans allopatry x3 replicates
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e D.simulans / D. melanogaster sympatry x2 replicates
e D.simulans allopatry x1 density control cage

e D. melanogaster allopatry x1 density control cage

Experimental Evolution Maintenance: Food was changed in the experimental cages every
two or three days by anaesthetising adults with CO, and replacing the SYA vials with fresh
vials. Old vials were retained as backup and placed into the CT room. For the first eight
generations, adults were maintained in their treatments for 16 days before egg collection.
However, due to the observation that mortality was elevated during the latter part of this

16d period, this was reduced to 9d for the final four generations.

For egg collection of the next generation, SYA vials were removed and purple grape agar
plates placed into the cages. An initial pre-purp (purple) agar plate was placed into each cage
for 24h, removed and replaced with a purp for egg collection for another 24h. Larvae were
picked from the plates and placed 100 per SYA vial. If insufficient larvae were obtained,

larvae were taken from the pre-purp plates as well.

Upon eclosion, flies were collected and set up in their respective treatments. If insufficient
adults were collected from the purp and pre-purp plates, extra adults from the backup vials
were taken and placed into the required mating cages to make up the required number of

males and females from each species. This procedure was repeated for 12 generations.

Pre-Mating Isolation: Assays of Mating Frequencies in Allopatric and Sympatric

Populations

Mating Assays: After generations 3, 6, 9, 10 and 12, a mating assay was carried out to test
the receptivity of females to hybrid matings. Larvae to be used in the mating assay were
collected from the same purps as the larvae collected for treatment maintenance. Males and

females from one species in each treatment were wing clipped and this was counterbalanced
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across treatments. 50 males and 50 females from the same species and treatment were
placed together into an SYA vial a day before the assay in order to mate so that non-virgins
could be used in the assay. Virgin females were initially used in assays for generations 3 and
6. However this was altered in assays for generations 9, 10 and 12 where non-virgin females
were used to simulate a real-world sympatric setting where non-virgins would be more

numerous.

On the morning of the assay, small mating cages (8cm x 15.5cm x 8.5cm) with three SYA vials
were set up containing 50 male and 50 female D. melanogaster and D. simulans from the
same replicate of each treatment and placed into the CT room. Spot checks were carried out
every 20 minutes over 3h to record the species of any mating pairs. This was repeated over

the following two mornings after which the flies were discarded.

Post-mating Isolation: Assays of Responses to Conspecific and Heterospecific Sfps in

Allopatric and Sympatric Populations

After the 12 generation of the experiment, species were separated and placed into glass
bottles containing SYA. Stocks in glass bottles were reared at low density until enough adults
could be obtained for egg collections of the injection assays to test for the post-mating

resistance to satyrization.

Seminal Fluid Protein Collection: Eggs were collected over 3h on a purple agar plate placed
into cages containing D. melanogaster and D. simulans from each allopatric and sympatric
treatment. Larvae were picked 24h later and placed 100 per SYA vial. Males were collected
and placed 10 per vial for 3-6 days to reach sexual maturity. 90-120 Pairs of accessory glands
from each species in each treatment were dissected into sterile 1xPBS and collected at a
concentration of three accessory gland pairs/pl. These were stored in 0.5ml centrifuge tubes
at -20°C until use in the injection experiments. The day before the injection assay, the

accessory gland pairs were sonicated with 5 x 1 second pulses and centrifuged at 12,000g for

118



15 minutes at 4°C. The supernatant was placed into a new 0.5ml centrifuge tube and

returned to the -20°C freezer.

Sfp Response Assays: Males and virgin females for use in the injection assays were collected
as described in the “Seminal Fluid Protein Collection” section. Males and virgin females were
given 3-6 days to reach sexual maturity before use. On the day of the injection assay, virgin
females of both species were injected with 0.1l of either 1xPBS saline, 0.1l conspecific Sfps
or 0.1ul heterospecific Sfps. After injection, each injected female was placed into a separate

SYA vial, yeasted to promote mating, for 24h.

24h post-injection, one male from the same treatment as the injected female was placed
into each vial containing a female and watched for 3h. The time placed into the vial, time to
start mating and time to stop mating was recorded and the adults were discarded after 3h
had passed. Because of time constraints, the experiment was done in blocks with one set of
matched replicates in each assay. To control for any uncontrolled block variation, there was
always a saline control (negative control) and conspecific Sfp treatment (positive control) in

each assay.
Statistical Analysis

Pre-mating resistance was analysed using a linear mixed model to test for differences in the
frequency of hybrid mating across all time points. Post-mating receptivity was analysed using
a Cox-proportional hazards model to test for differences in the number and speed of matings
within each treatment and a linear mixed model to test for significant differences in the total
number of females who mated between treatments. All analysis was performed using R

v3.2.2. (R Core Team, 2012).

4.4 Results

Baseline Hybrid Mating Frequency in Sympatry (Cage Conditions)
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The free choice assay revealed that unidirectional hybrid matings did occur in sympatric
populations between D. melanogaster (3') and D. simulans (%), consistent with the results
from single pair no choice assays (Chapter 2). The majority of matings in the assay overall
were conspecific (Table 4.1). However, there was a percentage (11.11%) of hybrid matings
between D. melanogaster (3) x D. simulans (?). This counted for 30.4% of all matings by D.

simulans females. No hybrid matings were seen between D. simulans (&) x D. melanogaster

(9).

Table 4.1: Number of hybrid matings in the initial baseline mating tests. 50 virgin males and females
from each species were placed into each of the four conspecific and heterospecific treatments listed
below. Wing clipping was used to identify individuals in each treatment. Spot-checks of mating
behaviour were performed every 20 minutes for 3h over three consecutive days and the total
frequency of matings presented is the total for this whole assay period. Also shown are the relative

proportion of matings observed within each treatment in relation to the total number of matings.

(2 T R (5] D. melanogaster (3) D. simulans () x D. simulans (3) x
x D. melanogaster X :
©) x D. simulans () D. melanogaster (?) D. simulans ()

Number of 137 24 0 55

Matings
Proportion

f Mati
Ot Viatngs 0.63 0.11 0 0.26
in Relation
to the Total

Pre-mating Isolation: Assays of Mating Frequencies in Allopatric and Sympatric

Populations during Experimental Evolution

Allopatric treatments on average exhibited a higher frequency of heterospecific matings in
the mating assay tests than did sympatric treatments across all 12 generations (Table 4.2,
Figure 4.1), however this was not significant (F=3.13; p=0.059). There was no change over

time in the frequency of heterospecific matings frequency over time in allopatric or
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sympatric treatments (F(1)=0.38; p=0.54), with the mean number of heterospecific matings

in the sympatric treatments even slightly increasing over the course of the experiment.

70
Treatment
50- Allopatric
& Base
i
E Sympatric
o
E EI:I_
=
e
=
I~
in
-
m
S 401
£
i
0
>
o
w301
[1]
T
L]
[
[13]
o
E
0 20
S A
=
F Y
10 1
F Y
I:I_ T T T T T T
0 3 B g 10 12

(Generation

Figure 4.1: The percentage of heterospecific matings between D. melanogaster and D. simulans
in sympatric and allopatric populations over 12 generations of experimental evolution. Red
circles refer to populations that were maintained in allopatry, blue squares to populations
maintained in sympatry, Green “base” triangles refer to the results of the initial baseline mating
assay. Connected points show the same replicate line tested in each experiment throughout

the study.
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Table 4.2: The frequency of heterospecific matings in allopatric and sympatric populations in the

experimental evolution regimes. Assay (generation) refers to assay numbers 1-5 conducted in

generations 3, 6,9, 10 and 12, respectively. The number and % (of total matings) of heterospecific

matings (D. melanogaster () x D. simulans (?) or the reciprocal) are shown. One sympatric

treatment was lost early in the experiment (sympatric 1).

Assay Number of Heterospecific | % (of Total Matings) of
(Generation) Matings Heterospecific Matings
1(3) 10 20
2 (6) 17 68
Allopatric 1 3(9) 4 25
4 (10) 11 27.5
5(12) 6 18.18
1(3) 6 8.45
2 (6) 2 40
Allopatric 2 3(9) 17 47.22
4 (10) 8 26.67
5(12) 12 40
1(3) 16 29.63
2 (6) 2 25
Allopatric 3 3(9) N/A N/A
4 (10) 2 10
5(12) 2 5.13
1(3) 8 16
Allopatric 2 (6) 8 66.67
(Density 3(9) 1 15.38
Control) 4 (10) 3 27.27
5(12) 5 22.73
1(3) 4 8.33
2 (6) 1 8.33
Sympatric 2 3(9) 2 15.38
4 (10) 1 25
5(12) 4 17.39
1(3) 4 14.29
2 (6) 5 23.81
Sympatric 3 3(9) 3 27.27
4 (10) 3 17.65
5(12) 2 6.45

122




Post-mating Isolation: Assays of Responses to Conspecific and Heterospecific Sfps in

Allopatric and Sympatric Populations

Allopatry: Injections into D. simulans females were consistent across both allopatric
treatments. D. simulans females had significantly reduced mating receptivity following
receipt of conspecific and heterospecific Sfps in both “allopatric 1” (D. simulans Sfps - Hazard
Ratio (HR): 0.54; 95% Confidence Intervals (Cl) (0.3, 0.96); p=0.035) (D. melanogaster Sfps -
HR: 0.62; 95% Cl (0.4, 0.97); p=0.035) and “allopatric 2” (D. simulans Sfps - HR: 0.42; 95% ClI
(0.25, 0.7); p<0.001) (D. melanogaster Sfps - HR: 0.55; 95% Cl (0.33, 0.92); p=0.023) in

comparison to the saline control (Figure 4.2).

Sfp injections into D. melanogaster females were less consistent. In both allopatric
treatments, D. melanogaster females significantly reduced their mating receptivity following
receipt of conspecific D. melanogaster Sfps (“Allopatric 1” - HR: 0.53; 95% Cl (0.36, 0.77);
p<0.001) (“Allopatric 2” - HR: 0.28; 95% CI (0.19, 0.41); p<0.001). However, D. simulans Sfps
significantly reduced female D. melanogaster receptivity in “allopatric 2” (HR: 0.30; 95% ClI
(0.19, 0.48); p<0.001) but not in “allopatric 1” (HR: 0.85; 95% CI (0.58, 1.25); p=0.406)

compared to the saline control.

Sympatry: D. melanogaster females significantly reduced receptivity to conspecific D.
melanogaster Sfps in both “sympatric 2” (HR: 0.41; 95% Cl (0.27, 0.63); p<0.01) and
“sympatric 3” (HR: 0.32; 95% Cl (0.22, 0.48); p<0.001). However, there was again
inconsistency with the receipt of D. simulans Sfps. D. melanogaster females did not reduce
receptivity when injected with D. simulans Sfps in “sympatric 2” (HR: 1.18; 95% CI (0.8, 1.75);
p=0.409) but did significantly reduce receptivity when injected with D. simulans Sfps from
“sympatric 3” (HR: 0.51; 95% CI (0.35, 0.74); p<0.001) compared to the saline control. Both

D. melanogaster and D. simulans Sfps significantly reduced D. melanogaster mating
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receptivity in “sympatric 3.” However, D. melanogaster Sfps induced a significantly stronger

effect than D. simulans Sfps (HR: 0.63; 95% Cl (0.43, 0.93); p=0.019) (Figure 4.3).

Injections into D. simulans females were also inconsistent between sympatric treatments. D.
simulans receptivity was significantly reduced in “sympatric 2” from Sfp injections of D.
melanogaster (HR: 0.41; 95% CI (0.26, 0.65); p<0.001) and D. simulans (HR: 0.43; 95% ClI
(0.25, 0.74); p=0.002) consistent with injections into D. simulans females in the allopatric
treatments. However, in “sympatric 3”, neither species Sfps significantly reduced D. simulans
receptivity compared to the saline control (D. melanogaster Sfps - HR: 0.74; 95% Cl (0.47,

1.14); p=0.17) (D. simulans Sfps - HR: 0.73; 95% Cl (0.46, 1.17); p=0.19).

Quantitative Analysis between Allopatric and Sympatric Treatments: The linear mixed
model showed significant differences in the induced post-mating effects between injection
treatments (F(z): 56.05; p<0.001) concurrent with the data shown in Chapter 3. However,
there was no significant difference between the allopatric and sympatric treatments
regarding the effect of Sfps on post-mating receptivity after 12 generations (Fu): 2.74;
p=0.24), indicating that there was no evolution of post-mating responses occurring within

this study.
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Figure 4.2: Percentage of D. melanogaster and D. simulans females from the two allopatric

treatments that mated over the 3h remating assay period 24h following injection with either

saline (red), D. melanogaster Sfps (blue) or D. simulans Sfps (black). Shown in the shaded areas

are the 95% confidence intervals for each treatment. Asterisks indicate significant differences

(p<0.05).
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Figure 4.3: Percentage of D. melanogaster and D. simulans females from the two allopatric

treatments that mated over the 3h remating assay period 24h following injection with either

saline (red), D. melanogaster Sfps (blue) or D. simulans Sfps (black). Shown in the shaded areas

are the 95% confidence intervals for each treatment. Asterisks indicate significant differences

(p<0.05).
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4.5 Discussion

This experiment demonstrated no clear pattern of resistance to hybrid mating evolving in 12
generations of sympatry between D. melanogaster and D. simulans. Pre-mating isolation
assays showed no significant differences in hybrid mating frequency between allopatric and
sympatric populations of D. melanogaster and D. simulans, nor did the frequency of hybrid
matings within each treatment significantly change over time. Post-mating assays similarly
showed no evidence of evolved resistance to Sfps as no significant differences were found

between the responses of allopatric and sympatric treatments to cross species Sfp injections.

Frequency of Hybrid Mating in Sympatry

The initial base line mating assay showed that hybrid matings between D. simulans and D.
melanogaster occurred in free choice environments in which individuals of both species
could interact. As well as establishing a useful baseline for the experimental evolution
experiment, this showed that hybrid matings were also observed under free choice assay
conditions. This supports the idea that hybridizations between these two species will occur
in sympatry under biologically realistic scenarios. 11% of all matings (30.4% of all D. simulans
female matings) that occurred were between D. melanogaster (3) and D. simulans (%). In the
no choice mating assays, the corresponding hybrid matings were more frequent and
occurred ~50% of the time. That there were fewer hybrid matings in ‘free choice’ sympatry
presumably results from the operation of conspecific choice and mate recognition

mechanisms although the number of hybrid matings between D. melanogaster (&) and D.
simulans (?) in this experiment was still relatively high. In agreement with the no choice

assays (Chapter 2), hybrid crosses between D. simulans (&) and D. melanogaster (?) were
not observed. The results suggested that satyrization between these two species is likely to

be a biologically relevant occurrence. The presence of unidirectional hybrid mating over the
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three days observed would have resulted in a proportion of D. simulans females suffering

significant fitness costs via the production of inviable and infertile offspring.

Pre-Mating Resistance to Satyrization

There was no significant difference in hybrid mating frequency between the sympatric lines
or allopatric lines during the 12 generations. The results therefore provided no evidence of
evolved pre-mating barriers in the form of mate recognition in sympatry. These results
contrast to previous research showing that resistance to satyrization can evolve in wild
populations of Aedes mosquitoes in just a few generations (Bargielowski & Lounibos, 2014).
One explanation for this discrepancy could be that differences in the strength of selection
between satyrizing pairs due to differing fitness costs from hybrid mating between
Drosophila and Aedes pairs. However, it is hard to establish any firm conclusions regarding
Drosophila satyrization evolution due to the high variability and low repeatability of collected
data across each mating experiment. The erratic mating behaviour of Drosophila species in
this study means that even if some low level of satyrization resistance was occurring between
D. melanogaster and D. simulans, it would be undetectable through the high stochasticity of

the data shown here.

The large amount of work needed to maintain and test each line meant that | had only two
or three replicates of each treatment and therefore low statistical power for this study. This
made it extremely difficult to find a consistent pattern of mating success for each treatment,
with each replicate varying rapidly across the timeframe of the study. If this study could be
up-scaled with many more replicates per treatment, it may be possible to detect a clearer

pattern of mating frequency across time and between treatments if such a pattern existed.

Though D. simulans () x D. melanogaster (?) matings were not observed in the initial base
line mating assay (or in the no choice assays reported in Chapter 2), some of these hybrid

matings were observed during the experimental evolution, albeit at a very low level.
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However, the very low frequency of such matings was not expected to strongly select for D.
melanogaster resistance to hybrid mating with D. simulans males and thus a change in hybrid
mating frequency over time. It is unclear why the initial base line hybrid mating assay
reported the lowest frequencies of hybrid mating over the whole experiment but it may
again be a consequence of the highly stochastic hybrid mating rate of the Drosophila

populations and the low sample size masking any patterns that may be present.

Post-Mating Resistance to Satyrization

It is difficult to establish firm conclusions from the post-mating assay again due to the
inconsistency in the response of the D. melanogaster allopatric and sympatric treatments.
D. melanogaster females in “allopatric 1” and “sympatric 2” did not respond to D. simulans
Sfps. D. melanogaster females in “allopatric 2” by contrast were significantly less receptive
to mating following receipt of D. simulans Sfps. “Sympatric 3” D. melanogaster females were
responsive to Sfps of both species but conspecific Sfps significantly reduced their receptivity
to a greater extent than D. simulans Sfps. In all D. melanogaster treatments, both the positive
and negative controls were working, and the D. simulans Sfps also showed significant
responses in D. simulans females, implying that injected Sfps were functional in both species.
Why D. simulans Sfps injected into D. melanogaster females had such strikingly different

effects is not clear but there are a few possibilities for further consideration.

One hypothesis is that genetic drift may have contributed to differences observed. This could
be tested, in repeat experiments, by conducting additional injection experiments between
replicates of the same treatment to look for variability in the strength of post-mating effects.
An alternative hypothesis is that there was something that the mating cages for “allopatric
1” and “sympatric 2”, or “allopatric 2” and “sympatric 3” had in common that drove D.
melanogaster females divergently towards resistance or susceptibility to D. simulans Sfps,

respectively. However, all treatments were kept in the same room, had food vials changed,
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and had eggs collected at the same time. Variation between treatments in the size of the

cages also did not follow the divergent patterns seen.

The post-mating response assays did show more consistency in the Sfp injections into D.
simulans females than D. melanogaster females. These females expressed the same
receptivity pattern post-injection in three of the four treatments tested. The exception was
“sympatric 3” in which D. simulans females were not significantly affected by D.
melanogaster or D. simulans Sfps. As Sfps from both species had a significant effect in
reducing receptivity in the corresponding D. melanogaster treatments, error in extracting
the Sfps seems unlikely. Nor does a lack of statistical power within the treatment seem likely,

as injection mortality in this treatment was the lowest among all treatments.

Statistically, there was no significant difference between allopatric and sympatric treatments
in the post-mating effects induced by Sfp injections into females. Again, as the Drosophila
populations displayed so much variation in this study, a much larger sample size would be

beneficial to untangle any patterns that may or may not be present.

Satyrization

Satyrization resistance between species may occur if selection pressures were sufficiently
high enough to select for it e.g. hybrid mating more frequently or stronger fitness costs from
doing so. Hybrid matings between Aedes species occur between 35-55% in no choice
experiments depending on the strain (Bargielowski & Lounibos, 2014), similar to the 50% no
choice hybrid mating frequency between D. melanogaster and D. simulans. However, the
refractory effect is larger in satyrized Aedes than Drosophila. In my injection experiments for
these experimental populations, overall remating occurred at around 50% for D. simulans
injected with D. melanogaster Sfps during the 3h assay 24h after injection. Only 5-10% of Ae.
aegypti females remated during a 24h remating assay when injected with Ae. albopictus

accessory gland proteins (Tripet et al., 2011). This stronger refractory effect leading to a
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significant fitness cost for Ae. aegypti females may drive evolution of satyrization resistance
in Ae. aegypti in sympatry quicker than D. simulans in sympatry. The initial frequency of
resistance genes is important for the speed at which resistance could evolve in the absence
of de novo mutations. Resistance genes already present in a gene pool will become beneficial
when hybrid mating is present and will rapidly increase in frequency in only a few
generations. However, if resistance genes are not already within a population, it may take
significantly longer for resistance to evolve in other populations that is shown in studies of

Ae. aegypti.

Further support for this comes from evidence that genes that confer resistance are expected
to be costly to express or maintain (Kliot & Ghanim, 2012; David et al., 2018). Therefore,
under strict allopatry, individuals that do not carry satyrization resistance alleles may be
fitter, though the population as a whole would be highly susceptible to satyrization. Indeed,
this is consistent with the studies investigating Ae. aegypti satyrization resistance. After the
discovery that satyrization in Aedes quickly leads to resistance within just a few generations,
subsequent research found that when selection was relaxed, i.e. previously sympatric
populations of Ae. aegypti and Ae. albopictus were separated and placed into allopatry,
resistance to satyrization decreased and the Ae. aegypti population again became largely
susceptible to hybrid matings (Bargielowski et al., 2019). This further suggests that the costs
of hybrid mating need to be high enough to for the evolution of costly resistance genes to
be selectable and quickly increase in frequency within a population and that these costs

mean that satyrization resistant alleles are unlikely to be ubiquitous across all species.

These are important considerations for the context of identifying target populations for
satyrization control. The costs of resistance alleles mean that allopatric target populations
are likely to be susceptible to satyrization in the absence of selective pressure from

satyrization costs. This also means that some species may be unlikely to evolve satyrization
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resistance in the first place as any de novo mutations leading the satyrization resistance may
be costly and fall out of the gene pool immediately in the absence of satyrization driven
selective pressure. However, for species that do contain satyrization resistance alleles, the
ability for a species to quickly evolve resistance to hybrid mating may make it difficult for
satyrization to contribute to competitive exclusion of the target species by the satyr species

after a few generations in sympatry.

My results here demonstrate the difficulty of assessing such crucial information. Previous
work on Aedes saw significant differences in hybrid mating incidence over just a few
generations with three population cages of 150 members of each species (Bargielowski &
Lounibos, 2014), a comparable scale to my work here in Drosophila. The higher variability in
D. melanogaster and D. simulans hybrid mating points therefore to a lack of suitability for
using Drosophila in this type of study, instead requiring a much higher sample size than Aedes

to establish firm conclusions on satyrization resistance speeds.

This negative result, using Drosophila to quantify satyrization resistance speeds, highlights
the varied and dynamic mating behaviour and evolutionary potential between different
species, and the trouble with applying a catch all method of insect control to any and all pest
species. As such, there are many considerations when using satyrization, and an assessment
of satyrization resistance speeds on a population by population basis may be beneficial to
predict how well satyrization will work in a target population and how best it can be applied

in conjunction with other insect control strategies.

4.6 Conclusions

| did not find any evidence of the evolution of pre or post-mating resistance to satyrization
by D. simulans females occurring within populations of D. melanogaster and D. simulans over
12 generations in sympatry. This negative result highlights the issues of varying evolutionary
responses to satyrization between different pest species and populations, making resistance
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speeds difficult to accurately test for all species and the results of one species unsuitable to
apply to another. Therefore the application of satyrization in the field should take potential
resistance into account on a case by case basis in order to deliver the most effective pest

control strategy for each particular species.
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Chapter 5

Design and Construction of an
Underdominant Killer-Rescue Insect

Control Strategy in D. melanogaster
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5.1 Abstract

Genetic underdominance, whereby heterozygotes are less fit than homozygotes, can be
artificially engineered as an insect control strategy. The strategy | discuss here used
artificially-induced underdominance to create a killer-rescue system, based on the Minute
phenotype. My aim was to build a test case in Drosophila melanogaster, aiming for eventual
targeting of Aedes mosquitoes. Minutes are dominant phenotypes induced from knock-outs
of specific Ribosomal Protein (Rp) genes and are characterised by low fertility, embryonic
developmental delay, and short, slender and brittle scutellar bristles. As such, Minute
individuals are poor competitors and have low fitness. The underdominant killer-rescue
strategy of insect control exploits the Minute phenotype by creating a strain with knockouts
of one or more of the RpS19a, RpS21, and RpS26 genes and an unlinked recoded Rescue gene
containing modified but functional versions of those same Rp genes. When underdominant
males are introduced into WT populations and mate with WT females, a proportion of
offspring will inherit just the knockout Rp (Rp-Killer) genes leading to the Minute phenotype
and cause a reduction in pest population size. Other offspring will inherit the Rp-Killer genes
along with the Rescue construct, preventing Minute expression and allowing the spread and
persistence of both the Rp-Killer and Rescue genes (along with any attached cargo genes)
through multiple generations. The Rescue gene will initially increase in frequency as it is
advantageous to carry in a population that also contains lethal genes but will decrease in
frequency when the Rp-Killer genes drop below a certain frequency threshold, allowing this
system to be self-limiting. | created the requisite transgenic lines for proof of principle work.
After successfully preparing the transgenic Rescue plasmid and transforming it into
populations of D. melanogaster | found that carriers would not express the Rescue gene, as
evidenced by a lack of fluorescent individuals in fluorescent screening and from qRT-PCR
analysis. Additionally, PCR screening revealed that the Rescue plasmid was almost exclusively
inherited by females and that transgenic males were rare. The results showed that potential
issues with the target Rp genes, or the design of the Rescue construct need to be resolved

before underdominance strategies targeting these loci can be fully evaluated.

135



5.2 Introduction

Genetic Strategies for Control of Insect Vectors

Genetic strategies to control insect vectors are at the forefront of many attempts to reduce
disease in countries where arboviruses are endemic, especially diseases such as dengue
(Rozera et al., 2019) that do not have a widely-available vaccine or cure. Traditional insect
control methods such as insecticide fogging may lack long-term efficacy, may select strongly
for resistance and are often indiscriminate, leading to harmful impacts upon beneficial
pollinator species (Pryce et al., 2018; Abeyasuriya et al., 2017). Species-specific methods such
as the Sterile Insect Technique (SIT) can offer more effective targeting and fewer side-effects
and can be very effective in controlling insect populations (Bellini et al., 2013; Lacroix et al.,
2012; Harris et al., 2011; Bellini et al., 2007). However, SIT is an intensive strategy that
requires sufficient infrastructure for new cohorts of males to be irradiated and released
every generation. This can be costly and laborious (Honma et al., 2019). Irradiated males are
also usually less fit and less competitive than wild males due to the somatic damage that
occurs due to irradiation, which can lower the effectiveness of SIT (Alphey et al., 2013).
Genetic methods for insect control are therefore at the forefront of efforts to control disease

vectors (Bouyer & Marois, 2018).

Release of Insect with a Dominant Lethal (RIDL) is a genetic strategy that is an evolution of
SIT. It aims to overcome shortcomings, namely the low competitive performance associated
with irradiating males, and the need to irradiate and release males every generation. RIDL
works by rearing target insects in a lab that have been transformed with a tetracycline
transactivator gene (tTAV) that constitutively expresses a toxic protein in the absence of
tetracycline (Phuc et al., 2007). RIDL insects in the laboratory or factory are reared on diets
containing tetracycline, which suppresses the expression of the tTAV lethal effector and thus

allows the RIDL lines to be maintained. RIDL males are then released to the wild, passing on
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the tTAV gene to their offspring. Offspring that express tTAV die due to the absence of
tetracycline in the wild. Female-specific versions of RIDL are also available (Labbé et al., 2012)
in which the lethality is expressed only in females. This allows some persistence of the RIDL
genes in the wildtype (WT) population beyond the initial release generation. RIDL has been
used successfully in field trials, with the performance of RIDL males being sufficient to affect
control (Carvalho et al., 2015; Patil et al., 2015; Massonnet-Bruneel et al., 2013). Though not
as frequently as for SIT, it too requires multiple releases, and thus could be complimented

by additional, more persistent but self-limiting drive methods.

There is huge current interest in using gene editing and gene drive techniques to produce
transgenic males with control potential that have a similar fitness to their WT counterparts
and that can persist in the wild through multiple generations, drastically reducing monetary
and labour costs. Gene drives can come in two forms, those that are self-limiting and
eventually drive themselves locally extinct, and those that cause permanent population or
trait replacement. Theoretically, replacement gene drive systems can become fixed within a
species, although the resulting fitness costs could contribute to extinction of the species (Oye
etal., 2014). For this reason, global gene drives and non-reversible gene drives have garnered
some controversy due to the ecological consequences of altering population dynamics, and
potential off target effects such as horizontal gene transfer to non-target species (Collins,

2018; National Academies of Sciences, Engineering and Medicine, 2016).

Here | focus on the development of a two-locus underdominant killer-rescue gene drive that
is designed to be either self-limiting, reversible, or both. Self-limiting drives sustain
themselves in the population for a number of generations before falling out of the gene pool.
Reversible drives have several built in safety mechanisms that allow the gene drive to be
easily stopped and removed from a population if desired (Noble et al., 2019; DiCarlo et al.,

2015). Two-locus underdominance broadly describes heterozygous offspring from hybrid
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mating between two different parental strains that are homozygous for different alleles at
two unlinked loci being less fit than each parental strain. It can be exploited for use as a
genetic method of insect control (Edginton & Alphey, 2018; Reed et al., 2013). Two-locus
underdominance can be artificially induced in target insect vectors to render a proportion of
a population inviable every generation (Reeves et al., 2014). The ultimate strategy | explore
here aims to exploit an underdominant killer-rescue system by releasing transgenic cohorts
of Aedes aegypti that contain unlinked lethal and Rescue genes, into WT populations.
Transgenic and WT alleles segregate independently and individuals that inherit only the
lethal gene die, reducing Aedes numbers. However, the Rescue gene can mask the lethality,
allowing those that inherit the Rescue gene and lethal alleles to mate and pass these genes
off to their offspring. This results in the lethal alleles spreading through a population and
persisting for several generations. In addition to killing a proportion of offspring each
generation, a cargo gene conferring a desired effect could be linked to the Rescue gene and
driven through the population to be inherited by viable offspring that inherit the Rescue
gene. This could be a refractory gene, for example, that prevents carriers from being able to

transmit disease (Gould et al., 2008; Alphey et al., 2002)

Here | describe an underdominant killer-rescue system in D. melanogaster based on inducing
the Minute phenotype, which causes delayed development, reduced female fertility and
slender scutellar bristles, resulting in reduced viability and fitness (Marygold et al., 2007).
There are many Minute loci, with the mutant phenotype being caused by knockouts of
Ribosomal protein (Rp) genes that are key for protein production. | describe the design and
construction of the underdominant killer-rescue strategy developed together with my CASE
partner, Luke Alphey at The Pirbright Institute. | develop this underdominant killer-rescue
system in Drosophila melanogaster as a test case to provide proof of concept for its

effectiveness as a method of insect control.
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Underdominant Killer-Rescue Strategy

The Minute phenotype can be induced with the knockout of just one Rp gene. However,
three genes were targeted (RpS19a, RpS21, and RpS26) in this study, to ensure that the
Minute phenotype would be expressed. In D. melanogaster these genes are located on
chromosomes X, 2L and 2L respectively (Thurmond et al., 2019). The underdominant killer-
rescue system relies on a Rescue transgene, a recoded gene cassette containing functional
copies of RpS19a, RpS21, and RpS26 to be inserted into the genome. This Rescue transgene
nullifies the costly effect of the Rp knock-outs (Rp-Killer) and prevents the Minute phenotype

from being expressed in individuals that carry it.

Figure 5.1 explains how this two-locus system would work in field releases. Transgenic
individuals that carry two copies of the Rescue transgene and two copies of the Rp-Killer
genes mate with WT individuals that have two functional Rp copies but no copies of the
Rescue transgene. The G; offspring produced are double heterozygotes, each being
heterozygous carriers of one functional copy of each Rp gene, one copy of the Rp-Killer genes
and one copy of the Rescue transgene to counter the effect of the Rp-Killer genes. These G
offspring will be viable and perform competitively almost as well as wildtype individuals, as
the Rescue transgene prevents the expression of the Minute phenotype. A quarter of the
gametes produced by the double heterozygote G; individuals will contain Rp-Killer genes and
no Rescue transgene. Hence 5/16 of the offspring will have very low fitness. However, 11/16
of the offspring will be viable, either because they are homozygous for functional
endogenous Rp genes, homozygous for the Rescue transgene, or heterozygous for functional
endogenous Rp genes and the Rescue transgene. This sustains the Rp-Killer gene, Rescue
genes, and any cargo genes attached to the Rescue genes in the population and allows them
to spread throughout the population for multiple generations. G, offspring will continue to

mate, with proportions of offspring each generation being inviable or competitively unfit due
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to inheritance of the Rp-Killer genes without the Rescue gene, while other offspring inherit
the Rescue transgene to sustain the Rp-Killer genes in the population and spread desired

traits conferred by the cargo gene.

1 - Rescue Gene
2 — Endogenous Gene
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WT TG
1 2
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Figure 5.1: The mechanism of the two-locus killer-rescue underdominance strategy for insect
control. WT individuals that are homozygous carriers of functional endogenous Rp genes mate with
individuals homozygous for the Rp-Killer and Rescue transgene. Gi offspring are double
heterozygotes, all carrying only one functional copy of the Rp genes, Rp-Killer genes and Rescue
transgene which nullifies the Minute phenotype. G1 gametes containing Rp-Killer genes and no
Rescue transgene will create inviable or competitively unfit offspring when paired with most other
gamete combinations, as shown in the Punnett square. On average, 5/16 of the progeny in this
population will die, but 11/16 will suffer no serious deleterious effects, allowing the Rescue
construct and Rp-Killer genes to persist in the population. 10/16 will be viable and will inherit at

least one copy of the Rescue gene as well as any cargo genes attached to the Rescue gene.
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This strategy works to reduce insect populations and prevent the transmission of disease
while saving money, time and effort by reducing the frequency of transgenic insect releases
required. The Rescue transgene itself also confers a slight fitness cost, either due to increased
genetic load or a designed fitness cost to prevent the Rescue gene reaching fixation.
Therefore, this is a self-limiting strategy in which all transgenes in the population eventually

drive themselves extinct.

5.3 Development of the Underdominant Killer-Rescue

Strategy in D. melanogaster

The Rescue transgene design developed by the Alphey laboratory for Aedes aegypti was
designed to contain recoded versions of the ribosomal protein genes RpS19a, RpS21 and
RpS26. | used this same strategy for the test case in D. melanogaster with the aim of
conducting eventual proof of principle tests with direct comparability. | identified Rp
homologues in D. melanogaster using Flybase (Thurmond et al., 2019) and designed edits to

the genes according to three main guidelines to ensure maximum efficacy and safety:

(i) Edits made to the Rescue Rp genes had to be synonymous with the
endogenous Rp genes in order to be functionally identical to the endogenous
Rp genes.

(i) Synonymous mutations in the Rescue genes had to be induced at every 14bp
or fewer. This would allow the Rescue genes to be unique for specific
targeting and inactivation using RNAi both as a safety measure in case the
Rescue gene needed to be removed from the population to facilitate the
development of future gene drive designs (Reeves et al., 2014).

(iii) “NGG” codons had to be synonymously mutated in the Rescue genes. NGG

codons represent the Protospacer Adjacent Motif (PAM) site needed for the

141



Cas9 enzyme to attach and modify a gene using CRISPR. Removing the NGG
sites allows the endogenous gene to be targeted and modified using CRISPR
without also modifying the Rescue genes. TGG is an exception to this as it is

the only codon that encode Tryptophan and so was not modified.

A region of 200-250bp in the coding sequence (CDS) of each target gene was chosen for
editing according to these guidelines. Each gene in the Rescue transgene consists of the full
promoter and 3’ UTR for that gene which was to be inserted into a piggyBac plasmid
containing an HR5-IE1 dsRed2 fluorescent marker and an attP and loxP site for further site

directed modifications (e.g. adding cargo genes) if desired (Figure 5.2).

FWD Primer
>

pBac 5’ = ’
Rt [ attP [ i RpS19a H RpS21 Sv40 W Loxp — PPac3
.«

REV Primer ‘
Notl Avrll Pstl Spel Ascl

Figure 5.2: The ribosomal protein gene Rescue construct for D. melanogaster. It is designed to contain
functional but synonymously modified versions of all three target Rp genes, including the promoter,
CDS and 3'UTR regions (arrows represent 5' & 3' direction of the sense strand for each gene). The
construct also contains an attP and a LoxP site for further integration of genetic material such as cargo
genes via site-specific recombinase and a HR5-IE1 dsRed2 fluorescent marker for identifying
transgenics. The construct was synthesised at Genewiz and cloned into a piggyBac vector for injection
into D. melanogaster embryos. Marked with black arrows are the location and orientation of the
primers used to screen the dsRed2 gene in identifying carriers of the transgene. Also marked are

unique restrictions between each gene of interest for site directed excisions and insertions.

Transforming D. melanogaster with the Rescue Plasmid

A 6292bp genetic fragment containing the three target Rp genes and the SV40 3’UTR region

was synthesised by Genewiz. The fragment was eluted in resuspension buffer and

142



transformed into XL10-Gold Ultracompetent cells to produce an abundant stock which was
stored at -20°C. The pBac-HIS-attP-HR5IE1-dsRed-LoxP vector was digested with Notl and
Ascl and ligated to the Rp fragment. The newly formed ligated product containing the Rp
fragment in the pBac-HIS-attP-HR5IE1-dsRed-LoxP Rescue plasmid was transformed into

XL10-Gold Ultracompetent cells and screened with a colony PCR.

Positive colonies (Figure 5.3) were grown up in lysogeny broth (LB) at 37°C overnight. The
desired plasmid was extracted using a Nucleospin Midiprep kit using the manufacturer’s
protocol. The full Rescue plasmid was quantified using a Nanodrop at 6.03pg/ul and stored

at -20°C.

— Selected Colonies for PCR Screening
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ladder ladder
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Figure 5.3: Colony PCR of the synthesised Rescue construct ligated into the pBac-HIS-attP-HR5IE1-
dsRed-LoxP vector. Product size was ~800bp, positive samples that were incubated in LB broth

are highlighted by the blue arrows.

Injecting D. melanogaster embryos with the Rescue plasmid

Two sets of injections of the Rescue plasmid into the D. melanogaster embryos were carried

out. Round 1 of injections were performed by myself at The Pirbright Institute and round 2
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was carried out by an external provider (Fly Facility, Department of Genetics, University of

Cambridge).

Round 1: For injections into D. melanogaster embryos, an injection mix was made up to 30l

as follows (Table 5.1):

Table 5.1: Components of the injection mix used to create the transgenic rescue lines of D. melanogaster

with an insertion of the Rescue plasmid. The final volume was made up to 30pul.

Concentration

Component Recipe (pl

p (ng/ul) pe (i)
Rescue Construct
Plasmid DNA >00 2.5
piggyBac 300 3.3
Transposase
Injection Buffer - 3
Endotoxin  Free

- 21.2

H20

D. melanogaster embryos were collected by allowing Dahomey WT stocks to lay on apple
juice agar plates (600ml H,0, 18g agar, 20g sugar, 200ml apple juice, 20ml 20% w/v Nipagin
per batch of medium) for 20-30 minutes. Embryos were individually picked from the agar
using forceps and stuck on a microscope slide using double sided tape. 2ul injection mix was
backloaded onto a capillary needle attached to an Eppendorf Femtojet and the air pressure
was manipulated until a steady stream of injection mix was flowing from the needle.
Embryos attached to the slide were covered with a thin layer of halocarbon oil and injected
individually with the chorion still attached. After the entire slide of embryos was injected,
the slide was placed into a dish of H,O for 5 minutes to wash off the surface oil with the
embryos still attached to the slide. Washed embryos were placed into a 7ml SYA vial (Sugar
Yeast Agar: 30 ml 10% w/v Nipagin solution, 3ml propionic acid, 15g agar, 50g sugar and 100g
brewer’s yeast per litre of medium) and placed into a 26°C 12:12 light:dark CT incubator. The

dates, number of embryos injected and survivorship of the embryos are given in Table 5.2.
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Round 2: The Fly Facility created alternative TG D. melanogaster lines with an injection mix
composed of 0.6ug/ul Rescue plasmid and 0.4ug/ul piggyBac transposase helper plasmid
(atub-pBac-K10) into their w!!!® line conferring a white eye marker (Table 5.2). 70 injected

Gos survived and were each given a unique number to identify them for screening.

Table 5.2: Two rounds of D. melanogaster microinjection. The first at the Pirbright Institute and the
second by the Fly Facility. Date, number of injected D. melanogaster, number and % of the Go

survivors and the number and % of Go lines positive for the transgene are shown.

Number of

()
Number of | Number % of Go 16 % of TG
Date Embryos of Go . Go
. . Survivors Go X
Injected Survivors i Survivors
Survivors
ions (Pirbrigh

03/05/2017 5 0 0

17/05/2017 56 1 1.8

19/05/2017 30 4 133 12 16.2
31/05/2017 152 21 133

09/06/2017 189 29 15.3

23/06/2017 358 19 53

Round 2 of Injections (Cambridge)
31/10/2017 200 70 35 8 11.4
Screening

Round 1: Injected D. melanogaster embryos were kept in the CT incubator until eclosion.
Eclosed individuals were screened under a microscope to look for any transient expression
of fluorescence, and then placed into a 7ml SYA vial with a male or virgin female WT D.
melanogaster of the opposite sex in order to produce G; offspring. All Go crosses were
treated as an individual line and given an identifying number. G; offspring were screened
upon eclosion for fluorescence at The Pirbright Institute and positive G; individuals from each

Go pair were placed together into their own vial to establish a transgenic stock originating
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from that Go. | attempted to make homozygous derivatives from the positive Rescue lines in
order to cross to lines of D. melanogaster with knockouts of the RpS21 and RpS26 genes.
However, once the stocks were moved to the University of East Anglia, the fluorescence was
no longer easily visible and the lines from round 1 of injections were not maintained. Lines
from round 2 were identified and maintained using PCR screening as an alternative screening

method.

Round 2: G; offspring from each of the G lines were PCR screened for the presence of the
Rescue gene with primers designed around the dsRed2 gene (FWD primer:
ACAACACCGTGAAGCTGAAG. REV Primer: TGTAGTCCTCGTTGTGGGAG) (Figure 5.2). Of the 70
lines originating from Gg injections, eight of them were positively identified as carrying the
Rescue transgene (11.4%) (Table 5.2) and four of these independent integration lines were

kept and established as transgenic stocks. These lines were denoted as C4, C6, C55 and C62.

As well as PCR screening, G; offspring from each line were screened using a Zeiss Stereo
Lumar.V2 fluorescent microscope under a dsRed filter (excitation 563 nm, emission 582 nm)
to detect expression of the transgene. No expression from the fluorophore in any of the four
lines could be seen. This is the same issue as occurred in round 1 of screening, where
individuals positive for carrying the Rescue gene did not fluoresce under the fluorescent
microscopes at University of East Anglia. This indicated that there may have been an issue
with the expression of the Rescue gene expressing at either low levels or not at all. The

transgenes were therefore maintained using PCR screening each generation.

No docking system was used and hence transgene insertions were random. | attempted to
map the location of the insertion for each line by carrying out both a 5’ and 3’ inverse PCR
with primers designed inside the piggyBac flanks to amplify the unknown sequence (5’ IPCR
FWD Primer: TGTTCTACTTACGTGATAACT. 5’ IPCR REV Primer: CCAAGCGGCGACTGAGATG. 3’

IPCR  FWD  primer: CGGTCTGTATATCGAGGTTTA. 3 IPCR  REV  Primer:
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GATTATCTTTCTAGGGTTAA). The amplified 3’ product of ~200bp was Sanger sequenced by
Eurofins. However, the sequencing data was unresolved and no firm conclusions could be

made about where the Rescue gene was within the genome of each line.

| therefore attempted to create a homozygous stock of each line with which to combine with
the RpS21 and RpS26 knock out (KO) mutants. Homozygosity of each line was attempted by
establishing single pair lines of transgenic flies, and genotyping each of the parents
retrospectively for the presence of the transgene. Large scale screening of individual males
and females from each line revealed that a very small number of males carried the Rescue
transgene (9/414, 2.13%). This is in contrast to females, in which the frequency was ~50%
positive. Table 5.3 shows the number of individuals positive and negative for the Rescue
transgene in each line. | also screened pools of DNA comprised of 10 males per sample from
the transgenic lines. | screened eight samples per line (80 males) and again found few
positives (4 samples out of 24 samples positive for the transgene). The lack of males scoring
positive for the transgene prevented the establishment of a stock of homozygous transgenic

(TG) killer-rescue D. melanogaster.

147



Table 5.3: Number of individual Drosophila PCR screened for the presence of the transgene. Males
and females were screened separately, as denoted below. The plus symbol indicates individuals
positive for the transgene, the minus symbol those that were negative for the transgene. The

percentage of positives and negative individuals in each sex from each line is shown.

C55 c4 C62 Cé

Q+ - O+ -+ @ S+ - | @+ @ O+ F-| @+ @ I+ O-
Total

75 66 0 126141 50 O 83 |91 71 4 1451 27 34 5 53

% 53 47 0 10045 55 O 100 56 44 3 97| 44 56 9 91

The low frequency of males was initially hypothesised to be due to male lethality. This could
be due to a potentially toxic, sex-specific effect of the expression of elevated levels of Rp
gene product, killing the males before they could hatch as larvae or eclose as adults. Male
inviability could also be caused by the Rescue transgene inserting into essential genes on the
X chromosome, causing hemizygous lethality in males. Three strategies were employed to

test this hypothesis.

(1) Sex Ratio Bias: First, | tested for sex ratio biases in the sex ratio of the transgenic lines. If
the Rescue gene was killing males before eclosion, there should be significantly more females
than males in the stocks. To test this, | set up single pair crosses from two of the transgenic
lines, mating one male and one female, both originating from a transgenic mother from the
same line, in each pair. | left each pair in a vial for three days to lay eggs. | screened the
combined DNA from each pair for the presence of the transgene and compared the sex ratio
of the offspring from positive pairs compared to negative pairs. This test showed no
difference in offspring sex ratio between the positive and negative pairs which strongly
indicated that the lack of males inheriting the Rescue gene was not due to male inviability as

a result of toxic overexpression of the Rescue gene (Table 5.4).
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Table 5.4: The sex ratio of offspring from parents positive for carrying the Rescue gene as confirmed
from PCR screening, compared to offspring from parents who are negative for carrying the Rescue
gene. Shown are the number and percentage of males and females from each parent pair. Also

shown are the transgenic line from which each parental pair was derived.

TG Line | Transgenic Parents? Male Female Male % | Female %
10 10 50 50
12 13 48 52
No 10 3 77 23
9 12 43 57
15 12 56 44
ca
10 9 53 47
22 21 51 49
Yes 14 5 74 26
23 22 51 49
12 14 46 54
10 9 53 47
3 9 25 75
c62 Yes 21 16 57 43
5 10 33 67
6 4 60 40

(2) Attempting to Rescue Potential Rp Overexpression: Next, females carrying the Rescue
transgene were crossed to two lines containing a knockout for endogenous RpS21 (Kyoto
Stock Center, Stock No. 103045, Genotype: y'w®°?%;P{lacW}RpS21*1¢814/CyO) and RpS26
(Bloomington Stock Center, Stock No. 12048, Genotype: P{PZ}RpS26°%>3/CyO;ry>%).
Offspring from these crosses would have three functional Rp alleles from the Rescue
transgene and four functional endogenous Rp alleles (two functional endogenous RpS19a
alleles and one functional endogenous RpS21 and RpS26 allele) compared to six functional
endogenous Rp alleles present in WT D. melanogaster. This could reduce any toxic effect of
elevated Rp expression. After the eclosion of the first adult offspring from the vial of each
cross between Rescue and KO parents, | incubated the vials for several days more to account
for the developmental delay of possible transgenics before collecting males for PCR

screening. Male offspring from these crosses were PCR screened for the presence of the
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Rescue transgene. After the first cross to RpS21, 0 out of 24 PCR screened males tested were
scored as positive for the Rescue transgene. Female offspring from this first cross that were
positive for the Rescue transgene were then crossed to the second mutant KO strain — RpS26.
Males from this second cross were again PCR screened but 0 out of 24 of them were positive
for the Rescue transgene. Knocking out two of the three Rp alleles failed to rescue male
viability and from this it seemed unlikely that toxic overexpression was causing male

inviability.

(3) Detecting Expression of the Rescue Transgene: Finally, | measured expression of the
Rescue transgene in transgenic females to further test the ‘toxic overexpression’ hypothesis
and to attempt to explain the absence of transgenic dsRED fluorescence. This was performed
using a quantitative reverse transcriptase PCR (qRT-PCR) using primers that flanked an area
within the recoded RpS19a coding region (FWD: TTGGTAATCGAACCGACGCC. REV:
CAAGACCGCCAAGTTCAAG) and primers that flanked an area within the endogenous RpS19a
(FWD: CCGACTGGTTCTATGTGCGT. REV: GGTGATCGAACCGACTCCAG) and endogenous
RpS26 (FWD: AATCCACTCCAAGGTGGTGC. REV: CTTGGGGAAGGAACGCAGT) coding regions.
RNA from WT and TG female D. melanogaster was extracted using a mirVana miRNA isolation
kit, following the manufacturer’s protocol. Each sample of RNA was extracted from a
combination of 10 female D. melanogaster from wildtype lines (WT) and Rescue lines (TG).
Nanodrop values were recorded following treatment of the extracted RNA with DNase: WT
1 -399.7ng/ul; WT 2 — 253ng/ul; TG 1 — 347ng/ul; TG 2 — 244ng/ul. This RNA was used to
assemble cDNA using Quantiscript Reverse Transcriptase and the following Nanodrop values
of cDNA were recorded: WT 1 — 2.87ug/ul; WT 2 — 3.05ug/ul; TG 1 — 2.99ug/ul; TG 2 —
2.76ug/ul. Using this cDNA, the gRT-PCT was carried out using a StepOnePlus RT-PCR system

with components and cycling conditions that are stated on Table 5.5.
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Table 5.5: Components and cycling conditions used in the gRT-PCR. Shown are the components used
in the gRT-PCR, the concentration, and the quantity of each component that was added. The
temperature and time of each step and the number of cycles used in the denaturation, annealing

and extension step are also shown.

qRT-PCR Components

Concentration Quantity (ul)
SYBR Green - 10
FWD Primer 10uM 1
REV Primer 10uM 1
Nuclease Free H20 - 7
cDNA 2-4ng 1
Cycling Conditions
Temperature Time
Initial Denaturation 95°C 30s -
Denaturation 95°C 15s 40 Cycles
Annealing/Extension 58°C 15s

Primers were first tested by carrying out a PCR on the Rescue plasmid as a positive control.
After confirmation that they were working correctly, the gRT-PCR was then performed with
cDNA from WT and TG females (Figure 5.4, Figure 5.5, and Figure 5.6). The results from this
showed that the endogenous Rp genes were expressing in both the WT and TG lines.
Expression of the majority of the TG and WT cDNA samples were detected between 4-8
cycles above the background negative control when amplified with the endogenous RpS26
primers, and between 2-5 cycles above the background negative control when amplified with
the endogenous RpS19a primers. This was as expected, as both lines contain endogenous Rp
genes and thus this also acts as a positive control. When amplified with the recoded RpS19a
primers, expression of all TG and WT DNA samples was similar to the background negative
control, suggesting that Rescue gene expression is at least 23 fold lower than the expression
of the endogenous genes. This result was expected for the WT lines (no Rescue genes =
negative control). However, the absence of expression of the Rescue genes in the TG cDNA

meant that the Rescue gene was either not expressing at all, or expressing at very low levels,



rejecting of the toxic overexpression hypothesis and also explaining why fluorescence could

not be seen in females carrying the Rescue gene.

Primers amplifying
endogenous RpSI19qg and
Rp526

Primers amplifying the
recoded coding region of
Rp519a

cDNA from Wildtype D.
melanogaster

Positive far detectable
expression

Mo detectable
expression

cDMA from transgenic
lines of 0. melanogaster
carrying the rescue gene

Positive far detectable
expression

Mo detectable
exXpression

Figure 5.4: Summary results from the qRT-PCR showing the patterns of Rp expression detectable from
WT D. melanogaster and transgenic D. melanogaster females containing the Rescue plasmid. Primers
were designed within and to amplify the CDS of endogenous RpS19a and RpS26 genes and the CDS

of the recoded RpS19a gene
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Figure 5.5: Quantitative Real Time PCR (qRT-PCR) amplification plots carried out on TG1 (red), TG2
(yellow), WT1 (light green), WT2 (dark green) cDNA, and a negative control (blue) containing no
cDNA. The three graphs show the three different sets of primers used to amplify a different target
gene. These primers were designed to amplify (A) Endogenous RpS26 (B) Endogenous RpS19a (C)
Transgenic RpS19a. WT and TG cDNA is strongly amplified with the endogenous RpS26 and RpS19a
(though amplification of TG1 is low when amplified with endogenous RpS19a primers) compared to
the negative control (A + B). The recoded RpS19a primers did not seemingly amplify any of the WT
or TG cDNA samples, presenting an amplification profile similar to the negative controls (C)

indicating either no expression or very low expression of the Rescue gene.
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Figure 5.6: Quantitative Real Time PCR (qRT-PCR) melt curve plots carried out on TG1 (red), TG2
(yellow), WT1 (light green), WT2 (dark green) cDNA, and a negative control (blue) containing no
cDNA. The three graphs show the three different sets of primers used to amplify a different target
gene. These primers were designed to amplify (A) Endogenous RpS26 (B) Endogenous RpS19a (C)
Transgenic RpS19a. These melt curves again show strong amplification of all DNA samples from
primers designed around the endogenous RpS26 and RpS19a genes compared to the negative
control (A + B). The recoded RpS19a primers did not seemingly amplify any of the WT or TG cDNA

samples, presenting an amplification profile similar to the negative controls (C) indicating either no
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5.4 Discussion

Here | designed and attempted to develop components for a killer-rescue underdominance
system as a test case in D. melanogaster. | successfully produced the recoded Rescue
transgene and introduced it in two sets of microinjection experiments. However, the results
of the in depth investigation | performed on round two of the microinjected individuals and
their descendants showed that only a very low % of males ever carried the Rescue transgene.
The fluorophore of the transgenic construct was also difficult to visualise in flies of either sex

in both rounds of injection, indicating an issue with expression of the transgene.

| initially hypothesised that the transgene was toxic to males, rendering male carriers of the
Rescue genes inviable. This hypothesis is supported by studies that show that
haploinsufficient genes are sensitive to overexpression, and that a single extra copy can
cause growth defects (Morrill & Amon, 2019). My transgenic lines have three extra Rp copies,
therefore it is likely that this could result in a toxic effect. However, it was unclear why this

overexpression would only affect males. Several reasons for this can be proposed:

e Males may be unable to regulate expression and so even a tiny amount of
overexpression of Rp genes renders them inviable, whereas females may have the
ability to silence overexpression. This could explain why the transgene was present
in females, as shown in PCR screening, but did not exhibit any dsRED expression
under the fluorescent microscope.

e Endogenous Rp expression might be naturally lower in females — hence they may be

able to tolerate elevated expression from the transgene whereas males cannot.

Alternatively, males could have been inviable due to the Rescue gene randomly inserting into

essential genes on the X chromosome for each line, causing hemizygous lethality in males.
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To test the potential reasons for the lack of transgenic males, | conducted three sets of tests:
to observe sex ratio of lines from transgenic parents, to rescue viability by crossing the
Rescue lines to Rp KO lines, and to quantify expression of the Rescue genes using qRT-PCR.
These tests suggested that the rarity of males was unlikely to be due to male inviability. This
then raised the question of why | did not observe males positive for the transgene in my PCR
screening. It is possible that the males in my PCR screening tests were carrying the transgene
but were manifesting as false negatives. However, each PCR was run with a positive control
(the Rescue plasmid diluted in H,0) and positive females were common in all screens. This
would suggest that any false negatives would have to be male specific, which is highly

unlikely.

Expression levels from the gRT-PCR also suggested that the Rescue genes were not being
expressed in the transgenic lines, explaining why dsRED could be detected in any of the
insertion lines. One explanation for this is that the Rescue genes may have been randomly
inserted into transcriptionally repressed areas of chromatin. Alternatively, it is possible, if
unlikely, that mutations could have appeared in the Rescue transgene, rendering it non-
functional. A mutation may also have been present in the original recoded Rescue construct,

though this again seems unlikely.

It is unclear that a gene that shows no detectable expression should have shown such a
strong sex-specific effect. It is possible that Rescue gene expression was present but so low
as to be undetectable. The sensitivity of haploinsufficient genes to overexpression may mean
that even very low expression could produce these unusual effects, which would indicate
that these three target Rp genes (RpS19a, RpS21, and RpS26) may not have been suitable for

this type of insect control system.

Therefore, building the construct again from the ground up, using just a single Rp-Killer gene

that could be rescued using a single Rescue gene would be a prudent first step. After
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confirmation that this single gene system works, a second and third Rp-Killer and Rescue
gene could then be added one at a time, and swapped out if shown not to work, for an

effective three gene system.

Additionally, it would be beneficial to resolve the sequencing data in order to fully
characterise the insertion of the Rescue gene. Knowing where the Rescue gene is within the

genome may offer an explanation as to why males are not inheriting the gene.

My results show that the underdominant killer-rescue system developed here does not work
in D. melanogaster in its current form. Despite this, the underdominant killer-rescue strategy
holds many advantages as a method of insect control due to its persistence in a population
and ability to be self-limiting. Future work, through simplifying the Rescue gene or targeting
different haploinsufficient genes, should be carried out to establish a working example in D.

melanogaster.

5.5 Conclusion

Here | attempted to develop an underdominant killer-rescue underdominant strategy in D.
melanogaster. | was able to transform D. melanogaster with the Rescue gene, however |
could not make a homozygous derivative stock for crossing because males carrying the
Rescue transgene were hardly ever obtained. gRT-PCR analysis also showed that the
transgene was not expressed in females that carried the Rescue transgene. This may suggest
that the transgenic construct in its current form is not suitable for developing this
underdominant killer-rescue system though the strategy itself still holds promise and

alternative approaches could be taken to develop a working example in D. melanogaster.
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Chapter 6

Simulating the Release of an
Underdominant Killer-Rescue Strategy

for Insect Control
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6.1 Abstract

Artificially-induced genetic underdominance can be used as a method of insect control. The
strategy described here and in Chapter 5 is to introduce the deleterious Minute genotype,
and cargo genes attached to the Rescue gene, into an insect population (resulting in high
fitness costs and population reduction of the target vector population and spread of desired
traits expressed by the cargo gene). However, rather than a one-shot strategy, the design of
the underdominant killer-rescue strategy allows the costly Minute phenotype and cargo
genes to spread and to be maintained within the population for multiple generations before
eventually driving itself extinct. Here | aimed to quantify fitness costs of Minute expression
and use these data as parameters in a model to simulate the release of genetic constructs
that deliver this control strategy in the wild. | first experimentally measured the fitness costs
of knocking out expression of two Minute expression loci, RpS21 and RpS26. Development
time was significantly slower, and viability significantly lower than for the wildtype (WT). The
actual fitness costs arising from developmental delay were then quantified experimentally,
by allowing a population to establish, before introducing into it recently emerged genetically
marked individuals at defined time points and measuring their competitive fitness. The
results showed that a 24h developmental delay reduced offspring production by two thirds
to only 33%. After 48h this dropped to 5%. True fitness costs may be even higher given other
known fitness costs of Minute expression such as reduced fertility. Using my experimentally-
determined fitness estimates, along with a range of fitness costs for the Rescue allele, | then
used simulation modelling to predict the spread and persistence of underdominant control
constructs in a 1:1 release over multiple generations. This showed that, even if each copy of
the Rescue allele reduced fitness by 25%, the underdominant killer-rescue control system
could spread and remain in the population for around 10 generations. If each copy of the
Rescue allele reduced fitness by 10%, the underdominant killer-rescue system could spread
for up to 20 generations before declining sharply and being lost. Hence the requirement for
repeated releases of insects when using this strategy could be significantly reduced in
comparison to existing technologies such as Sterile Insect Technique (SIT) and Release of
Insects carrying a Dominant Lethal (RIDL). However, if Rescue fitness reduction was as low as
5% per allele, the model showed a higher risk of the Rescue allele reaching fixation, hence
removing its self-limiting properties. Overall, the simulations show that underdominance
systems based on Minute expression have promise as effective and long-lasting methods of

insect control.
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6.2 Introduction

My previous research attempted to develop and build a test case of underdominant killer-
rescue insect control in D. melanogaster, based on Minute expression (Chapter 5). Caused
by a disruption in several key Ribosomal protein (Rp) genes, the deleterious Minute
phenotype is characterised by low fertility and delayed embryonic development. The fitness
costs of reduced fertility are relatively easy to quantify. However, testing the actual fitness
costs of developmental delay is harder and there are some conflicting data. Some studies
have shown that developmental delays induced by temperature effects can reduce the
absolute number of emerging offspring but may not affect their competitive performance
(Fick & MacQuarrie, 2018). Other research shows a competitive disadvantage to
developmental delay because slow developing individuals contain less fat body (Olcott et al.,

2010). Developmental delay is predicted to reduce fitness in several ways:

(i) Larvae carrying the Minute phenotype will emerge into a feeding environment
after others, risking nutrient limitation, as resident larvae may have already stripped

the substrate of high quality nutrients.

(ii) Slower development when resources are limited may hinder the potential for an
individual to sexually mature and mate, thereby severely slowing the spread of their

genes through the population.

(iii) Reduced potential for adaptation due to fewer generations per unit time, which

could result in a reduction of fitness in a rapidly changing environment.

A primary advantage of the underdominant killer-rescue strategy is the potential for reduced
monetary and labour costs. Techniques such as Sterile Insect Technique (SIT) and Release of
Insects carrying a Dominant Lethal (RIDL) have been effective and widely used to great effect

(Bellini et al., 2013; Lacroix et al., 2012; Harris et al., 2011; Bellini et al., 2007). However, the
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effectiveness of SIT can be negatively impacted by the costs of irradiating males every
generation, which is laborious, expensive and causes potential somatic damage that puts
males at a competitive disadvantage (Alphey et al., 2013). An ability to drive through a self-
limiting gene that sustains itself within the population for the long term over multiple
generations is also attractive as it could reduce the amount of insect rearing and releases
needed to achieve effective pest control. The underdominant killer-rescue strategy has these
advantages. It is composed of two genetic components that allow it to be sustained within a
population for multiple generations at low fitness cost to the released individuals. The first
component is the fitness-reducing mutation(s), in this case knockouts (KO) of three
endogenous Rp genes — RpS19a, RpS21 and RpS26. Heterozygous loss of function of these
haploinsufficient Rp genes results in the expression of the Minute phenotype, whereas
homozygous loss of function results in inviability. Secondly, it contains a Rescue gene that
encodes functional versions of the Rp genes, on a separate chromosome. This Rescue gene
nullifies the deleterious effects of the Minute mutations. Because the Rescue construct is on
a separate chromosome to the endogenous KO Rp (Rp-Killer) genes, both components
segregate independently and hence some offspring will inherit just the Rp-Killer genes
without the Rescue gene and suffer the fitness costs associated with the expression of the
Minute phenotype. However, a proportion of offspring will inherit the Rp-Killer genes along
with the Rescue, allowing them to survive, mate, and pass on the detrimental Rp-Killer genes.
Cargo genes can also be attached to Rescue genes that produce a desired trait, such as a
gene that makes carriers refractory to disease and thereby preventing transmission to
humans (Gould et al., 2008). As the cargo genes are attached to the Rescue genes, these
desired traits will also spread. The presence of the Rescue gene therefore allows the
underdominant killer-rescue system to propagate through a population for several
generations, significantly reducing the labour and costs incurred by other insect control

strategies
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The spread of the system throughout a population is self-limiting. The Rescue allele itself has
a slight fitness cost to carrying it due to the genetic load of carrying genetic constructs, which
will eventually result in the Rescue allele being lost from the population. This is a designed
safety feature to prevent the artificial construct from becoming a full gene drive system and
from reaching fixation in a population. This reduces the risks of any unexpected health or

ecological effects.

| constructed a test case underdominant killer-rescue system in D. melanogaster (Chapter 5).
However, in this | was not able to establish homozygous stocks of D. melanogaster lines
containing the Rescue gene and thus was not able to collect experimental data on its
effectiveness in a controlled laboratory setting. Here | adopted an alternative and
complementary approach, to use theoretical simulations to model a release of an
underdominant killer-rescue system, parameterised by laboratory fitness data, to assess its
effectiveness in wild populations. To provide accurate parameters of a key and hard to
estimate fitness effect of Minute expression, | first experimentally measured the actual
fitness costs of developmental delay (rather than just estimating the presence of the delay
itself). | then used the fitness cost data | obtained as a parameter to theoretically simulate
the release of the underdominant system in a wild release scenario. This was to test for how
long the underdominant system would be sustained within a wild population. | simulated the
release over a range of different fitness costs associated with the possession of the Rescue
allele. Finally, | then compared my experimentally parameterised model with a fully

theoretical one constructed for similar underdominant systems (Edgington & Alphey, 2018).

In an initial experiment | tested the developmental delay caused by the expression of the
Minute phenotype resulting from the knockout of RpS21 or RpS26. Quantification of the
fitness costs associated with delayed embryonic development came from a series of

experiments in which | set up replicate populations containing wildtypes (WT) into which |
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introduced later-emerging, genetically-marked Stubble individuals over Oh to 48h. | then
tested the fitness of WT and introduced individuals over the subsequent 24h. Release of the
underdominant killer-rescue system was modelled using a modified version of the simulation
model of Godwin et al. (2018). This model allowed me to input the fitness values attained
from the developmental delay experiment and test for the frequency and persistence of Rp-

Killer and Rescue alleles under biologically realistic simulation parameters.

6.3 Methods
Quantifying Developmental Delay

Mutant D. melanogaster expressing Minute from knockouts of RpS26 or RpS21 were sourced
from Bloomington Stock Center (Stock No. 12048, Genotype: P{PZ}RpS26%°4°°3/CyO;ry>°®) and
Kyoto Stock Center (Stock No. 103045, Genotype: y'w®<3:P{lacW}RpS216814/Cy0O)
respectively. Wildtype Dahomey D. melanogaster were used as a control. All experiments
and culturing was conducted in a 25°C constant temperature (CT) room with 12h:12h

light:darkness and 60% relative humidity.

Eggs were collected by placing a purple agar plate (550ml H,0, 25g agar, 300ml red grape
juice, 21ml 10% w/v Nipagin solution per batch of medium) supplemented with live yeast
paste into a mating cage containing either WT Dahomey, RpS21 or RpS26 D. melanogaster
for 3h. Plates were removed and incubated for 24h to allow eggs to hatch. The resulting
larvae were picked, 50 larvae per 7ml SYA (Sugar Yeast Agar: 30 ml 10% w/v Nipagin solution,
3ml propionic acid, 15g agar, 50g sugar and 100g brewer’s yeast per litre of medium) vial, to

give a total of 10 WT, 7 RpS26 and 4 RpS21 vials.

To measure developmental timings, from the 5% day, third instar larvae were spot-checked
every day at 9:00, 13:00 and 17:00. Upon pupation, pupae were marked with a permanent

marker and the time and day they pupated was recorded. Following this, pupae were
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observed for the time taken to eclose. Upon eclosion, adults were sexed and discarded with

the eclosion time and date being recorded.

Experimental Simulation of the Fitness Effects of Developmental Delay

D. melanogaster eggs were collected on petri dishes containing purple grape juice agar
supplemented with live yeast paste over 3h. Dishes were placed into a mating cage
containing either WT or Sb D. melanogaster and resulting larvae were picked and placed 100
per SYA vial and incubated until eclosion. Virgins were collected upon eclosion, separated by

sex, and stored 10 per vial.

Flies were maintained in these conditions for 4-6 days, to allow them to reach sexual
maturity. Two mating cage treatments (denoted 24h and 48h) were then set up, each
containing three SYA vials and 50 male and 50 female WT D. melanogaster. In the 24h
treatment, WT flies were left to mate and oviposit for 24h before 50 male and 50 female Sb
flies were introduced. Likewise, in the 48h treatment, 50 male and 50 female Sb flies were
added 48h after the introduction of WT flies. Flies were left in each mating cage for 24h to
allow for oviposition after the introduction of the Sb flies before being discarded. Food vials
removed from both cages were placed in the 25°C CT room until the eggs hatched and
eclosed into adults. Adults were segregated into sex and scored for expressing the WT or Sb
phenotype. As Stubble is homozygous lethal, some offspring sired by the Sb adults do not
show the Sb phenotype. To account for this, the total counted Sb offspring was multiplied by
1.75 and the difference between calculated and observed Sb offspring was subtracted from
the WT total to estimate genotype frequencies and the relative abundance of resident versus
introduced competitor. This allowed me to calculate the fitness costs of delayed entry into

the mating pool due to developmental delay.

Modelling: This stochastic model was modified from the one used in Godwin et al. (2018)

and simulated a 1:1 release of the underdominant killer-rescue system into wild populations.
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The fitness of each potential genotype in the simulation was defined by the combination of
WT, Rescue and Rp-Killer alleles they contain (Table 6.1). 50 female WT Drosophila and 50
male Drosophila carrying the killer-rescue system made up the initial starting population. The
males and females were denoted as having two alleles per locus. Each allele of the first locus
was either “A” or “a” corresponding to the presence of a functional Rp+ gene (“A”) or a loss
of function, mutant Rp-Killer gene (“a”). Each allele of the second locus could be either “B”
or “b”, corresponding to whether they did not (“B”) or did (“b”) carry the Rescue allele. Each
male and each female were paired randomly and 50 offspring per pair were generated with
each allele from the male randomly paired up with a corresponding allele from the female.
70% (Mossman et al., 2019) of the offspring survived with the probability of survival being
dependent on the allocated fitness value of each genotype. The surviving offspring
themselves then randomly paired up, producing 50 offspring per pair with a 70% survival
rate and this cycle continued for 200 generations with 20 repetitions. The genotypes from all
survivors per generation were recorded and the frequency of the Rescue and Rp-Killer alleles
in the population at each generation calculated. All modelling was carried out using R v3.2.2.

(R Core Team, 2012)

Table 6.1: The relative fitness values of the alleles and genotypes in the model. Shown are the
relative fitness costs of carrying each allele, the fitness categories of each genotype, the genotypes
that are to be produced in each generation and the relative fitness of each genotype based on the
allele fitness. The simulation was run with a range of five fitness costs for carrying the Rescue allele,

as shown below.

Allele Fitness Reduction of Fitness Genotvbes Fitness Reduction of
Carrying the Allele Category P the Genotypes

A B 0% Wildtype AABB 0%
Heterozygous AAbB, AabB, aAbB, Range of Values: 5%,
b Range of Values: 5%, Rescue AABb, AaBb, aABb 10%, 15%, 20%, 25%
10%, 15%, 20%, 25% Homozygous AAbb, Aabb, aAbb, Range of Values: 10%,
Rescue aabb 20%, 30%, 40%, 50%

o . aaBB, aaBb, aabB, o

a 95% Minute aABB, AaBB 95%
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6.4 Results
Developmental Delay in Minute Mutants

Pupation: Wildtype D. melanogaster pupated significantly quicker and had a higher viability
compared to both lines containing Rp knockouts. This is consistent with what is known about
Minute individuals, whose lack of Rp expression results in insufficient protein production for
early development leading to developmental delay and high mortality. Both Rp mutant lines
pupated at a similar speed but RpS21 KO lines had higher viability than RpS26 KO lines (Figure

6.1).

Eclosion: Similar to the pupation rate, WT D. melanogaster eclosed significantly faster and
with a higher viability than was found for either of the two Rp knockout lines. Again, RpS21
KO lines showed higher viability than RpS26 KO lines, but both lines eclosed at a similar rate

(Figure 6.1).
Experimentally Simulated Developmental Delay in D. melanogaster

24h delay: When Sb individuals arrived 24h later to the mating arena, their offspring made
up only 33.74% of the overall offspring population. Hence approximately twice as many WT

offspring than Sb were produced following a 24h introduction delay (Table 6.2, Figure 6.2).

48h delay: There was a dramatic change in offspring proportions in the 48h delay treatment.
Under these conditions, Sb offspring made up just 5.11% of the total offspring (Table 6.2,

Figure 6.2).
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Figure 6.1: Cumulative line graphs showing the rate and percentage of individuals that
pupated (A) and eclosed (B) from WT (Black), RpS21 knockout (Red) and RpS26 knockout
(blue) D. melanogaster lines. Pupation and eclosion was measured at set intervals three

times a day until all eclosion had ceased.
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Figure 6.2: Line graph showing the cumulative number of eclosed adults expressing the Sb
(Red) and the WT (Blue) phenotype when Sb D. melanogaster were placed into the population
cage 24h (A) and 48h (B) after WT D. melanogaster. Eclosed offspring were counted every day

for 10 days.
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Table 6.2: The results of the 24h developmental delay experiment. Progeny production over
10 days since the introduction of Sb flies is shown. WT refers to offspring sired from WT
parents, Sb refers to offspring sired from Stubble parents and the vial refers to the vial from
which each offspring was counted. Three vials were placed into each mating cage for the
adults to lay eggs into. The percentage at the bottom of each table shows the overall

percentage of offspring that were from WT and Sb parents.

24h Delay
Vial 1 2 3
Day WT Sb WT Sb WT Sb
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 6 0 5 0 8 0
4 57 42 53 40 143 30
5 59 39 64 9 129 124
6 30 5 12 2 68 33
7 1 0 3 0 7 2
8 0 2 0 0 1 2
9 0 0 0 0 0 0
10 0 0 0 0 0 0
% Total: WT -66.26%

Sb -33.74%
48h Delay
Vial 1 2 3
Date WT Sb WT Sh WT Sb
1 0 0 0 0 2 0
2 89 0 62 0 89 0
3 205 0 117 0 48 0
4 144 0 156 0 95 0
5 25 0 30 0 37 18
6 5 0 10 0 26 40
7 4 0 0 0 22 7
8 1 0 0 0 8 0
9 0 0 0 0 0 0
10 1 0 1 0 6 0

% Total: WT -94.81%
Sb —5.19%
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Modelling the Spread of Rescue and Rp-Killer Alleles in a Simulated Release of the

Underdominant Killer-Rescue System

Using 5% of the WT fitness as a baseline fitness for the Rp-Killer allele (taken from the result
of the 48h developmental delay experiment), the spread of the Rescue and Rp-Killer alleles
in a 1:1 controlled release was modelled (Figure 6.3). The Rescue allele will suffer some
unknown fitness cost due to position effects from the insertion of a genetically engineered
construct or from an artificially inserted fitness cost, and thus the simulation modelled a
range of potential Rescue allele costs: 5%, 10%, 15%, 20% and 25% per allele. Fitness costs
of the alleles in this model were additive and therefore these costs were doubled in
homozygous individuals. When each Rescue allele had a fitness reduction of 25%, the Rp-
Killer allele was lost from the population at around 10 generations, with the Rescue allele
being lost a few generations later. The underdominant killer-rescue system persisted for
longer at a Rescue allele fitness reduction of 15% and 20%, with the Rp-Killer allele being lost
at around 20 generations. When the Rescue fitness reduction was 10%, Rp-Killer persisted
for approximately 30 generations. Interestingly, when the cost of Rescue was only 5%, the
Rp-Killer alleles remained in the population for between 20-40 generations on average but
the Rescue allele could become fixed within the population which occurred in 1/20 runs of

the simulation. Upon Rescue fixation, Rp-Killer could remain in the population indefinitely.

At each fitness cost, the Rescue allele initially rose in frequency in each simulation. This is
because the Rescue allele masks the effects of Minute while the Rp-Killer allele is common in
the gene pool. As the Rp-Killer allele becomes rarer, the Rescue allele stops being
advantageous to carry and the fitness cost associated with the Rescue allele causes it to fall

out of the gene pool some generations after the Rp-Killer allele.
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Figure 6.3: Simulation of the spread of the Rp-Killer (A) and the Rescue (B) allele in a controlled 1:1
killer-rescue:WT release (i.e. 50 killer-rescue males and 50 wildtype females). The Minute genotypes
confer a fitness reduction of 95% compared to WT fitness. The Rescue allele has been altered in each
simulation to confer a relative fitness reduction of 25% (purple), 20% (blue), 15% (green), 10%
(orange) per copy. Each line in the graph is a mean of 20 runs of the simulation. Simulation of the
spread of the Rp-Killer (C) and the Rescue (D) allele in a controlled 1:1 killer-rescue:WT release (i.e.
50 killer-rescue males and 50 wildtype females. The Minute genotypes confer a fitness reduction of
95% compared to WT fitness. The Rescue allele confers a fitness reduction of 5% (black) per copy. All

20 runs of the simulation are displayed.
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6.5 Discussion

The results here suggest that the underdominant killer-rescue system holds promise for use
as a method of insect control. | found high fitness costs associated with one aspect of the
Minute phenotype, showing that inducible Minute is an effective method of reducing wild
insect populations. Using Minute costs as parameters in a simulation demonstrated that the
underdominant killer-rescue system can remain in a population for up to 30 generations and
be at a high enough frequency to be effective for 20 generations while still remaining self-
limiting. Even at a high cost of carrying the Rescue allele, the Rp-Killer genes can remain in
the population for up to 10 generations, a marked increase on other currently-used insect
control methods such as classical SIT. This model has also shown that in small populations
with limited migration, the Rescue allele can reach fixation. Therefore the Rescue allele
requires some sort of engineered fitness cost to avoid possible fixation if the Rescue allele is

not sufficiently costly to carry.

Determination of Developmental Delay of Minute Expression

The initial experiment to determine the length of developmental delay in Rp KO lines
showed that a knockout of the target Rp genes RpS21 and RpS26 produced a mean
developmental delay of 40h and 22h respectively. This is likely to be a conservative estimate
of the delay of Minute mutants as the Rp KO lines tested have only a single gene knocked
out, whereas the finished killer-rescue construct will have three Rp gene knockouts. As each
functional Rp gene is important for protein production it is possible that there could be a
stacking effect, and that individuals with knockouts of three Rp genes would suffer stronger
effects of Minute in comparison to those with just a single one. In addition, the
developmental delay experiments do not take into account reduced fertility and viability of

Minute individuals, which are likely to magnify fitness costs even further.
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The results suggest that developmental delay can incur multiple costs to the individual.
Firstly, a delayed individual has to spend longer in substrate as a larva in competition with
others. By the time this larva hatches, the substrate is less than optimal as earlier larvae are
present and may have depleted or spoiled the food source. The introduced competitor larvae
may then have to spend longer in this suboptimal substrate because of the developmental
delay. The resources may not be adequate to sustain development, especially as the
competitor larvae near pupation. Secondly, there is a decreased potential for delayed
populations to expand compared to WT populations. Delayed individuals grow and
reproduce slower than their WT peers resulting in fewer generations per unit time period
compared to a WT population. Additionally, fewer offspring increases the risk of Minute
extinction through intraspecific competition as Minute individuals may be competing with a

proportionally higher number of WT individuals.

Quantifying the Fitness Costs of Developmental Delay

Individuals placed into a population cage with a 24h delay were 33% as fit as WT flies and
those introduced with a 48h delay were only 5% as fit as WT populations in terms of offspring
production. This represents a substantial fitness cost for developmental delay and
demonstrates that the majority of delayed larvae are inviable due to hatching into low

quality food, or that delayed adults struggle to lay eggs in food already saturated with larvae.

Sb flies were placed into the mating cages as adults, which may have suppressed the full
fitness cost of developmental delay. Had the parental flies been placed into the treatment
as larvae, developmental delay costs would be twofold across both generations. Parental
flies may have suffered fitness costs because of malnutrition due to being placed late into
the substrate as larvae. This malnutrition may have made them eclose even later than the
48h that was designated for this test. Thus, their offspring may have been laid even later into

worse quality food and been even less viable than what was seen here.
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Additionally, the 48h developmental delay experiment resulted in the Sb population being
only ~5% as fit as their WT counterparts in terms of offspring production due to simulations
of delay from a single Rp gene knockout. The effect of three Rp knockouts combined with
the other fitness costs associated with Minute i.e. low fertility and viability is likely to even
further reduce fitness of Minute individuals with this construct. Therefore, the fitness costs
presented by the data are likely to be extremely conservative, with actual Minute individuals
being even less fit than their WT counterpoints than is shown here. This indicates that the
use of Minute as an inducible method of insect control holds promise to reduce populations

of target insect vectors.

Efficacy of the Underdominant Killer-Rescue System and the Spread of Rp-Killer and Rescue

Genes

The simulations showed that the underdominance strategy could persist in the population
for multiple generations, while simultaneously being self-limiting due to fitness costs
associated with the Rescue allele. Even when the Rescue allele has a high cost to carrying it
(25% fitness reduction per copy), the Rp-Killer allele will remain in the population for almost
10 generations (Figure 5.3). When the Rescue allele costs are relatively small (10% per copy),
the Rp-Killer alleles remain in the population for almost 30 generations, though the Rp-Killer
alleles sharply reduce in frequency at around generation 20 with the Rescue alleles reducing
shortly after, whereby only a small proportion of the offspring will carry lethal combinations.
As the Rescue gene declines in frequency, any attached cargo genes would also sharply
decline. Therefore, a release every 20 generations would be advantageous for effective
population reduction and for spreading the cargo gene through the target population over a
sustained period of time. A release of 20 generations is a marked increase on traditional pest
control methods and would mean that releases would have to be conducted less than twice

a year for insects such as Drosophila that go from egg to adult in 10 days, or up to once every
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two years with tropical mosquito species that exhibit a four week generation time (Sowilem

et al., 2013) rather than every generation as is currently the case with classical SIT methods.

The severity of the Rescue allele fitness cost will depend on two factors:

(i) piggyBac was used here to insert the transgene randomly into the genome.
Expression levels of the Rescue transgene will be dependent on where it
inserts within the genome due to position effects (Namciu et al., 1998).
Random insertions may also end up disrupting important genes which can
lower fitness.

(ii) Haploinsufficient genes are likely to be unusually sensitive to changes in
expression level (Morrill & Amon, 2019). There are potential side effects of
Rp gene overexpression from the addition of Rescue Rp genes on top of

endogenous Rp genes in individuals that do not carry any Rp-Killer alleles.

A fitness reduction of 25% per Rescue allele copy is likely to be a very high estimate and
realistically the fitness cost of carrying the Rescue allele is expected to be substantially lower.
However, even at this high fitness reduction of 25% per Rescue allele copy, this model shows

that the Rp-Killer gene will remain within the population for between 5-10 generations.

However, even when exerting a high fitness cost, the Rp-Killer genes persist because of the
masking effects of the Rescue allele, which is advantageous to carry while the Rp-Killer genes
are still in the gene pool. This was observable, as the Rescue allele initially increased in
frequency when the chance of inheriting the Rp-Killer genes was frequent in the population.
The Rescue allele itself incurs a cost to carrying it through either genetic load or an artificially
engineered cost. Therefore, when the Rp-Killer genes are removed from the gene pool, the
Rescue allele is no longer beneficial and quickly declines in frequency. This again is seen in
the model. In almost all simulations, after the Rp-Killer genes decline in frequency and are

removed from the population, there is a directly observable effect of the Rescue allele
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declining and being lost from the population several generations after the Rp-Killer allele,

demonstrating the ability of this system to be self-limiting.

When the Rescue allele has a fitness reduction of just 5% per copy, | found that the Rescue
alleles could reach fixation. Fixation is undesirable for this underdominance strategy due to
potential ecological and off-target effects, or by unintentionally altering the genome of the
target vector species in a way that can allow it to carry and transmit other diseases (Harvey-
Samuel et al., 2017; James, 2005). Therefore, while this model has been useful in showing
the results of Rescue allele spread of a range of Rescue costs, it is vital that the fitness cost
of carrying the Rescue allele is quantified. This model did not parameterise migration which
will affect the rate of fixation. Fixation is less likely in larger populations with high amounts
of migration. However, in smaller populations with limited migration, fixation may become
an issue as is shown here. An accurate idea of cost of carrying the Rescue construct at this
stage would allow fine-tuning to the design of the system to produce an underdominant

III

insect strain with an “optimal” Rescue fitness cost for use in smaller enclosed target
populations. A fitness reduction of around 10% per copy of the Rescue allele would be ideal

as this would maximize the spread of Rp-Killer and cargo genes in wild releases while

retaining the strategy’s ability to be self-limiting.

This work follows on with theoretical modelling work on underdominant killer-rescue control
systems by Edgington & Alphey (2018). In this study, simulations were run on underdominant
killer-rescue systems with the result that the Rescue and Rp-Killer alleles spread through a
population in a similar manner to the results | showed here, with an initial rise in Rescue
frequency while the frequency of the Rp-Killer allele is high in the population. The Rescue
frequency then declines in frequency as the Rp-Killer allele is removed from the gene pool.
My simulations confirm this form of allele spread in a model parameterised by experimental

data, displaying the spread of Rp-Killer and Rescue alleles with various different Rescue allele
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costs. A key point highlighted by my model is that optimal engineered fitness costs for the
Rescue allele are necessary to maximise the efficacy of this system while allowing it to be

self-limiting.

Extensions to the Simulation Model

My simulation model was not built to estimate the difference in insect numbers between a
WT population and a population into which males carrying the underdominant construct
have been released. As such, this model is useful for demonstrating the potential spread and
self-limitation of the underdominant killer-rescue system. However, it cannot be used for
quantifying the effect the underdominant killer-rescue system will have in reducing
population size compared to natural WT populations. Future modelling work could take the
Minute fitness parameters from this study and develop a simulation regarding population
size and fluctuations over time to accurately show how effective a release of the
underdominant system would be compared to a WT population for reducing population

numbers over time.

This model also has some limitations that are omitted for simplicities sake that further

modelling may wish to incorporate.

(i) It takes a simplistic view of the ability of the Rescue genes to rescue the
Minute phenotype. This model assumes complete rescue of the Minute
allele so that inheriting the Rescue allele is sufficient for inducing a blanket
“Rescue fitness.” In reality, this fitness may vary depending on how many
copies of the Rp-Killer genes are inherited along with the Rescue gene so that
an individual who inherits the Rescue gene along with Rp-Killer genes may
produce a lower fitness than an individual who just inherits the Rescue gene.

(ii) This model produces a good baseline result for demonstrating the

theoretical spread of the killer-rescue system in an enclosed 1:1 release of
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killer-rescue males with WT females. However, in large scale field releases,
the complexities of migration will affect allele frequencies and strongly
affect the chances of the Rescue gene reaching fixation, as migration in a
large scale release will likely prevent permanent fixation in a target

population.

Future Work

Future work could model resistance for multiple releases over a long period. Many proposed
and currently used insect control methods that are self-sustaining in a population are
susceptible to resistance quickly evolving in the population that they are targeting (Lees et
al., 2015; Bargielowski et al., 2013). This may also be a problem for the underdominance
strategy. If there is a slight cost associated with the insertion of the Rescue construct, it may
be that females become choosier, deciding to mate with only the competitively fittest males,
which may flush the underdominance system out of the population after several generations

or after just a few releases.

| was not currently able to fully build this underdominant construct in my model species of
D. melanogaster (Chapter 5). However, once such an underdominance system has been
successfully built, it could be used to provide further experimental data to realistically
parameterise the model further and examine allele spread over the longer term. For
example, populations of WT D. melanogaster could be set up in laboratory cages into which
populations of underdominant killer-rescue D. melanogaster were introduced at different
ratios to measure the spread of the Rescue and Rp-Killer alleles over multiple generations

and test the effectiveness of the killer-rescue system under a greater range of scenarios.

Advantages of the Underdominant Killer-Rescue System

178



My results suggest that the type of underdominant killer-rescue system tested here would
save time, effort and costs. If the Rescue allele fitness is low but still high enough to be self-
limiting (i.e. 10% fitness reduction per copy) this underdominant killer-rescue system can last
for around 20 generations as shown here and releases would only have to be carried out up
to once every two years for tropical mosquito species. This a major advantage over classical
SIT techniques which requires releases every single generation over a substantial amount of

time (Alphey et al., 2010).

6.6 Conclusion

Here | quantified fitness costs associated with the Minute phenotype and used this
information in a simulation to demonstrate the spread of an underdominant killer-rescue
insect control system. The simulation suggested that the underdominant killer-rescue system
can be successfully sustained within a population of Aedes for potentially up to two years.
By simulating a range of fitness costs of carrying the Rescue gene, | also showed that
engineered fitness costs are a necessary part of the Rescue gene to avoid reaching fixation
in wild populations. Based on these results, | suggest that an underdominant killer-rescue
system might be less laborious and cheaper to produce and maintain in comparison to other

established insect control methods such as SIT.
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Chapter 7

Conclusions
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7.1 Introduction

In this thesis | investigated novel methods of insect control in the model organism Drosophila
melanogaster to investigate the potential to ultimately apply these to the disease vector
Aedes aegypti. The need for control methods of vectors such as Ae. aegypti is pressing, as
3.9 billion people globally are at risk of contracting vector-borne diseases such as Zika and
dengue for which there is currently no widely available vaccine or cure (Kumar et al., 2019).
Habitat expansion driven by climate change is heightening this emergency and it is predicted
that by 2050, Ae. aegypti will have reached large parts of Europe, the Middle East, Japan, the
USA and Canada (Kraemer et al., 2019). Control methods such as the Sterile Insect Technique
have been used successfully to control vector populations (Bellini et al., 2013; Oliva et al.,
2012). However, to combat the global increase of Ae. aegypti populations and to circumvent
resistance to existing strategies, there is a requirement to develop new, effective and

complementary control methods.

Here | explored the feasibility of two methods of insect control — satyrization and genetic
underdominance. | used D. melanogaster to investigate the how widespread satyrization is
in nature, what the mechanics are that drive satyrization, what methods can be used to easily
identify satyrizing species pairs, and to model and build an underdominant killer-rescue

system of genetic control.

7.2 Main Findings and Implications

With regards to satyrization, | have uncovered several important findings. First | have shown
that satyrization is likely to be more common in nature than previously thought. This is
encouraging as it demonstrates that satyrization is not a rare phenomenon found only in a
few isolated cases, and it suggests that it could potentially be applied to control a number of

insect pest species. Insects are good candidates to experience satyrization due to their short
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generation times and high evolutionary potential. This facilitates the rapid evolution of
seminal fluid proteins and of mate recognition systems, which can influence the probability
and effects of hybrid matings. This is of particular interest for potential control via
satyrization if there is asymmetric divergence in the evolution of recognition systems and

incompatibilities between conspecific and heterospecific mates.

The second main finding was the identification of a possible correlation between the ability
to hybrid mate and the presence of asymmetric post-mating effects due to the receipt of
heterospecific Sfps. This supports the idea that costly hybrid mating may drive resistance in
the form of altered responses to heterospecific seminal fluid proteins and in doing so create
the asymmetries that are characteristic of satyrization. This will be of interest to those
studying reproductive interference as the causes and drivers of reproductive interference
are under much debate (Shuker & Burdfield-Steel, 2017). Future work can investigate if this
correlation holds across a wider number of species from different clades and if there is a

causal link between the ability to hybrid mate and asymmetric post-mating effects.

My third major finding was that resistance to satyrization did not evolve between
populations of D. melanogaster and D. simulans during 12 generations in sympatry, despite
the existence of significant satyrization asymmetry between the two species. This finding is
in contrast to work on Aedes mosquitoes, in which it was found that Ae. aegypti evolved
resistance to hybrid matings after just a few generations in sympatry with Ae. albopictus. The
costs of satyrization may have been larger and therefore selection pressures may be higher
between Ae. aegypti and Ae. albopictus than between D. melanogaster and D. simulans,
contributing to the strong selection of resistance genes that were already present in the Ae.
aegypti genome. This may not have been the case within my Drosophila populations, where
either selection pressures were not strong enough, or satyrization resistant alleles were not

present in my D. simulans stocks for selection to act on them. This result demonstrates that
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long term satyrization efficacy is variable between target species and populations, and each

individual target species should be assessed on a case by case basis.

In terms of policy, these findings will help us to more easily identify target pest species that
may be susceptible to satyrization and provide us a novel method for controlling these pests
and reducing the incidence of disease in areas where they are prevalent. Strategies that aim
to integrate multiple different methods for control will be able to use this effectively in
conjunction with other control methods for a multi-pronged strategy that will maximise

effectiveness while reducing the chance of resistance.

My attempts to build and model an underdominant killer-rescue system suggested that this
is a strategy that shows promise for further development. When building the underdominant
killer-rescue system in D. melanogaster, | found that the Rescue gene was only inherited by
females, and that females who inherited it did not express it effectively. The explanation(s)
for this novel finding are as yet unclear, though an obvious route for subsequent
investigation is to better understand the individual and collective phenotypic effects of the

Rp genes that were targeted (RpS19a, RpS21, and RpS26).

Despite the killer-rescue system being unsuitable in its current form, modelled releases of
the killer-rescue strategy demonstrated proof of principle, in that the spread of the alleles
involved in the underdominant killer-rescue strategy could sustain themselves in a target
population for several generations before eventual self-limitation. Advantages of this system
include being able to drive target cargo genes through populations to achieve population
suppression while drastically reducing the number of releases needed to sustain active
control compared to other traditionally used methods, significantly reducing money and
labour costs. Furthermore, the transgenic genes were demonstrated to eventually fall out of
the gene pool as a failsafe in case of unintended but hazardous ecological and health effects.

My work to quantify the fitness costs associated with the Minute phenotype also showed
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that Minute genes are a good candidate for this underdominant killer-rescue system, as the

haploinsufficient phenotype conferred significant fitness costs.

Overall the underdominance work demonstrated the feasibility of the underdominant killer-
rescue system, while also identifying issues to resolve with the system in its current form,

offering valuable information to modify and improve the Rescue gene.

7.3 Future Research

This research has opened various avenues for moving forward to better characterise and

improve insect control strategies.

For example, with regards to satyrization, the experimental paradigm | used to identify the
link between the ability to hybrid mate and asymmetric post-mating effects indicative of
satyrization offers a potentially powerful route for identifying satyrizing species. However,
much more work is now needed to show if this association is general and indeed exactly how
extensive is satyrization itself. It would be beneficial to test the link between hybrid mating
and asymmetrical post-mating effects in many species within a phylogenetically controlled

comparative analysis.

For the underdominant killer-rescue system, the most obvious next step is to optimise this
strategy to work effectively in D. melanogaster, which will enable further proof of principle
work. There were two unusual outcomes from this project, very few males were found that
carried the Rescue gene, and expression levels of the Rescue genes were extremely low. We
discussed several reasons as to why males were not found to contain the Rescue gene. It is
possible that there is indeed a male killing effect of the Rescue gene that my sex ratio tests
in Chapter 5 were not sufficiently sensitive to detect. It is also possible that some as yet

unidentified mechanism was causing sex specific inheritance. Resolving the sequencing data
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to observe exactly where the Rescue gene is within the genome of each line could offer

potential explanations for these issues.

Nevertheless, these two outcomes are somewhat incompatible, as if the transgene was
transcriptionally silent, why would it produce such a strong sex specific effect? It is also
possible that the specific Rp genes themselves were ideal for this control strategy. Redesigns
of this construct could cut strip down the design into single Rp genes each with a fluorescent
marker gene, cutting out the other two Rp genes and the LoxP and attP sites. If this proved
to work, with detectable expression in both sexes, a second and third Rp gene could then be
added. Testing each Rp gene individually would also uncover if any of the three target Rp

genes are incompatible and would allow us to swap them for alternative candidates.

Minute fitness costs could also be quantified further. My experiments in this thesis
demonstrated high fitness costs associated with developmental delay due to the knockout
of a single Rp gene. However, there may well be a stacking effect of the knockout of multiple
Rp genes which could amplify the fitness costs. Additionally, | only tested the fitness costs of
developmental delay and not the additional effect of the lack of Minute on reduced fertility.
The inclusion of the full spectrum of Minute would almost certainly decrease fitness further
and should also be quantified to give a comprehensive view of the effects of the Minute
phenotype. Following this approach, additional quantifications of the fitness costs of Minutes
were conducted by a project student under my supervision (A. Stephens). He tested the
effects of developmental delay at a greater resolution, simulating developmental delay at
5h, 12h, 24h and 48h with multiple samples for each time period. These experiments showed
that fitness costs arising from developmental delay were potentially sensitive to
environment, resource availability and the density of individuals. Overall, significant fitness
costs due to developmental delay were demonstrated in all experiments. The additional

fitness costs arising from the effects of stacking multiple Minute genes as well as their
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subfertility phenotypes means that the high fitness cost of Minute used as parameters for
modelling the release of an underdominant killer-rescue population was realistic for the

simulations performed.

The model itself demonstrated that the Rp-Killer and Rescue genes could successfully spread
through a population for multiple generations while retaining its ability to be self-limiting. |
simulated a range of Rescue fitness costs for this model in the absence of experimental data
for the fitness costs associated with the Rescue gene. Here | found that a fitness cost of
around 10% per Rescue allele would maximise the spread of the Rescue allele while
preventing the Rescue allele from reaching fixation. Therefore, future work designing the
underdominant killer-rescue construct should attempt to artificially engineer a fitness cost
of around 10% per allele in order to maximise the ability of the system to spread while also

retaining its self-limiting ability.

Models are built to trade-off between simplifying a complex system and adding enough
complexity to be biologically relevant. The model | employed successfully demonstrated the
spread of transgenic alleles from a release of the underdominance killer-rescue system into
a wild population. However, improvements to the model could introduce additional factors
such as migration and variation in population size, to build up a larger dataset for more
accurate predictions of an underdominant killer-rescue release. This model was also not able
to simulate the numbers of individuals in a wildtype (WT) population that have been subject
to a release of an underdominant population. A new model that can simulate this would be
welcome to test how effective the underdominance system would be not just for spreading
the Rp-Killer and Rescue alleles in a population, but also for effectively suppressing pest

populations.

Finally, while the modelling work demonstrated the effectiveness of the underdominant

killer-rescue system, it is necessary to back this up with experimental proof of principle data.

186



Population cages containing just WT D. melanogaster and cages containing a mix of WT D.
melanogaster and killer-rescue mutant D. melanogaster at different ratios would allow us to
see how effectively the alleles spread over time and would produce some important baseline

results for taking into semi-field trials.

7.4 Where does this Work fit into the Broader Field of

Control?

Much research for insect pest control focusses on gene drive strategies (Gantz & Akbari,
2018) for maximum efficacy and low cost. The underdominant killer-rescue system could be
aviable strategy, as it offers population suppression in addition to the spread of desired traits
encoded by cargo genes. However, gene drives are a very new technology that can suffer
from a negative public perception in many areas of the world and are subject to stringent
regulations in many countries. Satyrization alleviates many of the gene drive concerns. For
example, satyrization in its original form requires no genetic modification and therefore does
not require such stringent regulation. While satyrization does not allow for such a targeted
spread of desirable genes and phenotypes through a population like gene drive systems do,
satyrization may become a viable additional contributor for use in integrated insect control

strategies that employ multiple control methods to maximise control.

7.5 Final Conclusions

My work in this thesis has investigated and developed the use of satyrization and genetic
underdominance as a method of insect control. Satyrization has rarely been studied up until
the last few years and has only been identified in a few species. Here | have shown that
satyrization is more widespread that was previously thought, even being present between
multiple species pairs within the D. melanogaster species subgroup which has been a model

organism for various aspects of biology for over 100 years. | have also discovered possible
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metrics for easily identifying satyrization targets in nature. This will be useful for applications

of satyrization in the wild, especially in conjunction with other insect suppression methods.

Additionally, my work here demonstrates that the underdominant killer-rescue strategy is a
promising control strategy, with fitness parameters gained from experimental work showing
that it is a self-limiting strategy that can be sustained in a population for multiple
generations. However, the genetic construct in its current form is not suitable for use in D.

melanogaster and requires further development.

Overall | have presented important groundwork for two insect control strategies, satyrization
and genetic underdominance. This has provided new knowledge in both areas that can be
taken forward to maximise the ability of these strategies to be used as effective methods of

insect control.
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