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Abstract

Malaria is a devastating disease that causes more than 400,000 deaths each year, primarily in underpriv-
ileged regions of sub-Saharan Africa. During the last two decades, mortality caused by the disease has
been reduced by half, largely driven by coordinated vector control based on the use of insecticides and
bed nets. Nevertheless, the declining trend in malaria cases appears to have stalled recently and there is
a growing concern that new interventions will be needed to reach widespread malaria elimination. Gene
drive systems are potentially transformative in this endeavour because they allow rapid, self-sustaining
and species-specific control of the mosquito vector through the limited release of genetically modified
mosquitoes. While proof-of-principle studies have demonstrated the feasibility of the approach, none
of them have managed to fulfil the requirements needed to progress in field or semi-field testing, largely
due to strong fitness costs and genetic resistance to gene drive. This thesis describes the first gene drive
system demonstrated to spread in caged populations of Anopheles gambiae mosquitoes, unimpeded by
resistance or fitness constraints. By targeting an ultra-conserved locus in the gene doublesex, this strategy
is able to thwart target site resistance in caged experiments whilst driving complete population suppres-
sion through the conversion of genetic females to sterile intersex. In this thesis, I demonstrate complete
population elimination of caged populations from single releases of gene drive mosquitoes using a 12.5%
initial allele release frequency, and crucially, I demonstrate its effectiveness in large cage semi-field con-
ditions designed to reveal complex behaviours otherwise absent in small scale testing. The complete sup-
pression of vector populations using a gene system is a landmark achievement and brings the gene drive

technology closer to be implemented in the wild to complement current interventions against malaria.
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Glossary of Terms

Arrhenogeny A branch of monogeny in which females produce only male offspring
Androdioecy A sex reproducing system that includes a mixture of male and hermaphrodite individuals
Autosomes Chromosomes that do not determine the sex of an individual

Blastoderm A single layer of cells formed from the oocyte membrane after fertilisation that surrounds

the blastocoel

Cellularisation The process in which the zygote stops being a multi-nucleate cell and is separated into

distinct cells

Cytoplasmic sex determination The situation in which sex is regulated by cytoplasmic elements such as

mitochondria or external parasites

Diaspidoid system A branch of paternal genome elimination in which the paternal genome is eliminated

in embryos that are destined to be males resulting in haploid males and diploid females

Dichogamy A situation evolved to avoid self-fertilisation in hermaphrodites in which the male and fe-

male gonads develop in different periods during the organisms lifetime

Dioecy A situation found in plants in which the male and female reproductive organs are separated in

different plants or trees resulting in male and female individuals

Environmental sex determination A sex determination mode in which sex development is controlled by

external environmental factors

Female heterogamety A genotypic sex determination mode in which the females (termed ZW) are het-

erozygous for the sex-determining locus or chromosomes

Gametes The reproductive cells of an organisms that are derived through meiosis and are fused together

in sexual reproduction to form a new organism

Genital imaginal disc Group of cells that originate from tail segments A8, A9 and A10, and produce the

sexual dimorphic genitalia and the end of the abdomen
Genital ridge The precursor cells that will form the gonads in the developing embryo

Genotypic sex determination A sex determination mode in which the sex is determined solely by its ge-

netic composition

Gonads The male (testicle) and female (ovaries) gamete-producing organs
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Haplodiploidy A genotypic sex determination mode in which males are haploid and derive from unfer-
tilised eggs whereas females are diploid and derive from fertilised eggs

Hermaphroditism The situation in which an individual carries both male and female reproductive or-

gans and gametes

Heteromorphic sex chromosomes Chromosomes that determine the sex of an individual and have a dif-

ferent and distinct karyotypic morphology

Homomorphic sex chromosomes Chromosomes that determine the sex of an individual and have a very

different and indistinguishable karyotypic morphology

Lecanoid system A branch of paternal genome elimination in which the paternal genome becomes het-

erochromatic in embryos that are destined to be males resulting in both diploid males and females

Male heterogamety A genotypic sex determination mode in which the males (termed XY) are heterozyg-

ous for the sex-determining locus or chromosomes

Meiosis The cell division process in which the daughter cells result in half the number of sets of chromo-

somes of the parental cell

Monoecy A branch of hermaphroditism found in plants in which the male and female reproductive or-

gans are separated in different flowers on the same plant or tree
Monogeny The situation in which the offspring of a female are either all males or females

Neo-chromosomes Chromosomes that are formed by fusion of autosomes with the ancestral sex chro-

mosomes
Parthenogenesis A mode of reproduction in which a female produces offspring through unfertilised eggs

Paternal genome elimination A genotypic sex determination mode in which the paternal chromosomes

are inactivated or lost following fertilisation resulting in haploid males

Polygenic sex determination A genotypic sex determination mode in which the sex of an individual is

determined by multiple loci or genes
Sequential hermaphrodite An individual that changes sex during their life

Sexual reproduction A mode of reproduction in which gametes that have derived through meiosis from

two different organisms are fused to produced a new organism

Simultaneous hermaphrodite A branch of hermaphroditism in which an individual carries simultan-

eously both male and female mature reproductive organs and gametes
Thelygeny A branch of monogeny in which females produce only female offspring
Viviparous The situation in which the offspring are developed in inside the body of the parent

Wolffian duct The embryonic structures that form the internal reproductive organs in males
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Zygote A cell that derives after the fusion of the male and female gametes

Zygotic transcription The time point in which the zygote starts producing its own mRNA and proteins

through the transcription and translation of its DNA
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Chapter 1

Introduction

1.1 Mosquitoes and malaria

Mosquitoes are the deadliest animals on this planet. They carry and transmit a plethora of pathogens
which cause more than 700,000 of human deaths every year (WHO 2020). They are responsible for the
transmission of major vector-borne diseases like Zika, dengue, yellow fever, chikungunya and of course
malaria, which alone claims the lives of more than 400,000 people annually. Vector-borne diseases are
caused by parasites, bacteria or viruses, and they account for more than 17% of all infectious diseases
(WHO 2020). Almost 80% of the world’s population is at risk of contracting at least one vector-borne

disease, whereas in 2018 half the population of the planet was at risk of contracting malaria (WHO 2019).

1.2 The malaria burden

Malaria is caused by parasites of the genus Plasmodium, which are transmitted to humans through the
bite of infected female mosquitoes of the Anophelinae subfamily. The disease caused an estimated 228
million cases in 2018, and despite being preventable and curable, it claimed the lives of an estimated
405,000 people (WHO 2019). The African continent is at the centre of the epidemic, carrying 93% of all
malaria cases and 94% of all malaria deaths globally (Figure 1.1). Moreover, within the continent the
burden of malaria is not evenly distributed, with only six countries to account for more than half the
malaria cases worldwide. Nigeria, the heaviest devastated country by the disease, carries a quarter of
malaria cases worldwide, followed by the Democratic Republic of the Congo with 12%, Uganda with 5%
and Cote d’'Ivoire, Mozambique and Niger with 4% each. Infants and children under the age of 5 belong
among the high-risk populations of contracting the disease and largely they accounted for 67% of all the

deaths caused by malaria in 2018. Other high-risk groups are pregnant women, patients with HIV and

29



non-immune migrants and travellers (WHO 2019).

Malaria incidence, 2018
o
<0.1
0.1fo <1
1010
B >10 to 50
Il >50 to 100
Il >100 to 250
I >250

No malaria

Not applicable

WHO: World Health Organization.

Figure 1.1 - Map of malaria case incidence rate per country in 2018. The cases are represented per 1000
population at risk. Estimates of the World Health Organization (WHO). World malaria report 2019 (WHO
2019). Geneva: World Health Organization; 2019. Licence: CC BY-NC-SA 3.0 IGO.

Malaria has been associated with poverty and a decreased quality of life due to the economic costs it
brings upon the affected countries. An estimated 2.7 billion US dollars have been allocated in 2018 for
the containment and elimination of the disease, a reduction from the 3.2 billion invested in 2017, with
endemic countries contributing 30% of the total funding (WHO 2019). Allocation of the funds to research,
drugs, diagnostic tests and vector control measures have managed to reduce the annual cases every year.
Since 2010, malaria cases have been reduced from 71 cases per 1000 population at risk to 57 in 2014. From
2014 though, the decrease in cases flattened dramatically and even increased the upcoming years (Figure
1.2). This stall in case reduction can be attributed to many factors such as the reduction in funding and
delivery of malaria commodities, the emergence of resistance against insecticides and anti-malarial drugs

and the evolution of the parasite to avoid detection using rapid diagnostic tests (RDTs) (WHO 2019).
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Figure 1.2 — Malaria global cases and deaths in relation to global funding spent from 2010 to 2018. Until
2014 the malaria cases (left panel) were in decline but factors such as reduction in funding and emergence
of resistance to insecticides and diagnostic tests have stalled and even reverted the trend. The deaths
caused by the disease (right panel) are still in decline but the reduction observed yearly is decreasing.
Data from WHO (2019).

1.3 Malaria control

Since the set of the Millennium Development Goals, which aimed among others to reduce poverty and
combat malaria worldwide, the World Health Organisation (WHO) has put a new plan in place to achieve
a 90% reduction of the global malaria burden by the year 2030 (WHO 2015a). Use of anti-malarial drugs,
such as artemisinin-based combination therapies (ACTs), insecticide-treated bed nets (ITNs) and indoor
residual spraying (IRS) have been used since then as the primary methods to combat the transmission of
the disease. In 2018 alone, 214 million ACT treatment courses and 412 million RDTs have been delivered
in malaria endemic countries, of which 98% and 64% respectively were delivered in the African region.
The use of ITNs has also been increased and currently half the population at risk of malaria in the African
region are sleeping under ITNs, a 21% increase from 2010 (WHO 2019). Modelling predicts the elimination
of the disease in large areas of South America and Southeast Asia, along with a reduction in transmission
in sub-Saharan Africa by 2030, if the coverage of current interventions and access to first-line treatment is

increased to 90% (Griffin et al. 2016) (Figure 1.3).

1.3.1 Anti-malarial drugs

Artemisinin and related compounds used in ACTs are the most widely used therapies for people infec-
ted with the malaria parasite and are currently used since 2005 as the first line of defence for susceptible

groups such as infants and pregnant women. Heavy use of this particular group of drugs has led to the
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Figure 1.3 — Malaria projected distribution between the years 2015 (A) and 2030 (B). If the coverage of
current interventions and access to first-line treatment is increased to 90%, large areas of South America
and Southeast Asia will be malaria free by 2030 (purple). The transmission rate is predicted to substantially
decrease in sub-Saharan Africa and global mortality rates are predicted to fall by 74%. Over the 15-year
period an estimated 2.9 billion cases and 10.4 million deaths will be averted. Image reproduced with
permission of the rights holder, Copyright © 2016, Elsevier. Griffin et al. (2016).

emergence of resistance, particularly in south east Asia. Since first detected in Cambodia in 2007 (Noedl
et al. 2008, Dondorp et al. 2009), fears for the spread of resistance outside the region has led WHO to
launch the Emergency Response to Artemisinin Resistance (ERAR), which aimed to contain and limit the
spread of the drug-resistant parasite outside the region. In 2014, a major study under the Tracking Res-
istance Artemisinin Collaboration (TRAC) attempted to map 15 sites in both Asia and Africa, confirming
establishment of the resistant parasite in south-east Asia (Ashley et al. 2014). Mutations and Single Nucle-
otide Polymorphisms (SNPs) on a single gene, pfkelch13, have been identified and associated with parasite
resistance (Ariey et al. 2014, Ghorbal et al. 2014, Straimer et al. 2015) and since then they serve as mark-
ers for resistance detection. In Cambodia, a small number of resistant cases have been reported without
any mutations or SNPs on that particular gene (Mukherjee et al. 2017), indicating that our knowledge and

understanding of the molecular basis of parasite resistance is limited.
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In Africa, mutations of the pfkelch13 gene have been found in Rwanda, but up until recently they were
not shown to be correlated with resistance against ACTs (Tacoli et al. 2016), suggesting the presence of
other genetic factors in local parasite populations that could better be associated with the emergence of
resistance. However, a very recent study has shown early warning signs of resistance against artemisinin
that seems to be spreading between localities in the country (Uwimana et al. 2020). These de novo in-
digenous cases confirm that local emergence of resistance is possible in Africa and contradict previous
long-standing theories suggesting that resistance in the continent is the result of westward spread of res-
istant parasites from Southeast Asia (Blasco et al. 2017). Even though assessment of the resistant parasite
population was only validated in vitro, the appearance of artemisinin-resistant parasites could poten-
tially compromise the continued success of ACTs interventions and pose a major public health threat
to the continent. That is why understanding the nature of resistance against ACTs is urgent and of ma-
jor importance since we currently do not possess alternative compounds with such high efficacy against
the parasite. New attempts to replace artemisinin with new alternatives are already undergoing (Flan-
nery et al. 2013) and some new chemicals appear promising in blocking the transmission of the disease

(Baragana et al. 2015).

1.3.2 Vaccination

A vaccine against the malaria parasite is a long-sought goal and efforts to create one were boosted with
the publication of the first parasite genome in the late 1990s (Hoffman et al. 1998). An efficient vaccine
against the parasite has the potential to eliminate the disease if combined with existing interventions
(Blagborough et al. 2013). A number of vaccines have been developed against different stages of the para-
site but only one has managed to undergo large-scale phase III trials (Conway 2015). The candidate vac-
cine, called RTS,S AS01, has been identified through an experimental challenge study (Stoute et al. 1997)
and after 30 years in development it is the first to offer protection in children in Africa. The efficacy of
the vaccine though has not met the expectations, since it showed to prevent only 30% of serious cases of
malaria (Mahmoudi & Keshavarz 2017). Furthermore, the vaccine had been associated with an increase
in meningitis cases (RTS 2015) and a sex-specific increase in mortality among young girls that received
the vaccine (Klein et al. 2016). The low efficacy and safety issues accompanying the vaccine is making
it difficult to obtain worldwide approvals and be established as a standard measure for combating the
disease. A new alternative vaccine is slowly being brought forward and is less expensive and can be ad-
ministered in one-fifth the dose than RTS,S (Venkatraman et al. 2019). The new vaccine, called R21, has
already begun phase II trials in Burkina Faso and results about its efficiency to block the transmission of

the disease are expected in 2020. If this promising vaccine proves efficient against the parasite and safe
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to use, it will provide susceptible populations such as children with the immunity needed to withstand
malaria infections. If this immunity can be maintained during the majority of the person’s life, it will have
a tremendous impact on the death toll of the disease and will eventually reduce the burden and severity

of malaria.

1.4 Vector control

In 1897, Dr. Ronald Ross, a military doctor serving in the Indian Army, has demonstrated the model for
the transmission of malaria for the first time. Dr. Ross had demonstrated that mosquitoes of the genus
Anopheles were responsible for the transmission of the disease in humans. He theorised that mosquitoes
act as an intermediate host for malaria and used a bird-malaria system to prove his theory. "For his work
on malaria", Dr. Ross was awarded the Nobel Prize for Medicine in 1902 (CDC 2015). Ross’s work has since
put the mosquito vector at the centre of the malaria problem and sparked widespread efforts to disrupt
transmission of the disease by removing vector populations from the vicinity of humans and by block-
ing the contact between mosquito and the human host. It is now well known that malaria is exclusively
transmitted by female mosquitoes of the Anophelinae subfamily. The dual-host parasite uses both the
mosquito and humans to complete its cycle and it enters the human host during a blood meal, which
the female mosquitoes perform in order to gather nutrients and produce their eggs. Approximately forty
species are considered to be significant transmitters of the disease (Hay et al. 2010) and four of them, An-
opheles gambiae, Anopheles coluzzii, Anopheles arabiensis and Anopheles funestus, transmit the majority
of the disease in Africa (Coetzee et al. 2013, Hay et al. 2010, Sinka et al. 2010). Understanding the life cycle
of the mosquito vector plays an important role in developing intervention methods that aim to interrupt
the development of mosquitoes and help us control their numbers. Predicting the behaviour of mosqui-
toes such as host preferences, egg sites and even mating rituals, are important in order to propose simple

measures that ultimately have a big impact in reducing the transmission of the disease (Bhatt et al. 2015).

1.4.1 Mosquito life cycle and anatomy

Anopheles mosquitoes belong to the Diptera order, which translates to 'two wings’ (di-pteron) in Greek.
The Diptera order of insects belongs within a much larger superorder called Endopterygota. The main
characteristic of this superorder is the distinct larval, pupal and adult stages outlining the development
of the insect, but also the final 'complete metamorphosis’ the pupa undergoes to create the adult insect.
Anopheles mosquitoes are both aquatic and terrestrial insects; stages like the egg, the larva and pupa

require water in order to develop (Figure 1.4). Upon oviposition on the surface of water, the egg requires
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approximately 2 days to hatch into the first instar larval stage (L1), and approximately 6 to 7 days to go
through 3 more instar larval stages (L.2-14) before pupating. The pupa, the “metamorphosis” stage, uses
the nutrient reserves built up during the larval stages to break down the body and rearrange tissues to
form a fully developed adult mosquito. The time-frames between each stage are by far stable and can vary

significantly based on both the temperature and nutrient availability.

The adult Anopheles mosquitoes spend their first hour or so after emerging resting on the surface of
the water for their outer cuticle to harden and their flight muscles to prepare for flight. The male mosqui-
toes usually emerge first and become sexually mature within two to three days. Mature males form mating
swarms preferably at dusk, attracting females to enter the swarm to mate. Female Anopheles usually mate
only once, storing enough sperm in their spermatheca to use for subsequent gonotrophic cycles (blood
meal, egg maturation and oviposition). Sexual dimorphism in mosquitoes is first obvious from the pupal
stage onwards. At the end of the abdomen, the male pupa has a larger genital lobe in relation to the size of
its paddles compared to the female pupa (Becker et al. 2010) (Figure 1.5). This ability to sex pupae before
they emerge into adults allows us to perform controlled mating experiments in the lab between different

strains and transgenic lines.

Although both sexes require nectar in order to survive, female mosquitoes are also in search of blood
meal to nourish the development and maturation of their eggs. Although some Anopheles species are
almost exclusively zoophilic, like An. quadriannulatus (Pates et al. 2006), others are preferably anthropo-
philic and feed on human blood and also are sometimes endophagic, meaning they bite indoors, mainly
during the night when the subject is asleep and restful (Ng’'Habi et al. 2011, Coetzee et al. 2000). Upon
blood meal, the female seeks a secluded spot to rest for the eggs to develop and mature. Between 48
and 72 hours post blood meal they become active and search for oviposition sites to lay their eggs. Small
ponds, rainwater puddles and man-made enclosures like buckets, clay pots and abandoned tyres, provide
excellent bodies of calm water for the larvae to develop. Unlike their mating preference, female Anopheles
will blood feed and produce eggs more than once. Since the female mosquitoes typically have a longer
lifespan than the male mosquitoes, they can feed for up to three or four times and produce up to 150 to

200 eggs in each gonotrophic cycle.

Adult male and female mosquitoes can be easily distinguished by the naked eye based on sex-specific
phenotypic characteristics that carry predominantly on their head. Moreover, different mosquito genera
can be also distinguished based on the length and shapes of some of these characteristics. Anopheles mos-
quitoes carry a long proboscis and two long maxillary palps as part of their sensory organs. Furthermore,
male mosquitoes carry two antennae that are characterised by long flagellomeres that make the antennae

look bushy (plumose antennae), whereas the female mosquitoes have two antennae with much shorter
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Figure 1.4 - The life cycle of the mosquito. The eggs are laid on the surface of stagnant water bodies
and hatch within 24 to 36 hours. The larvae pass through 4 instar stages usually within 6 to 7 days before
pupating. The pupa stage is the metamorphosis stage where the body of the insect is broken down and
reorganised to form the adult mosquito. The adult emerges from the pupa shell within 36 hours and rests

on the surface of the water to prepare for flight. Credit: Mariana Ruiz Villarreal.
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Figure 1.5 — The male and female pupae of Anopheles gambiae. The male pupae (left) have a longer
genital lobe (black arrow) in relation to the size of the paddles (blue arrow). The female pupae on the

other hand (right) have a much shorter genital lobe in comparison.

flagellomeres (pilose antennae). Finally, at the end of the abdomen the male mosquitoes have two claw-
like structures called claspers or gonostylus, which are used during the mating process whereas females

have two very short cerci (Becker et al. 2010) (Figure 1.6).

1.4.2 Insecticide-treated Nets (ITNs) and Indoor Residual Spraying (IRS)

Historically, interventions that aimed at reducing exposure to the parasite have been at the core of every
malaria eradication programme. The use of both ITNs and IRS have achieved significant reductions in
malaria cases around the world (Bhatt et al. 2015) (Figure 1.7). Since first introduced 30 years ago (Lines
et al. 1987), ITNs proved to be an efficient and affordable intervention against endophagic malaria vec-
tors. By being saturated with insecticides such as organophosphates and pyrethroids, they provide an
extra chemical barrier that repels and kills mosquitoes (Lindsay et al. 1991, Miller et al. 1991). When used
consistently in wide areas they have the efficacy to reduce the density and survival of mosquito vectors
and thus protect the community against the disease (Phillips-Howard et al. 2003). ITNs and their Long-
lasting impregnated version (LLINs) can last between 6 months and three years and they have an average
annual cost of $2.60 (Yukich et al. 2008). An estimated 578 million ITNs have been delivered globally
between 2016 and 2018, with the majority being distributed across the African region (WHO 2019). Al-
though the population that has access to ITNs has been gradually increasing from 33% in 2010 to 57%
in 2018, the improvement during the last 3 years has been slow. The same standstill is observed in the
percentage of household numbers with at least one ITN for every two people, which increased to 72% in
2016 and remained stable over the past two years. Responsible for this stalling is not only the reduction of

funds allocated on malaria programmes in Africa but also the fact that mosquitoes have begun to develop
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Figure 1.6 — The adult male and female Anopheles gambiae mosquitoes. (A) Males carry a plumose
antennae system (red arrows) with longer flagellomeres (green arrows), whereas females have a pilose
antennae system characterised with shorter flagellomeres. (B) Males carry a pair of claw-like structures at

the end of their abdomen (arrow), whereas females carry two short cerci (arrow).

resistance against commonly used cheap insecticides. In just the past 8 years, 81 countries have reported
data on insecticide resistance on pyrethroids and organophosphates (WHO 2019), which are commonly
used on ITNs.

Similar efficiency against endophagic vectors has the application of spraying interior surfaces of houses
every year with long lasting insecticides that repel and kill mosquitoes. Interior surfaces like walls and the
roofs provide excellent resting sites for newly blood-fed females that are on the search for secluded areas
to rest and develop their eggs. Treating these surfaces with insecticides reduces the lifespan and thus the
density of these females and limit their host interaction and the transmission of the disease in the com-
munity (WHO 2015b). Combined with ITNs, IRS have contributed to a 25% reduction in malaria mortality
globally and 33% in the African region during the last decade (WHO 2015a). Proper application though
requires adequate national programme capacity and infrastructure as well as political will. The difficulty
to meet these requirements in large scale areas has hindered the application of IRS and now fewer people

at risk are protected by this method (WHO 20154, 2019).

1.4.3 Chemical treatment and habitat removal

Before DTT (dichlorodiphenyltrichloroethane) and other residual insecticides became widely available,
efforts to reduce mosquito populations and malaria incidence were essentially carried out by focusing

on destroying mosquito habitats and disrupting the mosquito life cycle. Petroleum-derivative chemicals
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Figure 1.7 — The effect of interventions like ITN, ACT and IRS on infection prevalence and cases across
endemic Africa. (A) The malaria infection prevalence in children aged between 2 and 10 years old
(PfPRy.19) — indicated as population weighted mean — has halved since 2000. The current situation is
indicated with a red line, whereas a hypothetical prediction where no intervention is used is shown with a
black line. Contribution of each intervention is indicated with different colours. (B) Predicted number of
malaria cases averted by the end of each year since 2000. The contribution of each intervention is indic-
ated with different colours. Reprinted by permission from Springer Nature: Nature, The effect of malaria
control on Plasmodium falciparum in Africa between 2000 and 2015, Bhatt et al. (2015), Copyright © 2015,

Springer Nature.

like 'Paris Green’ and hydrocyanic acid were used widely in the Mediterranean basin to treat the surface
of stagnant waters that served as breeding grounds for malaria vectors. Italy, one of the worst affected
countries of the basin with more than 2 million cases per year towards the ends of the 19" century (Ma-
jori 2012), managed to reduce the malaria transmission early in the 20® century through a combined
approach of these larval control measures and free distribution of quinine-based antimalarial drugs (Ma-
jori 2012). In 1930, the mass drainage of large geographic areas like the Pontine marshes has caused the
malaria incidences in the area to drop almost to zero within a decade, whereas later on, in 1944, the intro-
duction of DDT was used in field tests to treat interior walls of houses and outbuildings against malaria
vectors (Majori 2012). Combined these approaches have managed to interfere with the prevalence of the

mosquito vector in the country to finally declare Italy malaria free decades later on 1970.

Similar stories are seen in other countries like Israel and the US, where a combination of strong in-
frastructure of health care services and implementation of interventions that aimed at disrupting the
mosquito habitat were successful in eliminating the disease by the middle of the 20™ century (Kitron

& Spielman 1989). A heavy use of Paris Green and DDT was the core of an eradication campaign that took
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place in the small island of Cyprus between 1946 and 1949 and resulted in the complete eradication of
the disease from the island by 1967 (Shelley & Aziz 1949). These successful stories are proof that with co-
ordination and political will we can achieve malaria eradication using simple interventions to reduce the
prevalence of the mosquito vector from large geographic areas. In sub-Saharan Africa, where the problem
of malaria is magnitudes higher, applying these methods to combat the disease might not be as efficient
and effective as in other countries. Although habitat destruction and fumigation with insecticides do take
place in local areas and near human settlements, applying these techniques in a continental scale might
not be feasible and realistic. The jungle-like terrain of sub-Saharan African and the abundance of ideal
mosquito breeding sites in the area (Munga et al. 2006) are impossible to overcome. Another aspect we
need to consider before applying these methods in a such wider scale is that these interventions are not
species specific and they tend to affect the entire entomofauna of the local ecosystems in which they are
applied, which in the long run is a disadvantage for the local communities (Hulme 2006). With that being
said, chemical treatment and habitat removal might prove useful and beneficial in eliminating the disease
in the future when they are combined with novel interventions that aim to target the malaria problem at

a continental scale.

1.5 Genetic engineering for vector control

Advancements in the field of science, genome engineering and genome sequencing over the last decades
have sparked a great interest in the genetic modification of the mosquito vector as an alternative inter-
vention to fight malaria. Both funders and scientific community have shifted their interest to pioneering
methods that would block transmission of the disease by reducing the vectorial or reproductive capacity of
the mosquito vectors. Many genetic control strategies have been proposed since then that use a variety of
tools and genetic heritable elements to interfere with the mosquitoes’ ability to either reproduce or trans-
mit the disease. A great advantage of genetic engineering strategies over current interventions, is their
sole dependency on vector mating and vertical transmission, which makes these interventions species-
specific and environmentally friendly. By also making use of mosquitoes to fight mosquitoes, these in-
terventions can be effective in large geographic areas with inaccessible terrain that otherwise would be
difficult to treat with current measures.

Genetic control strategies can be classified into distinct groups using several criteria (reviewed in Al-
phey 2014). One main simple factor that is used for distinction is their development purpose and de-
sired outcome. Based on this criterion alone, these techniques can be separated in strategies that aim

to suppress vector populations and even eliminate them from certain areas (population suppression) or
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strategies that aim to replace or enrich vector populations with members that are less effective in transmit-
ting the disease (population replacement /modification). Another criterion used to distinguish between
genetic control strategies is their invasiveness and persistence in the populations post implementation.
Based on the degree in which they spread and become fixed in the populations after the first release, ge-
netic control strategies can be labelled as ’self-sustaining’ or ’self-limiting’. Self-sustaining approaches
are designed to spread in populations indefinitely and replace wild-type populations with almost no sub-
sequent releases of the modified vectors. On the contrary, self-limiting approaches are not designed to
spread within a population indefinitely but rather to affect the population as long as they are boosted
by subsequent periodic releases of modified vectors (Alphey 2014). Although the distinction in the two
groups can be definite and unambiguous, the level of persistence and invasiveness can vary between
strategies of the same group (Alphey 2014). The sterile insect technique (SIT) and modifications thereof
has by far been the most effective group of genetic strategies that have been used across the world to
control insect vector and pest populations (reviewed in Alphey 2002). Nonetheless, novel approaches
that were made possible after recent advances in targeted genetic engineering have gained a particular
interest, and are now under worldwide development from research groups working on vector-borne dis-

eases.

1.5.1 Sterile insect technique - SIT

The sterile insect technique (SIT) is a species-specific, self-limiting strategy for vector control. The tech-
nique relies on the continuous release of sterilised males into a wild-type population (Knipling 2015, Kraf-
sur 1998). The idea behind this is that mating between sterile males and wild-type females will result in no
progeny, gradually reducing the reproductive capacity of a population. Originally, SIT techniques were us-
ing ionizing radiation and chemosterilisation to produce sterile males (Dame et al. 2009). Although these
methods affect the mating competitiveness of males, a zero reduction in fitness costs is not essential for a
successful SIT programme. The biggest limitation for the intervention is the continuous production and
sexing of male insects. For a widespread disease like malaria, the failure to separate males effectively and
rapidly has hindered the application of an SIT programme. Advances in sexing strategies that required the
use of sex-chromosome-linked selectable markers that granted resistance to insecticides have been used
widely to bypass this sexing bottleneck (Kim et al. 1987, Baker et al. 1978). Furthermore, with insect trans-
genesis it became easier to develop sex-specifically expressed fluorescent markers in early larval stages in
the lab in order to theoretically achieve high throughput sorting of mosquitoes for the field (Catteruccia
et al. 2005, Smith et al. 2007, Marois et al. 2012). Some went as far and succeeded in tagging sex-specific

chromosomes, which historically is very challenging to do. Although the Y chromosome was tagged in
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Anopheles gambiae (Bernardini et al. 2014), the fluorescent marker’s brightness is very inconsistent and to
date has not been used in a sex separation scenario. If we could engineer the Y chromosome of the species
to carry a gene that confer resistance to a toxin, we could theoretically create an efficient system to rapidly
select for male mosquitoes of the species. Historically though, the Y chromosome has proven very hard to
engineer in Anopheles gambiae .

SIT and modifications thereof were used in notable cases to combat vector borne diseases and suc-
cessfully managed to reduce the transmission levels of various diseases to zero or near-zero levels in many
cases (reviewed in Alphey 2002, Alphey et al. 2010 and Benedict & Robinson 2003). Although many success
stories were in isolated small areas and islands, one notable example of the effects SIT methods can have
over large areas is the eradication of the screwworm fly Cochliomyia hominivorax from North and Central
America (Wyss 2006). In other instances, SIT methods were used to prevent re-invasions of insect species.
The vector of the sleeping sickness Glossina austeni (tsetse fly), was successfully removed from the small
island of Zanzibar over a three-year intensive programme of SIT trials, and after the end of the programme
the technique was used to avert re-invasion of the vector from mainland Africa (Vreysen et al. 2000). SIT
methods were also used to combat serious outbreaks like the 1989 screwworm outbreak in Libya, which
was averted before it spread in Africa and southern Europe (Lindquist et al. 1992). SIT interventions may
have helped in containing and eliminating diseases worldwide but they still cannot be implemented in
situations where the problem is widely spread over a continent like Africa. For comparison, for the suc-
cessful eradication of the tsetse fly in the small island of Zanzibar, a total of 8.5 million sterile males were
released over the three-year period(Vreysen et al. 2000). When irradiated Anopheles coluzzii males were
tested in the lab for their effectiveness, it was shown that even when as half as competitive as untreated
males, it required 5 to 1 sterile to untreated male ratio to impact the fertility of a female population (Maiga
et al. 2014). For malaria the sheer abundance of mosquito vectors in the African region and the limita-
tions we still have in mass producing and sexing genetic mosquitoes are two of the main problems that

SIT methods cannot overcome.

1.5.2 Release of insects carrying a dominant lethal gene - RIDL

An advancement on the classic SIT method is the release of insects carrying a dominant lethal gene
(RIDL). RIDL is a self-limiting approach that uses toxic effectors that are expressed in the embryo of the
insect or later developmental stages (Heinrich & Scott 2000, Thomas et al. 2000). The toxic effector can
be designed to be sex-specifically expressed in females only (female-specific RIDL) or it can be designed
to affect both sexes (bi-sex RIDL). The idea is that offspring carrying a RIDL genetic element will not de-

velop and this will reduce the reproductive capacity of a population over time and when the RIDL element
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reaches high frequencies in the population. To produce these insects in the lab, the RIDL system is under
the control of an antidote-responsive element that suppresses the toxic effectors in the presence of the an-
tidote (Heinrich & Scott 2000, Thomas et al. 2000, Phuc et al. 2007). During rearing, both sexes are grown
in the presence of the antidote and then, depending on the sex-specificity of the technique, both males
and/or females are killed selectively by removing it. In female-specific RIDL systems, males carrying the
RIDL element eventually are released in the wild and effectively kill their female progeny when they mate
with wild type. Being a self-limiting approach, RIDL transgenic males must be reared and released fre-
quently to successfully maintain the RIDL element in the population in levels that affect the population
capacity.

Both female-specific RIDL and bi-sex RIDL systems have been developed for an array of vector and
pest species. Bi-sex RIDL systems have been developed for crop pests like the Med fly Ceratitis capit-
ata (Gong et al. 2005) and the bollworm Pectinophora gossypiella (Morrison et al. 2012). For mosquitoes,
bi-sex RIDL systems have been developed and also been tested in field trials around the world with en-
couraging results. Specifically, a bi-sex RIDL system against the yellow fever mosquito Aedes aegypti (Phuc
et al. 2007) has been tested in small areas in Thailand (Lacroix et al. 2012), in Brazil (Carvalho et al. 2015)
and in the Grand Cayman islands (Harris et al. 2012). In both Brazil and the Grand Cayman, the RIDL
programme was able to successfully suppress the local populations of Aedes aegypti, encouraging the use
of the system to fight local pest and vector populations. Female-specific RIDL systems have also been
developed against the vector and in some instances they have resulted in complete population suppres-
sion when tested in caged Aedes aegypti mosquitoes (Wise de Valdez et al. 2011). Despite the progress and
success of the RIDL system in various pests and the mosquito vector Aedes aegypti, the technique has yet
to be optimised for Anopheles gambiae , the major vector of malaria in Africa. The main limitation that
hindered the transfer of the technique to the malaria vector is the scale of the problem in the continent.
A sustainable suppression of An. gambiae in malaria endemic countries using RIDL will require a scale of

production and rearing of mosquitoes that would likely exceed current capabilities in the continent.

1.5.3 Maternal-effect dominant embryonic arrest - Medea

Maternal-effect dominant embryonic arrest (Medea) are genetic self-selection systems that rely on the
maternal deposition of a toxin in the embryo, which is neutralised by an antidote expressed in the embryo
inheriting the Medea element (Figure 1.8). Females heterozygous for the Medea produce progeny that
is only viable when they inherit the Medea element from either of their parents. Homozygous females
produce 100% viable offspring since they pass the element with the antidote in all the progeny, whereas

the viability of male offspring is not affected because the toxin is not expressed in the male germline. In
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this two component system, deposition of the toxin will eventually kill offspring that are not inheriting
the Medea antidote, increasing its frequency in the wild-type population (Chen et al. 2007, Marshall &
Hay 2012).

First discovered in bacteria (Ogura & Hiraga 1983) and flour beetle Tribolium castaneum (Beeman
et al. 1992), Medea systems and modifications thereof have been tested in Drosophila (Chen et al. 2007,
Akbari et al. 2014), with a recent study using toxic miRNAs to impair embryonic genes in Drosophila su-
zukii (Buchman et al. 2018). In mosquitoes, the systems have only been proposed theoretically as part
of alternative strategies to control the vector populations (Champer et al. 2016). Because Medea bearing
chromosomes have an advantage over chromosomes that lack the element, the system can increase in
frequency within a population when seeded above a critical threshold (Champer et al. 2016). It has been
suggested that by linking an anti-parasite effector on the system, we can use Medea-based replacement
strategies to drive the effector in wild-type vector populations (Champer et al. 2016). Medea systems have
been difficult to develop and engineer for mosquitoes. Attempts to transfer the systems in vectors such
as Aedes aegypti were not successful, mostly because of the lack of suitable toxins and antidotes but also

because of our limited knowledge in the mosquito embryo biology (Champer et al. 2016).

1.5.4 Genetic underdominance - GU

Genetic underdominance (GU) also known as heterozygote inferiority, was first discovered in 1940 by
Alexander Serebrovsky via chromosomal genetic traits that caused infertility or reduced fitness when in
heterozygosity but not when in homozygosity (Serebrovsky 1940) (Figure 1.8). Serebrovsky and later on
Curtis in 1968, have proposed balanced reciprocal chromosomal translocations as tools for population
control. The system has gained interest during the 1970s and it was tested in mosquitoes for its efficiency
in both laboratory and field-cage experiments (Baker 1984, Laven et al. 1972). The idea though of GU sys-
tems for population control was quickly abandoned because of fitness issues associated with mutagens
that were used to induce the translocations. Since then, synthetic GU systems have been proposed for
population replacement and suppression using toxins and antidote effectors. In 2001, Davis et al. pro-
posed a synthetic two-element system based on transcriptionally active antidotes that bind the promoter
of toxins located on opposite elements, whereas Akbari et al. in 2013 proposed a modification to the
system by using maternally expressed toxins and zygotically expressed antidotes. Even though proof-of-
principle experiments have been performed in model species like Drosophila melanogaster (Guy Reeves
et al. 2014), to date neither natural nor synthetic GU systems have been used in the field to suppress pest
or vector populations. Novel approaches that suggest the use of RNA-guided endonucleases may provide

a more precise and straightforward method to induce sequence-specific translocations (Champer et al.
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2016). Given that such GU-based drive systems may require a smaller release threshold compared to SIT
and RIDL systems in order to spread in a population, and the fact that the systems can be easily withdrawn
from local populations with the release of substantial wild type, the use of GU systems for vector control

should be revised and considered (Champer et al. 2016).
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Figure 1.8 - The Medea and GU systems. Both systems use toxins and antidotes to selectively kill off-
spring that do not contribute in spreading the system. In Medea systems, a female-expressed toxin (blue)
is passed maternally to the embryo. Embryos that carry the Medea element can neutralise the toxin and
survive, whereas wild-type embryos cannot. In GU systems, embryos that carry both antidotes can neut-
ralise both toxins. If only one element is inherited, the toxin cannot be neutralised and the embryos
cannot survive. In both cases, the systems can be linked to anti-parasite effectors (orange), which are car-
ried with the system, increasing in frequency within a population, when the systems are seeded above a

threshold frequency.

1.5.5 Heritable microorganisms - Wolbachia

Some classes of naturally obligate microorganisms can bias their own inheritance and spread through
arthropod populations using an array of methods. The genus Wolbachia is an intracellular bacterium
parasite of this class that spreads in the progeny using vertical transmission (Werren et al. 2008). First dis-
covered in 1924 (Hertig & Wolbach 1924), the bacteria use a method called cytoplasmic incompatibility
(CI) to selectively interfere with the host reproductive capabilities and bias its inheritance in the progeny.
Wolbachia exploit CI to selectively sterilise uninfected female mosquitoes that otherwise could not trans-
mit the bacteria. Specifically, incompatibility between the sperm and the egg allows infected females to

produce progeny when fertilised either by infected or uninfected males but inhibits the production of
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progeny when uninfected females mate with infected males (Figure 1.9) (Yen & Barr 1971, Laven 1956).
Because the bacteria are transmitted through the egg cytoplasm in almost all of the progeny but are not

transmitted through the sperm, CI ensures the production of offspring that only carry the parasite, con-

tributing this way to the spread of the organism.

no progeny

maternal transmission maternal transmission cytoplasmic incompatibility

Figure 1.9 — The Wolbachia system and cytoplasmic incompatibility. The Wolbachia bacteria are trans-
mitted through infected females to the entire progeny, increasing their frequency in the population. The
infection status of the male mosquitoes does not affect the fertility of infected females. On the contrary,
infected males sterilise uninfected females due to cytoplasmic incompatibility between the egg and the

sperm, contributing indirectly to the spread of the bacteria. Infected mosquitoes are annotated in green.

Wolbachia infections have been considered as an intervention method to control transmission of
vector-borne diseases since they have been associated in mosquitoes with reduced viability (McMeni-
man et al. 2009) and vector competence (Moreira et al. 2009, Bian et al. 2013, Sinkins 2013). After vigor-
ous validation processes, one strain has been selected that successfully invades Aedes populations and
also decreases their infectious capacity to transmit diseases like yellow fever, dengue and chikungunya
(Walker et al. 2011, Hoffmann et al. 2011, Van den Hurk et al. 2012, Aliota et al. 2016). The strain has been
tested in multiple sites around the world and showed in some cases to sustain an infection rate of almost
90% over the span of multiple years after the end of the release phase (Hoffmann et al. 2014). Since then,
the international initiative “World Mosquito Programme”, www.worldmosquitoprogram.org, has made it
a goal to use the bacteria and the intervention to fight Aedes-borne diseases in multiple countries around

the world.

The ability of Wolbachia bacteria to successfully infect Aedes mosquitoes and also block the transmis-

sion of diseases is not universal and not the case for other vector species. When Wolbachia strains were
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transferred from Aedes in Anopheles mosquitoes, a reduced efficacy in producing sporozoites has been
observed but studies have yet to determine the prevalence of those parasite stages (Killeen 2013, Gomes
& Barillas-Mury 2018). In addition, this ’in-transient’ infection of Anopheles mosquitoes is also shown
to affect significantly the fitness and fertility of the mosquitoes (Bian et al. 2013, Hughes et al. 2011). Al-
though there are some reports of natural Wolbachia infections in Anopheles species (Baldini et al. 2014,
Jeffries et al. 2018, Gomes et al. 2017), the strains identified to date do not impose CI and were shown to
compete with other members of the mosquito microbiome, hindering in this way their vertical transmis-
sion (Hughes et al. 2014). In addition, infected Anopheles mosquitoes presented a reduced fitness and
fertility (Shaw et al. 2016), which further applies a negative selection pressure on the bacteria and its in-
heritance. Nevertheless, it was suggested that the presence of Wolbachia may be negatively correlated
with the presence of Plasmodium in some cases (Wang et al. 2017, Gomes et al. 2017), and if this remains
the case in heavily infected areas stills needs to be determined. Although promising, the limitations and
challenges faced when implementing the system in Anopheles mosquitoes may delay the development of

a Wolbachia-based intervention against malaria.

1.5.6 Heritable microorganisms - Microsporidia

Very recently, a new species of Microsporidia was identified that seems to completely block the devel-
opment of the parasite in Anopheles arabiensis mosquitoes, which are a major vector of the disease in
Africa (Herren et al. 2020). Microsporidia are obligately intracellular simple eukaryotes and are closely re-
lated to fungi (Han & Weiss 2017). Although Microsporidia have been found previously in mosquitoes and
have been shown to interfere with the development and infection of the parasite, they also were associ-
ated with substantial mosquito larval mortality and a reduced adult survival and fecundity (Fox & Weiser
1959, Undeen & Alger 1975, Haq et al. 1981, Gajanana et al. 1979). The new species of Microsporidia, des-
ignated Microsporidia MB belongs to a separate clade of previously characterised species (Vossbrinck &
Debrunner-Vossbrinck 2005) and was shown to have no observable effect on mosquito development, sur-
vival and fecundity (Herren et al. 2020). The species was found to occur in natural Anopheles arabiensis
populations in Kenya with up to 9% prevalence in some cases and found to be maternally transmitted
from 45% up to 100% in the progeny. Every mosquito captured in the wild that carried Microsporidia
was found to be free of the Plasmodium parasite, indicating a negative correlation. Even when the Plas-
modium prevalence was as high as 6% in the sampled populations, co-infection of the two microorgan-
isms was never observed. When mosquitoes were actively infected in the lab, the team was not able to
detect the Plasmodium parasite in the head and thorax of the mosquito, indicating that Microsporidia

MB prevents the salivary glands to be colonised by sporozoites and thus reducing the vectorial capacity
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of the mosquito (Herren et al. 2020). The mechanism behind this behaviour was attributed to the in-
crease of the expression of an array of genes involved in digestion and immunity, like the gambicin gene,
which has been shown to be an anti-Plasmodium effector in An. gambiae (Vizioli et al. 2001). The dis-
covery of the Microsporidia MB species and its anti-malaria capabilities is a significant finding in terms
of malaria epidemiology and transmission. The use of this natural endosymbiont species as a candidate
transmission-blocking tool in population replacement strategies is attractive and could prove to be an
excellent intervention to tackle malaria. Of course, because of its novelty and nature, this new strategy

needs to be thoroughly examined and assessed prior to any field release scenario.

1.5.7 Sexdistorters

Selfish genetic elements that bias the sex ratio of the progeny have been proposed as methods to con-
trol vector populations since they were discovered in the vector Aedes aegypti in the 1960s (Craig et al.
1960, Hickey & Craig Jr. 1966, Hamilton 1967) and Culex pipiens in the 1970s (Sweeny & Barr 1978). A
sex chromosome or locus that has the ability to bias its own inheritance during meiosis could in theory
interfere with the reproductive capacity of a population and lead to population crash due to the lack of fe-
males. Such scenarios have been proposed for the control of the malaria vector using an artificial genetic
construct located on the Y chromosome of the species that actively destroys the X chromosome during
spermatogenesis (Burt 2003). If the X-bearing gametes die before fertilisation of the egg, more male pro-
geny will be generated at the expense of the females. If such a system does not pose any other fitness or
fertility cost to the mosquitoes carrying the nuclease, they can theoretically be used to suppress vector
populations (Deredec et al. 2008).

A naturally occurring nuclease discovered in the acellular slime mold Physarum polycephalum (Mus-
carella & Vogt 1989, Muscarella et al. 1990) has shown to cleave with high efficiency human ribosomal DNA
(rDNA) repeats, which are conserved in eukaryotic species (Monnat et al. 1999). By serendipity, in An.
gambiae these repeats are exclusively located on the X chromosome, meaning that the nuclease, called
I-Ppol, could be evaluated for its efficiency to create a sex distorder system in the vector (Windbichler
et al. 2007). The nuclease was expressed in the male germline of the mosquito, leading to a selective bias
towards male embryos by “shredding” the X chromosome. Unfortunately, the nuclease was also transmit-
ted to the progeny via the sperm, cleaving the maternal X chromosome and affecting the survival of the
embryos (Windbichler et al. 2008). Since then, attempts to mutate the protein have managed to produce
unstable versions that were depleted before reaching the embryo, allowing the survival of the progeny,
which was up to 95% male biased (Galizi et al. 2014). Finally, it has been shown that alternative systems

like the CRISPR/Cas9 can be also designed to target the same sequences in Anopheles gambiae and used
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to bias the male sex in the progeny (Galizi et al. 2016).

An efficient and self-sustaining approach using such a system can be successful in invading a popula-
tion if is placed preferably on the Y chromosome and expressed during meiosis using a germline-specific
promoter to achieve a biased inheritance (Burt 2003, Deredec et al. 2008). This way, all male progeny
will carry the distorter, increasing the frequency of the system in the population. Historically, the Y chro-
mosome in An. gambiae has been very hard to engineer because it consists mainly of heterochromatic
regions that are difficult to access and manipulate (Holt et al. 2002). Transgenic expression from the chro-
mosome has only been reported once (Bernardini et al. 2014) and even then, expressing any germline-
acting nuclease from any of the two sex chromosomes has been unsuccessful due to meiotic sex chromo-
some inactivation (MSCI), a situation in which transcription levels are dramatically reduced from both
the sex chromosomes during meiosis (Turner 2007). Efforts to engineer nucleases that can escape MSCI
and be expressed in the germline by using gypsy insulators (Chen & Corces 2001) are currently underway

(unpublished with permission of Dario Meacci).

1.5.8 Homing-based gene drives

Homing endonuclease genes or HEGs, are natural genetic elements that can be found in a large range
of organisms (reviewed in Hafez & Hausner 2012). HEGs have the ability to bias their own inheritance
in a population by copying themselves between chromosomes and converting heterozygotes into homo-
zygotes. HEGs code for nucleases that recognise and cleave specific DNA sequences of 15 to 30 bp that
usually occur once in the genome. Because the HEG itself is located between its own recognition se-
quence it cannot recognise and cleave the chromosome bearing the HEG (HEG*). On the contrary, the
intact sequence on the homologous chromosome not bearing the HEG (HEG") is recognised and cleaved
by the nuclease. When that happens, the cell tries to repair the cut using homology-directed repair (HDR)
and the homologous chromosome as a template. In this case, the homologous chromosome carries the
HEG and thus the HEG itself is copied across to the HEG™ chromosome as a by-product of the repair. This
copy and paste reaction is called ‘homing’ and converts the cell into a homozygote for the HEG (Figure
1.10). By enhancing the homing process in the germline of an organism, the HEG inheritance will be
strongly biased among the progeny. Because the homing process is exclusively a by-product of the cell
repair mechanisms and is unrelated to the HEG element, any site-specific nuclease could be re-purposed
in theory as a homing-based gene drive (Burt 2003).

Homing-based gene drive systems have been suggested as alternative tools that can be used in popu-
lation suppression or population replacement strategies against malaria vectors (Burt 2003). For popula-

tion replacement scenarios, the gene drive system can be engineered to carry anti-pathogen effectors or
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Figure 1.10 — Homing endonuclease genes for malaria control and the homing reaction. The HEG
is placed inside its own recognition sequence (orange) and when expressed it cleaves the wild-type se-
quence on the homologous chromosome not bearing the HEG (HEG"). If the cell’s repair machinery uses
HDR to fix the cut, the HEG will be copied across to the wild-type chromosome converting the cell to a
homozygous for the HEG and biasing its inheritance. If the HEG is designed to cleave a sequence within
a target fertility gene (left), the homing process will create homozygous deletions for that gene that will
spread in the population and impair the reproductive output of that population over time. On the other
hand, if the HEG is linked to an anti-parasite effector (right), its frequency will be biased in the progeny
and increase in the population granting resistance to the parasite.

it can be designed to target mosquito genes that are required for parasite development or survival. The
idea is that the parasite-resistant mosquitoes will slowly increase in frequency with every generation, re-
ducing the vectorial capacity of the mosquito, i.e. the efficiency with which the vector can transmit the
pathogen. Another strategy to reduce the vectorial capacity of the mosquito population without affecting
its size, is to design the HEG to target genes that are required for adult longevity. The idea behind this is to
disrupt the parasite’s life cycle by reducing the longevity of the female mosquitoes and thus the number of
gonotrophic cycles, which would lead in a reduced number of progeny per female, something already pro-
posed using Wolbachia infections (McMeniman et al. 2009). Because the parasite requires approximately
14 days to mature in the females (Warrell & Gilles 2002) but the females need only 48 to 72 hours for one
gonotrophic cycle, this method can actually break the malaria cycle and reduce the pathogen prevalence
in the populations (Deredec et al. 2011).

On the other hand, when a gene drive system is designed to suppress vector populations instead, the

criteria for the target site are different. For population suppression, the HEG is preferably designed to
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target genes that are either required for female fertility or viability, although genes that affect both sexes
when mutated in homozygosity could also be used in principle for such a scenario. In any case, the genes
need to be haplosufficient so that heterozygous mosquitoes can be fertile and contribute in transmitting
the HEG to the next generations. For that to happen, the HEG must be designed to function and home
only in the germline of the mosquito. This way, the somatic tissues of the mosquito will not be conver-
ted to homozygosity, allowing the mosquito to be fertile (Figure 1.11). If the gene is also required for the
function of the germline, the conversion to homozygosity will have negative effects on the fertility of the
mosquitoes and the spread of the gene drive. When designed and functioned properly in the germline,
gene drive systems can home in the germline of 'carrier’ individuals, resulting heterozygous mosquitoes
that transmit the HEG to the majority of the progeny, biasing the inheritance of the system in the popula-

tion.

germline

Mendelian inheritance gene drive inheritance

Figure 1.11 — A gene drive targeting female fertility or survival. When the target of a gene drive system
is a haplosufficient gene that affects female fertility or survival, the homing reaction has to be restricted
in the germline of the mosquito using germline-specific promoters to regulate the expression of the nuc-
lease. This way, the somatic tissues, where the gene is needed, will remain heterozygous and function
properly, whereas the germline will convert to homozygous. Female mosquitoes carrying the gene drive
in heterozygosity will be able to produce progeny in this way and also spread the gene drive to more than
half of the progeny. If the gene drive was not homing in the germline, the gene drive inheritance — or hom-
ing rate, would be zero and thus the gene drive would only be inherited by half of the progeny, as stated

by the Mendelian rules of heredity.
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The effect of the gene drive on the population mostly depends on the rate in which it copies itself in
the germline (homing rate) and the fitness cost it imposes on heterozygous carrier individuals (Deredec
et al. 2011). A perfect gene drive system will home efficiently in the germline of heterozygous male and
female carriers, imposing zero fertility or fitness issues upon those mosquitoes. This way, when mated
with wild type, they will always produce progeny that carries the gene drive, doubling its frequency in
the population. When the frequency of the gene drive increases substantially within the population, the
probability of two heterozygous mating with each other increases, leading to the production of homozyg-
ous mosquitoes. If the target gene is essential for mosquito survival or fertility, the reproductive capacity
of the population will keep decreasing with the increase of homozygous, resulting gradually in population
suppression.

Naturally occurring HEGs have been used and assessed in proof-of-principle experiments in the model
organism Drosophila melanogaster (Chan et al. 2011) and Anopheles gambiae (Windbichler et al. 2011). In
mosquitoes, artificial introduction of the native target site of a HEG into the mosquito genome showed
that homing process could occur in the organism. However, the re-engineering of natural HEGs to target
endogenous genes in the mosquito genome has proven challenging, with only a few notable examples
(Chan et al. 2013, Thyme et al. 2014). This is because the 3D structure of the protein and amino acid com-
position of its active centre are responsible for the HEG specificity. To switch target sites means that the
HEG has to be re-engineered at the DNA level and assessed through a process of trial and error to find the
one with the right structure that recognise the new site of interest. Over the years, a number of novel gene
editing technologies have been used to replace native HEGs with more easily programmable nucleases.
Zinc finger nucleases (ZFN) (Kim et al. 1996, Urnov et al. 2010) and transcription activator-like effector
nucleases (TALENs) (Miller et al. 2011) are easier to engineer than HEGs and have also been tested for
their ability to function in the mosquito (Smidler et al. 2013) but also for their efficiency when used in a
gene drive scenario (Simoni et al. 2014). Finally, the more recently discovered CRISPR/Cas9 system has

been highly considered as a potential candidate to replace current HEG technologies.

1.5.8.1 The CRISPR/Cas9 system

A revolution in genome engineering brought the discovery of the CRISPR system (clustered regularly in-
terspaced short palindromic repeats) (Figure 1.12, which plays a major role in the immunity of bacteria
and archaea against viruses (reviewed in Bhaya et al. 2011 and Wiedenheft et al. 2012). The system uses
CRISPR-associated (Cas) nucleases and short RNA sequences, 17 to 20 bp long, to recognise and digest
viral DNA that enters the microbial cell. The way the system works in bacteria is by incorporating in their

genome pieces of the viral DNA from past infections, creating a molecular 'memory’ that is used to fight
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new infections. The viral DNA sequence is used to produce small RNA molecules — called guide RNAs
(gRNAs), which complex with Cas nucleases to digest viral DNA and stop an infection after a virus infects
the cell. The specificity of the CRISPR/Cas system to the target site is defined by the 'spacer’ region, which
is the region that is identical to the gRNA target site, but also from the protospacer adjacent motif (PAM),
which is a 3-bp sequence adjacent to the 3’ end of the spacer sequence and is only present on the target
DNA. The PAM is specific to the Cas nuclease and is located only on the target site in the viral genome.
Since this 3-bp sequence is essential for nuclease activity and is absent from the gRNA loci in the bacterial

genome, it helps the system distinguish the viral DNA from the host DNA.
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Figure 1.12 — The CRISPR/Cas9 system. The two-component system consists of a Cas9 nuclease and a
gRNA molecule, which are combined together to form ribonucleoprotein particles. The specificity of the
system is regulated by the gRNA sequence and the PAM site. The PAM site is required for Cas9 activity and
is only present in the target locus adjacent to the gRNA. Image reproduced with permission of the rights
holder, Copyright © 2016, BM]J Publishing Group Ltd. Redman et al. 2016.

The CRISPR/Cas system has been rapidly adopted by the scientific community and replaced almost
all other genetic engineering tools because of its simplicity and easy manipulation. The simple design of
a gRNA is all that it takes for the system to change its specificity among different targets, which is much
faster than re-engineering HEGs, ZFN or TALEN nucleases. The most commonly used variation of the
system, the CRISPR/Cas9 system that derived from Streptococcus pyogenes (Jinek et al. 2012), has been
immediately used as an alternative tool in homing-based gene drive systems. Proof-of-principle exper-
iments have been performed in yeast (Dicarlo et al. 2013) and fruit fly (Gantz & Bier 2015), before the
system was adapted and tested in gene drives for mosquito population replacement or suppression. In
2015, Gantz et al. used the CRISPR/Cas9 system to bias the inheritance of anti-malaria effectors in the
progeny of heterozygous Anopheles stephensi mosquitoes. Although the system has not been tested in

caged populations in that study, the gene drive could home in the germline of the mosquito with up to
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99% efficiency.

1.5.8.2 Current status and challenges

In our lab, we use the CRISPR/Cas9 system to target female fertility genes in the malaria vector Anopheles
gambiae to find suitable targets for gene drive systems aiming at population suppression. We have de-
signed gene drive systems targeting three female fertility genes and have demonstrated the ability of
the system to function in the germline of the mosquito and bias its inheritance in the offspring (Ham-
mond et al. 2016). One of those gene drives, targeting the gene AGAP007280 — the nudel orthologue of
D. melanogaster, has been released in caged mosquito populations to study the dynamics of the system
at the locus. The gene drive was released at a 50% transgenic frequency using heterozygous gene drive
mosquitoes. As expected from model predictions, the gene drive increased in frequency within 6 genera-
tions, reaching 75% to 80% transgenic ratio, but failed to sustain those frequencies and ultimately impose
a reproductive load on the population of the cage (Hammond et al. 2017). The reason behind this per-
formance is the selective pressure the gene drive poses on resistant alleles that were created as the result
of the nuclease activity on the AGAP007280 locus. Mutations at the target site that restored the function
of the AGAP007280 gene had a tremendous selective advantage over the gene drive in the population of
the cages, gradually increasing in frequency and counteracting the function and spread of the gene drive.
The creation and selection of resistant alleles is a major issue for gene drive technology that must be con-
sidered when designing such systems, especially when are destined to impose a selective pressure on a
population.

Although the gene drive targeting AGAP007280 was not developed for population suppression but
rather to study the dynamics of the system, one of the main reasons it was prone to fail because of resist-
ance was the low conservation that characterised the target sequence of the gene. A high level of variation
implies that a locus is not functionally constrained and most probably can handle in-frame mutations,
like the ones observed in the cage population experiment (Hammond et al. 2017). A number of measures
has been proposed to reduce the impact of the resistant alleles created at the target site in future gene
drive systems. The use of multiple gRNAs to target multiple loci in close proximity has been suggested as
an alternative way to design gene drives and overcome the problem of resistance. 'Multiplexing’ gRNAs
like this ensures that even if resistant alleles are formed in some of the targeted loci they will not impair
the homing process. This is because in theory only one gRNA, i.e. one double strand break, is needed
for the homing process to occur. The idea behind the use of multiple gRNAs ensures that a gene drive
system has enough time to invade the population and cause a significant reduction before all the target

sites confer resistance.
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Finally, the choice of the target site could also play an important role controlling the formation of
resistant alleles. Sites like the one chosen for AGAP007280 allow the creation of resistance due to their
low conservation and small functional constraints. By selecting a target site that is highly conserved, not
only among closely related species but maybe among distant taxa, may have a dramatic outcome in the
formation of resistant alleles. Sites with such characteristics probably code for genes that are functionally
constrained or even serve as binding sites for factors that are highly sequence specific. Of course, this
additional requirement limits the number of target sites that can be used in gene drive systems targeting
female fertility. To find a gene that is sex-specifically expressed and is also highly conserved, we have to
look at pathways that regulate fertility and/or sex development. One high candidate is the sex determin-
ation pathway, which includes genes that are known to be highly conserved. Within such a pathway the
possibility of genes to be also sex-specifically expressed is high, making the sex determination pathway
an ideal place to begin. In the next chapter, I outline the sex determination mechanisms used within the
insect class and I focus on the doublesex gene, which is a highly conserved transcription factor that is
also sex-specifically expressed. In chapter 3, I outline the materials and methods used in this project. In
chapter 4, I describe and characterise the doublesex gene in An. gambiae, whereas in chapter 5, I test its
potential to be used in a gene drive system. Finally, in chapter 6, I test the gene drive targeting doublesex

for its efficiency to spread in caged mosquito populations and its ability to handle resistant mutations.
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Chapter 2

Sex Determination in Insects

Given that the main research goal of my thesis was to interfere with the sex determination pathway as a
novel form for insect control, it is prudent to survey what is known about this process and the pathways
that control the development of sex. This is in order to understand a priori the impact and effects of dis-
rupting key factors of this pathway and how broadly applicable such an approach might be to implement

across the insect class.

2.1 Sexdetermination in the animal kingdom

The mixing of genomes from different individuals and the combination of alleles that carry beneficial
genetic variance has been at the core of the evolution of eukaryotes. Through trial and error, sexual re-
production' has driven the evolution of species by creating individuals that ultimately combine traits that
have survived the enormous selective pressure posed by nature. One great misconception is that the fa-
miliar X and Y sex determining systems found in humans and few other model species like Drosophila
melanogaster, are examples of one conserved sex mechanism, and that the same X and Y primary determ-
ining signals are adopted throughout the tree of life. These examples though represent only a tiny fraction
of the group of species that make up the tree of life and are not conserved as the primary sex mechanisms
that determine the male and female sex (Figure 2.1). There is an enormous diversity of sex determining
signals found in eukaryotes and they are rapidly evolving to such a degree that sometimes even closely
related species do not share similarities in the way sex development is triggered. Nonetheless, although
the primary sex determining mechanisms are diverse within the tree of life, the pathways that lie down-
stream of the trigger signals that regulate male and female sex development and differentiation, are more

conserved and usually follow a common theme.

1Sex determining glossary terms emphasised in italics are outlined in Glossary of Terms
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Figure 2.1 — The diversity of sex determination systems in the animal and plant kingdoms. The sex
determining signals are far from conserved between different clades. For explanation of sex determining
mechanisms see text below. The extra graph in the plant clades shows the proportion of species with sex
chromosomes in plants that have separate sexes. Image reproduced with permission of the rights holder,
Copyright © 2014, Bachtrog et al. 2014.

Sex in humans is determined by heteromorphic sex chromosomes X and Y, which have differentiated
early in mammalian evolution from ordinary autosomes (Lahn & Page 1999, Ross et al. 2005). The ac-
cumulation of an early sex-determining locus on the Y chromosome and subsequent sexually antagon-
istic mutations have allowed chromosomal inversions to evolve and block recombination from happening
between the ancestral X and Y, which eventually led to the complete differentiation of the two sex chro-
mosomes (reviewed in Bachtrog 2013). The inability to recombine and share genetic information with
the X chromosome, has allowed the Y chromosome to shrink in size and reduce the number of genes it
carries to just fewer than a hundred, while the X chromosome carries almost a thousand (Bachtrog 2013).
Even so, the Y chromosome — and more specifically a single gene, the Sry gene — is solely responsible for
sex determination in humans. The presence or absence of the gene during the sixth week of embryo de-
velopment determines whether gonadal tissue will differentiate into testes or ovaries respectively (Eggers
& Sinclair 2012). When the gonadal tissue is formed in turn, through the release of hormones, it initiates
the sex differentiation process of the non-gonadal tissues of the embryo to establish the male or female
sex. It is hypothesised by many that the Y chromosome will eventually disappear in the future as part
of the continuous evolution of heteromorphic sex chromosomes (Steinemann & Steinemann 2005, Char-
lesworth & Charlesworth 2000) (Figure 2.2). It is theorised that the system will eventually be replaced by

an XO (X null) sex determining system, where the presence/absence or the number of X chromosomes
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would determine the male sex, as it is observed in many species (Castillo et al. 2010). However, empirical
observations on neo-chromosomes of some Drosophila species (Lucchesi 1978), combined with model
predictions, suggest that sex chromosome degeneration is not a straightforward process and not the final

fate of all sex chromosomes (Bachtrog 2013).

The X and Y sex determining system is a great example of male heterogamety where the heteromorphic
XY individual is developed to be a male whereas the homomorphic XX animal developed as a female. This
sex determination mechanism is widely found in all mammals, the majority of insect species within the
Coleoptera and Dipteran orders and by some fish and a small portion of reptiles (Ashman et al. 2014)
(Figure 2.2). Female heterogamety, the system where the heteromorphic individual is female and the ho-
momorphic individual a male, is also widespread in many classes and orders such as birds, snakes, crus-
taceans, arachnids and species of the Lepidoptera order. In this system, named ZW for pure distinction
from the XY system, the heteromorphic female individual (ZW) determines whether the embryo would
develop to be a female or a male (ZZ). As with the XY system, the ZW system is believed to have evolved
from a pair of autosomes that gained a locus or gene that determined the female sex and that subsequent

loss of recombination diverged the two into separate chromosomes (reviewed in Ezaz et al. 2006).

autosomes X Y X Y X Y X Y X 0
- M =M =M =M
> - -> > -
olygen . .
poye y . genetic semi-chromosomal chromosomal
hermaphroditism o o o X0
ESD sex determination sex determination sex determination

Figure 2.2 — The Y chromosome degeneration hypothesis. The heteromorphic XY sex chromosomes
have derived from a pair of autosomes (green) that have acquired a male sex determining locus (M).
The M locus restricts recombination at the site, expanding gradually (red and blue) and leading to semi-
chromosomal sex determination. Complete inhibition of recombination across the two chromosomes
generates two heteromorphic sex chromosomes and chromosomal sex determination. Continuous evol-
ution will eventually lead to a 'genetic erosion’ of the Y chromosome and the establishment of an XO sex
determining system in some instances. Modified from Steinemann & Steinemann 2005, with permission
of the rights holder, Copyright © 2005, Wiley Periodicals, Inc.
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Whereas systems like the XY and ZW rely on the presence of individual chromosomes and genes to
initiate the development of sex, there are instances where multiple loci (polygenic sex determination), or
even the whole genome is responsible for determining sex. In the zebra fish Danio rerio, sex is shown to
be determined and controlled by multiple regions in the genome (Liew et al. 2012, Bradley et al. 2011)
with some of them found to be grouped in one chromosome (Anderson et al. 2012). On the other hand,
haplo-diploidy and paternal genome elimination (PGE) are examples where the ploidy is the primary sig-
nal for sex development. Haplo-diploidy is found in about 12% of animal species (Bachtrog et al. 2014)
and is the only system characterised to date to determine the sex of species of the Hymenoptera class.
Bees for example develop as males from unfertilised haploid eggs and females from fertilised diploid eggs
(Cook 1993). Finally, PGE is observed in scale insects and is characterised by the selective silencing of the

paternal genome in male individuals.

Alongside with the XY and ZW systems, polygenic sex determination, haplo-diploidy and PGE are all
examples of genotypic sex determination (GSD) in which the genotype of the embryo is solely responsible
for the development of sex. In the tree of life, there are instances where external factors are in control of
the sexual fate of some species. For example, all crocodiles, most turtles and some fish have developed
temperature-dependent sex determination (Ciofi & Swingland 1997, Merchant-Larios & Diaz-Hernédndez
2013, Quinn et al. 2007) (Figure 2.3). The sex of marine amphipods and some barnacles is shown to be
associated with the intensity and period of light during the yearly cycle (photoperiod) (Walker 2005, Guler
et al. 2012), whereas social factors like the absence or presence of females affect male development of
many coral-dwelling fish and limpets (Warner et al. 1996, Kobayashi et al. 2013). For example, the Bonell-
idae marine worm family larvae develop as males only if they encounter females, whereas some fish and
snails change their sex during their lifetime in response to social cues (Munday et al. 2006). These mech-
anisms are all examples of environmental sex determination (ESD). Exactly how environmental factors like
the temperature, light and population size affect the sex of an individual is largely unknown. Nonetheless,
a study on the European sea bass Dicentrarchus labrax, have shed some light on how temperature affects
the methylation of genes that express enzymes that convert androgens into oestrogens (Navarro-Martin

etal. 2011).

For some species the separation between GSD and ESD is not definite. Environmental conditions
have been shown to affect and alter the sex development of different species that otherwise would have
developed into males or females based on their embryonic genetic composition. Usually, these changes
occur when the environmental conditions grant some benefits to either of the sexes. For example, some
fish like gobies, begin their life as small females and only become males when they are big enough to de-

fend their territory and nesting sites. This way they increase their chances of procreating throughout the
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Complex SCS

Figure 2.3 — Tree-based representation of sex determining systems found in vertebrates. Each tip rep-
resents a genus of species and groups of genera are taxonomically adjusted. The rings show the presence
or absence of the respective sex determination system, whereas the height of the bar in the ‘Diploid Num.’
ring indicates the diploid chromosome number. The blue and red colours in the XY/ZW’ ring indicate
the XY and ZW sex determining system respectively. Minor sex determining systems such as partheno-
genesis, gynogenesis and hybridogenesis are grouped in the ‘Other’ ring and species with complex sex
chromosome karyotypes are shown in the ‘Complex SCS’ ring. The tree was reconstructed using data
from 2,145 entries. Image reproduced with permission of the rights holder, Copyright © 2014, Springer
Nature, Ashman et al. 2014.
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length of their lives and aid their reproductive success (Munday et al. 2006). This sequential hermaphrod-
itismis documented in about 2% of all fish, including the famous clown fish and wrasses like the Kobudai.
Another example where ESD is altering the sex of individuals is the case of the tonguefish. Tonguefish
have adopted a ZW sex determining system, where the females are heteromorphic ZW and males are ho-
momorphic ZZ. It has been shown that changes in the temperature can alter the sex of ZW embryos and
force them to develop as males. Like with the European sea bass, these changes have been attributed to

modifications of the methylation profile of sex determining genes (Shao et al. 2014).

Some species developed a 'pick and choose’ system that allows them to switch between GSD and ESD,
based on which is more beneficial for a given situation. Snow skinks for example, have adapted to live
within a range of altitudes with climatic extremes. These viviparous lizards present different sex determ-
ination systems, with GSD occurring at highlands and ESD occurring at lowlands (Pen et al. 2010). This
way, in high altitudes where the temperature variance is high, GSD prevents the establishment of extreme
sex ratios, which may be detrimental for the populations. On the contrary, at low altitudes where the
temperature variance is low, ESD produces optimal sex ratios and also provides a beneficial "early start’
for females (Pen et al. 2010). Although ESD may provide species with adaptations that are beneficial for
certain environments, it also poses a great threat to their own existence. Climate change has been altering
the average temperatures of our planet, fluctuating rapidly the temperatures of the oceans and creating
unpredictable climates weather. Species that fail to adapt to this fast-changing reality may soon face ex-
tinction because of skewed sex ratios that push populations towards demographic collapse (Valenzuela
et al. 2019). One staggering example is the green sea turtle populations on Raine Island, which is the
biggest and most important nesting ground for the species in the Pacific Ocean. In 2018, sand temperat-
ures on the island increased at record levels that the female-to-male sex ratio among the hatchlings was
116 to 1! Combining data from multiple years, scientists predict that the complete feminization of the

species in the region is imminent in the near future (Jensen et al. 2018).

Separation of the sexes in two different individuals is not universal in the tree of life. Organisms that
are unable to move to find a mate have evolved a different approach of reproducing to ensure the survival
of their species. Hermaphroditism, the situation where both male and female reproductive organs are loc-
ated in a single individual is widely adopted within sessile animals and plants. Almost 94% of all flowering
plants — or angiosperms — have both the male and female sex structures, stamens and pistils respectively,
present in a single individual in different arrangements. Very often, both stamens and pistils are present
within the same flower (simultaneous hermaphrodite) but sometimes the sex organs are separated in dif-
ferent flowers but on the same plant or tree (monoecy). The situation where both reproductive organs are

separate in two different individuals (dioecy) is quite rare among angiosperms and only observed in 6% of

62



all species (Renner & Ricklefs 1995). On the contrary, dioecy is observed in almost 25% of species within
gymnosperms. Gymnosperms include seed-producing plants and trees like conifers, that do not produce
flowers in order to reproduce. The absence of flowers from this group is an indicator that hermaphrodite
structures are quite rare. Indeed, the rest 75% of gymnosperms species have adopted a monoecious way

of separating the male and female reproductive organs (Renner & Ricklefs 1995, Bachtrog et al. 2014).

While hermaphroditism is widely adopted in the plant kingdom, the situation observed in the animal
kingdom is quite different. Because hermaphroditism is significantly rare from the Arthropod phylum -
the largest group of species in the animal kingdom, which also includes insects — hermaphroditism is only
encountered in only 5% of all species in the kingdom when taken as a whole. Invertebrates like corals,
snails, barnacles, nematodes, trematodes, echinoderms, but also some fish, use this way of reproducing
when situations make it difficult to find a mate (Jarne & Auld 2006, Eppley & Jesson 2008). Although herm-
aphroditism and self-reproduction is a solution for sessile animals like corals, the costs associated with
self-fertilisation outweigh the assurance of reproduction in the long term. The continuous production
of low fitness progeny through self-fertilisation is a downside for species and an evolutionary unstable
method to sustain a population (Charlesworth & Charlesworth 1978, Charlesworth & Willis 2009). The
cost of hermaphroditism becomes obvious when considered that plants and animals were driven to sep-
arate the sexes independently many times (Bachtrog et al. 2014). Two strategies have been adopted widely
by different species in order to minimise self-fertilisation. Spatial separation of the sexes in an individual
is one way of reducing self-reproduction and is observed mostly in plants (monoecy) and the majority of
hermaphrodite animals. Separation of the sexes in time is also another method to ensure that the matur-
ation of male and female gonads do not overlap and avoid self-fertilisation. For example, the stamens and
pistils of some hermaphrodite plants develop in different periods during the season (dichogamy) (Bertin
& Newman 1993), whereas animals use sequential hermaphroditism to avoid self-reproduction (Munday

et al. 2006).

Polygenic sex determination and hermaphroditism are tightly linked since species that have recently
separated the male and female sex into different individuals are more likely to have developed multiple
ways of suppressing or enhancing male or female development (Bachtrog et al. 2014). This situation is
well observed in dioecious plants, in which no master sex determining gene has been discovered and
characterised to date (Diggle et al. 2011). In rice for example, over 227 genes that promote male steril-
ity have been identified on all 12 chromosomes of the species. In theory, any of these 12 autosomes can
evolve a sex determining character and differentiate into a female chromosome in the future (Cui et al.
2012, Bachtrog et al. 2014). Loss of function of genes that determined the development of male or female

gonads in hermaphrodites can promote situations in which the breeding system is either dominated by
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males and hermaphrodites (androdioecy) or females and hermaphrodites (gynodioecy). These two situ-
ations are believed to have preceded the complete separation of the sexes in different species (Muyle et al.
2017, Ming et al. 2011). In papaya for example, the XY sex determining system is believed to have de-
veloped from a series of events that first created the conditions for a gynodioecy system before evolving
to a male heterogametic XY system (Bachtrog et al. 2014, Aryal & Ming 2014, Wang et al. 2012). Examples
like these, but also from other species within the hermaphrodite-rich plant kingdom, provide very good
insights on the evolution of the sex determining systems and mechanisms in the tree of life (Charlesworth

2015).

2.2 Sexdetermination in insects

Insects or Insecta is an extensive class of hexapod invertebrates that contains an estimated 2 million spe-
cies (Mora et al. 2011). They form the largest group within the Arthropoda phylum, which contains fa-
miliar forms such as crabs, spiders, mites, lobsters, centipedes and millipedes. It is believed that the
Arthropoda phylum alone contains more than 50% of all species within eukaryotes, and that insects alone
account for more than 80% of species within the animal kingdom (Mora et al. 2011). The Insect class,
which belongs within the Hexapoda subphylum, is divided in 28 orders with the majority of the species
to occupy six major orders (Misof et al. 2014) (Figure 2.4). Coleoptera (beetles) is by far the largest, with
more that 350,000 described species. Hymenoptera (ants, wasps and bees) consist of more than 160,000
species, whereas Diptera (flies) and Lepidoptera (butterflies and moths) consist of at least 150,000 spe-
cies each. Hemiptera, which includes true bugs like coccids, cicadas, aphids and shield bugs have over
100,000 described species, whereas Orthoptera (grasshoppers, locusts, crickets and katydids) have ap-
proximately 24,000 species. Smaller orders within the class contain some hundreds to a few thousand
species, like Trichoptera (caddisflies), Blattodea (cockroaches and termites) and Dermaptera (earwigs),
which consist of 15,000, 7,500 and 2,000 species respectively (Gullan & Cranston 2010). For pure compar-
ison of the magnitude and diversity of insect species, there are almost as many species of birds as in the

'small’ Trichoptera order (Gullan & Cranston 2010).

Insects have adopted a plethora of sex determining strategies found throughout the tree of life (Bachtrog
et al. 2014) (Figure 2.5). The vast majority of insect species reproduce sexually and have adopted mainly a
genotypic sex determination system (GSD) that relies on the genotype of the zygote (Normark 2003). Com-
mon sex determination practices encountered frequently among insects include male or female hetero-
gamety, paternal genome elimination (PGE) and haplo-diploidy (Blackmon et al. 2017). Environmental

sex determination (ESD) is not encountered frequently among insects and it has only been described so
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Figure 2.4 — Dated phylogenetic tree of the Hexapoda subphylum. The Insecta class includes 4 major
Infraclasses: Palaeoptera, Polyneoptera, Condylognatha and Holometabola. The timeline at the bottom
indicates the geological origin of the class and shows major geological and biological events. From Misof
et al. 2014. Reprinted with permission from AAAS, Copyright © 2014, American Association for the Ad-

vancement of Science.
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far in a single Sciara fly species (Nigro et al. 2007). Other rare forms of sex determination like mono-
geny, parthenogenesis and cytoplasmic sex determination (CSD) are also encountered within the class but
usually in a very small number of species. Finally, hermaphroditism is not encountered among insects
but is present in a number of non-insect species in the Arthropoda phylum, like Crustaceans (Jarne &
Auld 2006). This plethora of sex determining mechanisms adopted by different insect species have been
providing important insights into the development of sex and how evolution has adapted these systems

over time.

2.2.1 The hourglass model of evolution

While simple cytogenetic techniques have revealed the sex determining mechanisms in many insect spe-
cies, the specific genes that act as 'switches’ to initiate the process for sex development have only been
analysed in a handful of species. Characterisation of these genes has revealed a great diversity that un-
derlines the primary sex determining signals within the class even within closely related taxa (reviewed in
Gempe & Beye 2011). The activation of these signals initiates a cascade of reactions that involve down-
stream transcription factors that are alternatively spliced in male or female isoforms that initiate the male
or female sex differentiation. In contrast with the diversity of the primary sex determining signals, the
factors and genes that lie downstream and at the bottom of the sex determination cascade are surpris-
ingly highly conserved within the insect class. In fact, conservation between species seems to increase
dramatically towards the bottom of the sex determination cascade. For example,the gene transformer
(tra) that lies downstream of the primary sex determining signals is present in the majority of insect spe-
cies studied to date, whereas genes that lie downstream of tra, like doublesex (dsx) and fruitless (fru) have
shown not only to be present but also highly conserved where they have been characterised. Both dsx
and fru are responsible for the initiation of the sex differentiation in insects. The transcription factors
encoded by these two genes bind various targets in the genome and activate cascades of processes that
differentiate the male and female sex. The conservation of genes involved in the sex determination and
differentiation in insects can be accurately described using the hourglass model of evolution (Figure 2.6).
Both dsx and fru lie at the narrow neck of the hourglass indicating their high conservation among differ-
ent species. They are the link between the upstream sex determination cascade and the downstream sex
differentiation cascade. Genes that lie upstream and downstream of dsx and fru gradually become more

diverse and start to differentiate among taxa.
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Hymenoptera

Complex SCS

Figure 2.5 — Tree-based representation of sex determining systems found in invertebrates. As with Fig-
ure 2.3, each tip represents a genus of species, which are taxonomically aligned. The rings show the pres-
ence or absence of the respective sex determination system, whereas the height of the bar in the ‘Diploid
Num.’ ring indicates the diploid chromosome number. The blue and red colours in the XY/ZW’ ring
indicate the XY and ZW sex determining system respectively. Species with complex sex chromosome ka-
ryotypes are shown in the ‘Complex SCS’ ring. The tree was reconstructed using data from 11,556 entries.
Image reproduced with permission of the rights holder, Copyright © 2014, Springer Nature, Ashman et al.
2014.
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Figure 2.6 — The hourglass model of evolution outlining the sex development in insects. The sex de-
termining signals at the top of the sex determination cascade are diverse among the class. Various gene
‘switches’ initiate a cascade of reactions that in the majority of species result in the activation of the trans-
former (tra) gene. The gene regulates the alternative splicing of doublesex (dsx) and fruitless (fru) that lie
at the bottom of the sex determination cascade. In contrast with tra, fru but mostly dsx, has been found
in all insects that have been characterised to date and is highly conserved among different taxa. The two
genes lie at the neck of the hourglass, indicating the lack of diversity at that point in the cascade. Both
genes initiate sex differentiation by regulating various downstream targets that affect the development of
male and female sex characteristics and processes.

2.2.2 Genotypic sex determination

GSD is one of the most frequent and familiar sex determining systems in the tree of life and is encountered
in many clades among eukaryotes. Insect species have widely adopted different types of GSD and the ma-
jority are using versions of the familiar male heterogametic XY or female heterogametic ZW systems. Het-
erogametic systems can predict the sex of an individual but the mechanisms that actively specify the sex
differ among species. For example, the presence of a male-dominant sex chromosome like the Y is enough
to specify the male sex in species of the Coleoptera order like Tribolium castaneum and some genera of the
Diptera family Tephritidae like Ceratitis, Bactrocer and Anastrepha (Sanchez 2008). In these species, the Y
chromosome harbours the male determining factors (M-factors) that initiate the development of the male

sex, whereas in their absence, the female sex is established. A similar situation is encountered in members
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of the Muscidea family. The common house fly, Musca domestica uses an XY system to establish the male
and female sex but in some populations the male determining M-factors are located on autosomes and
not on the Y chromosome. This situation can produce viable males that do not carry a Y chromosome but
rather are homozygous for the X chromosome (Diibendorfer et al. 2002). Some populations of the species
have even adopted a dominant female-determiner gene that establishes feminisation, even in the pres-
ence of the M-factors or the Y chromosome (Hediger et al. 2010). The male determining character of the Y
chromosome has also been lost from members of the Drosophilidae family. In Drosophila melanogaster,
the Y chromosome does not actively specify the male sex. In the family, sex is determined by the number
of X chromosomes and more specifically the quantity of X-linked signal elements (XSE) present at certain
embryonic developmental nuclear divisions (Erickson & Quintero 2007) (see below).

In some orders, the degeneration of the Y and W sex chromosomes have resulted in a XO or ZO sex
determining system. For example, all members of the Blattodea order, which includes cockroaches and
termites, and some members of the Orthoptera order, which includes grasshoppers, locusts, crickets and
katydids use these systems. Sex in these orders is determined by either the X- or Z-to-autosome ratio or
just the numbers of X or Z chromosomes present in the embryo (Castillo et al. 2010, Blackmon et al. 2017).
Other orders like Lepidoptera and its sister order Trichoptera, have switched to a female heterogametic
system altogether. Sex in butterflies and moths is determined by the presence or absence of the W female-
specific sex chromosome. The presence of the W chromosome initiates female development of the em-
bryo whereas in its absence, male sex is established (Sahara et al. 2012). In the silkworm Bombyx mori, the
sex determining signal has been identified as a Piwi-interacting RNA molecule (piRNA) encoded from the
feminiser gene located on the female-specific W chromosome (Kiuchi et al. 2014). The piRNA has been
shown to bind and neutralise male-specific factors, leading to the feminisation of the embryo. Caddisflies
on the other hand have abolished the W sex-specific chromosome and have adopted a ZO sex determin-
ing system (Lukhtanov 2000, Marec & Novdk 1998). Transitions to different sex determining systems like
these are not encountered frequently in insects. By combining data from 359 families, it is clear that male
heterogamety is the ancestral mode of sex development within the class. Over 77% of investigated species

use a version of male heterogamety, supporting this hypothesis (Blackmon et al. 2017).

2.2.3 Sexdetermination in Drosophila melanogaster

The model species Drosophila melanogaster provides an excellent opportunity to study and understand
the sex determination pathway in insects. Sex determination in the species has been under vigorous ex-
amination and the signals and factors that make up the sex determination cascade have been thoroughly

examined. Although both D. melanogaster and An. gambiae shared a common ancestor 260 million years
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ago (Kumar et al. 2017), the high conservation that characterise the sex determination pathway allows us

to still use the species as a reference point to study the development of sex in mosquitoes.

As mentioned before, although the species has adopted a male heterogametic XY sex determining
system, the Y chromosome does not actively specify the male sex. In the species, male and female sex
is established by the concentration of products that are encoded from genes located on the X chromo-
some (X-linked signal elements - XSEs). Female development is initiated when the concentration of these
elements surpasses a threshold when the embryo initiates zygotic transcription and the beginning of cel-
lularization (Erickson & Quintero 2007). Because females carry two X chromosomes, expression from
both chromosomes ensures the quantity of the XSEs is high enough to trigger female development. On
the contrary, the presence of only one X chromosome in males is insufficient to produce the quantities

needed for female development, and thus the male sex is established.

There are four well characterised XSEs found in D. melanogaster that act as sex determining signals:
sisterless A, sisterless B— also known as scute, sisterless C and runt. The products of these genes act directly
or indirectly on the master regulatory switch that lies downstream in the sex determination cascade, the
sex-lethal gene (SxI). sisterless A, sisterless Band runt encode for transcription factors that regulate directly
the expression of the SxI gene (Cline 1988, Duffy & Gergen 1991), whereas sisterless C encodes for a Sxl
transcription factor ligand-activator (Sefton et al. 2000).

Sxl in the species is regulated by two promoters that are sex-specifically active in different develop-
mental stages. A female-specific ‘early’ or ‘establishment’ promoter (Pe) is expressed in the early female
embryo, whereas a ‘maintenance’ promoter (Pm) is expressed in both sexes in all developmental stages
from the embryo till adulthood (Bopp et al. 1991, Salz et al. 1989). The transcripts encoded from the Pm
promoter are alternatively spliced in both males and females to produce a female-specific active SXLy,
protein and a truncated inactive male-specific version (SXLy;). The difference between SXL;, and SXLy; is
the presence of stop codons in an early exon that is spliced out in females (Bell et al. 1988, Samuels et al.
1991, Bopp et al. 1991). Protein products encoded from the Pe promoter (SXLg) act as splicing regulators
that enhance the removal of these exons from the female transcripts. Because both Pe and Pm promoters
are sensitive to upstream XSE transcription factors, the production of SXLg and SXL; is only limited to the
female sex, whereas males produce only the truncated version (Erickson & Quintero 2007, Cline 1993).

In females, the continuous expression of SXL, protein is maintained throughout the life of the insect.
Because expression from the Pe promoter diminishes gradually during development, female-specific al-
ternative splicing of the gene is maintained by the SXL;, protein itself (Bell et al. 1991). Once established,
SXLp, acts on the pre-mRNA of the gene, enhancing the removal of the male-specific exons. This way,

the gene is locked in an autoregulatory loop that ensures the continuous production of SXI; and the
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maintenance of the female sex determining signal. In male flies, the absence of active SXL;, ensures the
splicing of the gene to its male-specific default state and the production of inactive SXLy;. In the sex de-
termination cascade, Sx! acts on the downstream transformer gene (tra) that is also alternatively spliced
in a female active and a male inactive form. Active SXLj, protein in females shifts the production towards
female-specific transcripts, whereas in males the gene is alternatively spliced to its default inactive form
(see below). The SxI gene has been characterised in a number of drosophilid species like D. virilis (Bopp
et al. 1996) and D. pseudoobscura (Penalva et al. 1996). In both species the gene is alternatively spliced
to a female active and a male inactive form, mimicking the situation in D. melanogaster. The gene has
also been characterised in many insect species outside the Drosophilidae family and it was shown that is
not regulated in a sex-specific way and involved in the the sex determination pathway (Miiller-Holtkamp
1995, Sievert et al. 2000, Meise et al. 1998, Saccone et al. 1998, Lagos et al. 2005). Somewhere during the
evolution of the Drosophila, the gene has been selected to become the master sex determining regulatory
switch of the family. This is a great example of the divergence that characterise the upstream signals of

the sex determination pathway in insects.

2.2.4 Haplo-diploidy and Paternal genome elimination

Haplo-diploidy is widely encountered within the Hymenoptera order, which includes bees, wasps, saw-
flies and ants (Normark 2003). The mechanisms and signals behind sex determination in haplo-diploidy
are linked to the complementary sex determiner locus and the complementary sex determiner gene (csd),
which has been thoroughly characterised in the honeybee Apis melifera (Beye et al. 2003). In honeybees,
the gene exists in different isoforms due to the presence of a highly variable region within the locus. Fe-
males are heterozygous for different csd isoforms whereas males are hemizygous since they are haploid.
Diploid males that are homozygous for the locus exist but are sterile. The gene is transcribed in both sexes
and produces complexes that are only active if they consist of different csd isoforms (Beye 2004). Active
complexes of the CSD protein, together with the RNA-binding TRA2 protein (Nissen et al. 2012) promote
female sex determination by enhancing female-specific splicing of the feminiser (fen) gene, whichis a tra
orthologue (Hasselmann et al. 2008, Gempe et al. 2009) (see below).

The haplo-diploidy sex determining rules of the csd gene do not apply in all species within the Hy-
menoptera order. In the parasitic wasp Nasonia vitripennis, haplo-diploidy also determines the sex of
the embryo, but the csd gene is not actively involved in the sex determination cascade. In the species,
maternal imprinting and silencing of genes is rather responsible for determining the sex of the embryo
(Verhulst et al. 2010). As in other species, female sex is established after activation of the fra gene in the

zygote (see below). In Nasonia, the maternally inherited tra allele is silenced by imprinting factors and
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cannot be expressed zygotically. On the contrary, the male-inherited tra allele is not imprinted and is act-
ively expressed in the zygote. As a consequence, diploid eggs that carry both a maternal and a paternal tra
allele develop as females, whereas haploid eggs that carry only the imprinted version of the allele develop
as males (Beukeboom et al. 2007, Verhulst et al. 2010).

Another form of haplo-diploidy, the paternal genome elimination (PGE) ensures the development of
males in scale insects (coccids) of the Hemiptera order (reviewed in Sdnchez 2008) (Figure 2.7). In coccids,
two PGE mechanisms have been proposed, the lecanoid and diaspidoid system. In both systems males
and females start their lives from diploid fertilised eggs. The lecanoid system implies that the paternal
genome becomes heterochromatic in embryos destined to be males. This way both males and females
are structurally diploid, but males are functionally haploid. The diaspidoid mechanism on the other hand
implies that the paternal genome is eventually eliminated, resulting in structurally and functionally hap-
loid males. In both the lecanoid and diaspidoid system, the developmental stages where PGE happens

varies and is different among species.

2.2.5 Environmental sex determination, monogeny and parthenogenesis

Environmental sex determination (ESD), monogeny and parthenogenesis are also sex determining mech-
anisms that are encountered within insects but at very low frequencies (Bachtrog et al. 2014, Sédnchez
2008). Sciara flies have adopted a PGE-ESD sex determination system to establish the sex of the embryo.
Both male and female Sciara flies start their lives with one set of maternally derived chromosomes and
two sets of paternally derived chromosomes. Males eliminate both the paternally derived sets of chro-
mosomes, whereas females eliminate only one. Fluctuations in temperature can shift the production of
more females by increasing the numbers of embryos that eliminate only one of the paternally derived
sets of chromosomes. This sex distorted ratio is not achieved through killing of the male embryos but
rather through their transformation to females by a temperature-sensitive maternal effect that regulates
chromosome elimination and silencing (Nigro et al. 2007).

Monogeny is encountered in some flies and some crustaceans and it describes the situation where
all offspring of a particular female are either exclusively male or female. In the Hessian fly, Mayetiola
destructor, a specific gene called Chromosome maintenance (Cm) was associated with this behaviour.
The arrangement of three Cm alleles in the species was shown to be responsible for the production of
thelygenous females — females that produce only female offspring, or arrhenogenous females — females
that produced only males. This behaviour has been observed so far in the Cecidomyiidae family but also
within the Sciaridae family (Metz 1938, Stuart & Hatchett 1991). Another mode of reproduction, partheno-

genesis, has also been reported in some insect species. Parthenogenesis describes the development of a
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Figure 2.7 - Common sex determination systems in insects. Male heterogamety, female heterogamety,

haplo-diploidy and paternal genome elimination (PGE) are four of the main sex determining mechanisms
observed in insects. In male and female heterogametic systems, the male and female individuals respect-
ively dictate the sex of the embryo. In haplo-diploidy, diploid eggs develop into females whereas unfer-
tilised eggs develop into males. In PGE, the paternal genome is either silenced or eliminated in embryos
destined to be males. Blackmon et al., Sex Determination, Sex Chromosomes, and Karyotype Evolution
in Insects, Journal of Heredity, 2017, 108(1), 78-93, by permission of Oxford University Press. Copyright ©
2016, Oxford University Press (Blackmon et al. 2017).

female embryo from unfertilised diploid eggs. This way of reproduction has evolved independently many
times within the insect class and is found in almost all orders of insects. Nevertheless, parthenogenesis is
always found in less than 1% of insect species, supporting the hypothesis that asexual reproduction is not

evolutionary stable and is 'short-lived’ (Blackmon et al. 2017).

Insects have developed an array of sex determining mechanisms in order to establish sex. In all cases
examined to date, the sex determination pathway follows a common theme that is in line with the hour-
glass model of evolution. Upstream factors are highly diverse and almost never the same between dif-
ferent taxa, whereas genes that lie downstream on the pathway share more similarities between different
species. Three genes that lie at the bottom of the sex determination cascade: transformer, fruitless and
doublesex are example of conserved factors that have a significant role in sex development of insects and
therefore might be broadly applicable as targets for gene drive systems targeting sex-specific fertility or

viability for population control.
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2.3 Conserved genes in insect sex determination

2.3.1 The transformer gene

The transformer gene (tra)lies downstream of the primary sex determining signals and it has been charac-
terised in many species within Coleoptera, Hymenoptera, and members of the Drosophilidae and Teph-
ritidae families (reviewed in Sdnchez 2008). In a generalised model of insect sex determination, the gene
directs female development by regulating the alternative splicing of downstream genes such as dsx and
fru. Although the gene appears to be present in many species, indicating an ancestral mode of evolution,
tra is much less conserved than both dsx and fru (Geuverink & Beukeboom 2014). In some species, the
sequence of the gene has diverged beyond recognition but it has retained its ability to regulate down-
stream genes on the sex determination pathway (Pane et al. 2002). In species like Ceratitis capitata and
Apis melliferafor example, homologues of the gene were found based on their structure and ability to bind
downstream effectors. fra homologues have never been found in mosquito species (Geuverink & Beuke-
boom 2014), but the presence of TRA-like binding sites in both dsx and fru indicate the presence of tra-like
factors that might have diverged beyond recognition and therefore are undetectable by simple homology-
based searches (Scali et al. 2005, Gailey et al. 2006, Price et al. 2015a, Salvemini et al. 2011, 2013). In other
orders such as Lepidoptera and Strepsiptera, the gene appears to be completely absent. In these orders,
factors that regulate the alternative splicing of dsx appear to be unrelated to tra (Mita et al. 2004, Suzuki
et al. 2010). Outside of the Insect class, tra has been characterised in Daphnia magna, a small crustacean
of the Arthropoda phylum, where the gene appears to not be involved in the sex determination pathway

(Kato et al. 2010).

In species where the gene has been characterised, tra is ubiquitously expressed in both males and
females and produces two sex-specific isoforms through alternative splicing. tra is predominantly active
only in females because the male-specific isoform of the gene contains early exons that are equipped with
in-frame stop codons that result in truncated inactive products. In females of some species, consecut-
ive expression of active tra is achieved through an autoregulatory loop that ensures the female mode of
development is always “on”. tra products have been shown to bind the tra pre-mRNA and promote the
production of female-specific isoforms (reviewed in Bopp et al. 2014). In males, the absence of active tra
ensures the splicing of the pre-mRNA to its 'default’ inactive form. Such a positive feedback loop amplifies
the upstream sex determining signal and locks the system in a female- or male-specific development.

In Drosophila melanogaster, where the system has been thoroughly characterised, the gene is altern-
atively spliced by the upstream sex regulator Sex-lethal (Sxl) (Valcarcel et al. 1993). Binding of the female-

specific SXLL on the fra pre-mRNA ensures the exclusion of the male-specific exon and the production
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of active TRA protein. In the absence of SXL;, the pre-mRNA of tra is alternatively spliced to its default
inactive state that includes the male-specific exon (Boggs et al. 1987, Belote et al. 1989). The active TRA
protein in females complexes with TRA2, which unlike TRA, is ubiquitously expressed in both sexes. The
TRA/TRA2 complex interacts with the splicing machinery and help include or exclude sex-specific exons
in downstream alternatively spliced genes like dsx and fru (Sdnchez 2008, Bopp et al. 2014). The complex
recognises splice acceptor sites flanking the targeted exons and assembles different factors at the locus
that have enhancing or inhibiting splicing properties (Ruiz et al. 2007). A well characterised factor that
pairs with the TRA/TRA2 complex is Rbpl, which is essential for the recognition of these splice sites by the
splicing machinery and the inclusion of the respective exons in the final mRNA (Lynch & Maniatis 1996).
In other species where Sx!/is absent or not associated with sex development, maternally deposited TRA
in the early embryos have been shown to initiate the autoregulatory loop that is essential to maintain tra
expression. In species like Ceratitis capitata (Pane et al. 2002), Musca domestica (Hediger et al. 2010), Bact-
rocera oleae (Lagos et al. 2007), Anastrepha obliqua (Ruiz et al. 2007) and Tribolium castaneum (Shukla &
Palli 2012b), maternally deposited TRA protein is present in both male and female early embryos. In fe-
male embryos, the maternal protein initiates the autoregulatory loop that locks the embryo to its female
state. This situation is averted in male embryos by male determining signals. These signals disrupt dir-
ectly or indirectly the formation of the TRA/TRA2 complex and avoid the activation of the autoregulatory
loop. As aresult, tra is spliced on the default state and the male sex is established (Bopp et al. 2014). It
is believed that the initiation of the tra autoregulatory loop by maternally deposited elements may reflect
the ancestral state of sex establishment in insects, given its presence in different orders (Bopp et al. 2014).
Indeed, evolution of female determining signals upstream of trq, like the Sx/in D. melanogaster, have been

characterised only within Drosophilidae and the honeybee Apis melifera.

2.3.2 The fruitless gene

The fruitless gene (fru) has been characterised in only a handful of species but has been thoroughly ex-
amined in the model species Drosophila melanogaster (reviewed in Billeter et al. 2006). The gene lies
downstream of tra in the sex determination pathway and alongside with doublesex promotes the sex dif-
ferentiation processes mainly of neuronal tissues. The gene has 4 promoters (P1-P4) that produce 18
different groups of transcripts through alternative splicing, making it one of the most complex genes
in the genome. All transcripts of the gene encode proteins that contain a BTB (bric-a-brac, tramtrack,
broad-complex) dimerization domain on the N-terminus and a zinc-finger DNA-binding domain on the
C-terminus (Billeter et al. 2006a, Ryner et al. 1996, Dalton et al. 2013). Transcripts of the gene are alternat-

ively spliced at their 3’-end between 5 exons that encode for different zinc-finger DNA-binding domains
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named A to E (Usui-Aoki et al. 2000). Because of the DNA-binding activity of the gene, it has been sug-
gested that fru is a transcription factor and associated with chromatin modifying proteins (Ito et al. 2012),

something evaluated in vitro (Dalton et al. 2013) and in vivo (Neville et al. 2014).

Fruitless is mainly associated with the sex-specific differentiation of the male central nervous system
(CNS). Transcripts of the gene that are transcribed from the P1 promoter include an exon with early stop
codons that result in immature protein products in females (Usui-Aoki et al. 2000). The exon is present in
both males and females and equipped with TRA/TRA2 binding sites that result in the inclusion of the exon
in females where the TRA/TRA2 complex is present. Because the exon lies upstream of the BTB and zinc-
finger loci of the gene, it ensures the production of incomplete fru protein products from this promoter
in females. The absence of the TRA/TRA2 complex from males, ensures the production of mature male-
specific isoforms that are expressed in 2-5% of all CNS neurons and have been shown to be involved in
male courtship behaviours (Lee et al. 2000, Demir & Dickson 2005, Manoli et al. 2005, Kimura et al. 2005).
Transcripts form P2-P4 promoters are not sex-specifically expressed and are present in both males and
females. These transcripts are expressed in neuronal and non-neuronal tissues from early developmental
stages and code for proteins that have vital functions in both sexes (Goodwin et al. 2000, Billeter et al.

2006).

2.3.3 The doublesex gene

2.3.3.1 Discovery of the Dmrt family

The dsx gene was first identified in 1965 in D. melanogaster through a recessive mutation that caused
male and female individuals to develop into intersex flies that shared an array of external and internal
phenotype anomalies (Hildreth 1965). Molecular characterisation of the dsx locus revealed later on that
the gene is involved in the sex development of the species, and that it promotes sex differentiation through
the production of sex-specific proteins that result from alternative splicing of the same gene (Burtis &
Baker 1989, Baker & Wolfner 1988). The discovery and characterisation of dsx and also male abnormal-3
(mab-3) gene in Caenorhabditis elegans decades later(Shen & Hodgkin 1988), lead to the identification of a
family of genes that appear to have a common evolutionary origin (Erdman & Burtis 1993, Raymond et al.
1998, Zhu et al. 2000). These dsx/mab-3-related genes (Dmrt genes) carry a specific DNA-binding domain
with an atypical zinc-finger C;H,Cy4 Cys-His configuration that binds the DNA minor groove (Erdman &
Burtis 1993, Zhu et al. 2000). This domain, called DM domain or Dmrt domain, has been identified in all
vertebrate and invertebrate genomes studied to date, including humans (DMRT1) (Raymond et al. 1999)

and both mice and chickens (Dmrt1) (Raymond et al. 1999a). The Dmrt domain is shared across many
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species in the animal kingdom and it is always associated with genes that are involved directly or indirectly
in many developmental processes, but most importantly in the sex-specific differentiation of the species

(Hong et al. 2007, Kopp 2012).

2.3.3.2 Gene structure

Like with fru, the dsx gene lies at the bottom of the sex determination cascade and it is alternatively spliced
to produce a male-specific (DSXM) and a female-specific (DSXF) isoform (Figure 2.8). The gene and all its
orthologs studied to date code for transcription factors that have a similar structure that includes two
oligomerisation domains(Verhulst & van de Zande 2015). The first oligomerisation domain (OD1) lies at
the N-terminus of the gene and it contains the Dmrt DNA-binding domain, which is adjacent to an a-
helix dimerization domain. The second oligomerisation domain (OD2) is located at the C-terminus of the
protein and it is followed by one sex-specific domain that is either male-specific (OD™) or female-specific
(ODF). Although both OD1 and OD2 domains are sex-independent, the OD2 domain is not shared across
the Dmrt family but rather is specific to dsx(Erdman et al. 1996, An et al. 1996). The sex specificity of
the dsx gene comes from both the ODM and OD¥ domains that are present only on the male- and female-
specific isoform respectively. Experiments performed on the dsx gene of D. melanogaster have shown that
both the DNA-binding domain and the dimerization domain are required for DNA-binding activity(An
et al. 1996), whereas OD2, ODM and OD have no role in DNA-binding activity(Burtis et al. 1991, Cho
& Wensink 1997). The fact that the sex specific domains of the protein do not regulate binding to the
DNA suggests that both DSX™ and DSX! bind the same target sequences within the genome, and that sex
specific differentiation is achieved via interaction of both ODM and OD¥ with the different components of

the transcriptional machinery of the cell (An et al. 1996, Verhulst & van de Zande 2015).

2.3.3.3 doublesex conservation

The Dmrt gene family belongs in a group of highly conserved factors that are found almost identical
among different species. The conservation of the Dmrt gene family throughout the animal kingdom was
validated when the DSXM version of D. melanogaster was able to rescue mab-3 mutant phenotypes in C.
elegans and restore the male function of the gene when ectopically expressed (Raymond et al. 1998), des-
pite the 740 million years that diverge the two species (Kumar et al. 2017). Within insects, the dsx gene
family has been thoroughly examined for its conservation among different taxa spread among different
orders. A major study that analysed expression sequence tags (ESTs) from the 32 orders of Hexapoda re-
vealed a dsx gene that appears to be ubiquitous in the subphylum (Price et al. 2015). Orthologs of the gene

were recovered from 30 orders with the majority of them showing evidence for alternatively spliced tran-
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Figure 2.8 — The DSX protein isoforms. The dsx gene produces two sex-specific isoforms in all insect
species studied to date. The alternative splicing pattern and domain structure of the male-specific (DSXM)
and female-specific (DSXF) isoforms are highly conserved among taxa. Both DSX™ and DSX' carry a
common sex-independent section that consists of the first and second oligomerisation domains (OD1
and OD2). OD1 is located at the N-terminus of the gene and includes the ultra-conserved Dmrt DNA-
binding domain of the Dmrt gene family and a second a-helix dimerization domain. The OD2 domain is
located on the C-terminus of the gene and it is immediately followed by the sex-specific ODM and ODF
domains. Both these domains are the result of alternative splicing of the dsx gene that is controlled by

upstream factors like the female-specific tra.

scripts that hint to a common ancestor with such characteristics. This hypothesis is strongly supported
by the fact that alternative splicing of the gene seems to be absent from the water flea Daphnia magna
and the western predatory mite Metaseiulus occidentalis, members of the Crustacea and Chelicerata sub-
phylum respectively. In these two Hexapoda outgroups, the dsx pre-mRNA shows no signs of alternative
splicing but rather a sex-biased expression in males (Kato et al. 2011, Pomerantz et al. 2015, Price et al.
2015). With the exception of three orders (Embioptera, Isoptera and Mantophasmatodea), both OD1 and
OD2 domains were found together in all Hexapoda orders. The OD1 domain could not be identified in
Mantophasmatodea, whereas in Embioptera and Isoptera evidence of the OD2 could not be recovered
from ESTs (Price et al. 2015). Nevertheless, the ancestry, ubiquity and conservation of the dsx gene in in-
sects is unchallenged and further supports the hourglass model of evolution of the sex determination and

development in the class.

2.3.3.4 Role in sex determination and sex differentiation

The dsx gene promotes sexual differentiation by regulating the expression of various downstream genes
that are involved in many aspects of sex-specificity and development. The yolk protein genes in D. melano-
gaster were the first dsx targets to be identified in insects (Burtis et al. 1991, Coschigano & Wensink 1993).
It was demonstrated that both DSX™ and DSX! bind the same fat body enhancer of two yolk protein genes
in the species. The male-specific isoform suppresses the enhancer and thus the expression of the yolk
protein, whereas the female-specific version enhances its function and the production of yolk protein.

The dsx/yolk protein system has also helped to reveal and characterise the DSX-binding site on the fat
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body enhancer of the yolk protein genes (Erdman et al. 1996). The 13-bp palindromic motif (GCAACAAT-
GTTGC) was used as a probe to find putative DSX targets in other Drosophila and other Dipteran species
(Luo et al. 2011). The motif is indeed shared across many insect lineages with some variation flanking the
core sequence ACA[A/T]TGT (Luo et al. 2011, Verhulst & van de Zande 2015). This has helped identify and
validate putative target genes of DSX in D. melanogaster and many other species and new gene discoveries

were quick to follow.

In D. melanogaster the role of dsx in sex differentiation has been thoroughly examined. Apart from the
regulation of the yolk protein genes, the specific abdominal pigmentation of males was also shown to be
regulated by dsx (Kopp et al. 2000, Williams et al. 2008). The bric-a-brac (bab) gene suppresses abdominal
pigmentation and it is active in females. Both DSX™ and DSX! bind the same regulatory element upstream
of bab, restricting or enhancing its function respectively. Female-specific pheromones in the species are
also regulated by dsx. DSXF was shown to enhance the production of female-specific pheromones by
acting on the desaturase DesatF gene (Shirangi et al. 2009). The inability of DSX™ to repress expression of
the DesatF gene in the same experiment revealed that DSX! and DSXM do not always act antagonistically.
Other targets of the dsx gene involve genes that regulate the development of gustatory sense organs and
the differentiation of the genital imaginal disk and abdomen. The number of gustatory sense organs
in the foreleg of the species is regulated by both DSXM and DSXF isoforms on a segment-by-segment
basis, revealing a distinct spatial function of the gene in nearby tissues (Mellert et al. 2012, Verhulst &
van de Zande 2015). On the abdomen, DSXM promotes the expression of extramacrochetae (emc), which
is involved in the reduction of the A7 abdominal segment in males, whereas DSX' on the other hand
suppresses the expression of the emc gene (Foronda et al. 2012). Finally, suppression of branchless by
DSXF results in the absence of male-specific structures in females and the development of female genitalia

(Miiller-Holtkamp 1995).

The gene’s involvement in sex differentiation has also been reported in species outside of Drosophila.
In the silkworm Bombyx mori, the DSXF isoform has been shown to activate the expression of the vitello-
genin gene by binding to the core of the palindromic ACA[A/T]TGT sequence, whereas DSXM was shown
to repress the expression of the gene (Suzuki et al. 2003). In the species, the development of the A8 ab-
dominal segment in males is also regulated by dsx. When DSXM was ectopically expressed in females, an
abnormal A8 segment was formed, indicating that DSXM is essential for the development of the A8 seg-
ment in males(Duan et al. 2014). In the beetle Tribolium castaneum, dsx also regulates the expression of
vitellogenin as observed in B. mori. In the species, the 13-bp DSX-binding sequence was characterised
on an additional 8 different genes, indicating a direct relation with dsx (Shukla & Palli 20124). In other

beetles, like the horned beetles Onthophagus and Trypoxylus, knockdown of dsx resulted in the reduction
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of the size of horns in males and the development of small horns in females, which normally do not de-
velop horns (Kijimoto et al. 2012, Ito et al. 2013). In the stag beetle Cyclommatus metallifer, knockdown
of dsx resulted in a dramatic reduction of the mandibles of males and in a slight overdevelopment in fe-
males (Gotoh et al. 2014). Finally, in the Hymenoptera order, the dsx gene was associated with wing size
and development in the parasitic wasp Nasonia vitripennis (Loehlin et al. 2010), whereas in Lepidoptera,
the gene has been associated with wing patterns variations in the butterfly Papilio polytes that play an

important role in mimicry within the species (Kunte et al. 2014).

All these examples are proof that dsx is the connecting link between sex determination and sex differ-
entiation. In contrast with other genes, like fru and tra, dsx has been found in all insect species studied
to date, acting always as a double switch that underpins male and female sex differentiation. The gene
has numerous targets in the genome that promote the development of sex characteristics and processes
that eventually define the male and female individual. The dsx gene is probably one of the most highly
conserved genes in the insect class and domains like the Dmrt domain are present in many species across
the animal kingdom. The fact that domains like the Dmirt are shown to play a role in sex determination in
all species that have been characterised, is evidence that this family of genes was present in our common
ancestors and has barely diverged in millions of years. This high conservation and sex-specificity of dsx,
makes it an ideal candidate to use in interventions that aim to control populations of insect pests and
disease vectors. A highly conserved female-specific isoform would provide an excellent target for gene
drive systems aiming at controlling mosquito populations. The dsx gene could provide the solution to the
problem of resistance recorded in previous gene drive systems and help build a more robust system that

can spread in a mosquito population.

2.4 Sexdetermination in mosquitoes

Mosquitoes belong within the Culicidae family of the Diptera order. The family contains two subfamilies,
Culicinae and Anophelinae, which include over 3,000 species in total. The sex determination of mos-
quitoes has been under thorough investigation due to the high importance mosquitoes have in global
health and economy. Over a century ago, Dr. Nettie Stevens showed that mosquitoes share both homo-
morphic and heteromorphic sex chromosomes (Stevens 1911). She discovered that members of the An-
ophelinae subfamily, like Anopheles punctipennis, have heteromorphic sex chromosomes whereas mem-
bers of the Culicinae subfamily, like Culex quinquefasciatus and Culex tarsalis, have homomorphic sex
chromosomes. Up to date, various genetic evidence support that observation and suggest that in Culi-

cinae, sex is determined by a dominant M-factor located on homomorphic loci (M-locus), whereas in
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Anophelinae, sex is determined by M-factors located on the heteromorphic Y chromosome (reviewed in
Biedler & Tu 2016). The divergence of the sex determining systems between the two families trace back 200
million years ago, which creates an opportunity to study the co-evolution of sex determining mechanism

in the family (Reidenbach et al. 2009).

Despite efforts to map the sex determination pathway in mosquitoes, the primary sex determining
signals that initiate sex development have been discovered only in a handful of mosquito species. In the
yellow fever mosquito Aedes aegypti, a candidate gene was characterised from the M-locus located on the
homomorphic sex chromosomes of the species (Hall et al. 2015). The gene called Nix was shown to be
expressed before the sex is determined on the onset of the maternal-to-zygotic transcription. The gene is
a distant homologue of tra-2 and the encoded protein has domains necessary for RNA-binding activity.
Because of its ability to bind RNA, it was proposed that Nix regulates the splicing of dsx either directly, or
indirectly through complex assemblies with unknown factors. Knockout mutations of Nix using the CR-
ISPR/Cas9 system resulted in male individuals with female characteristics such as female antennae and
genitals, whereas ectopic expression of the gene in female embryos resulted in the development of male
characteristics such as testis and external genitalia. Recently, a study has shown that transgenic expression
of Nix was sufficient to convert female Aedes aegypti mosquitoes into males carrying all the male-specific
sexual dimorphic traits and male-specific gene expression profile (Aryan et al. 2020). A homologue of the
gene with similar maleness properties has been found in other Aedes mosquito species like Aedes albopic-
tus, indicating a conservation of the sex determining signal within the genus (Hall et al. 2015). Neverthe-
less, homologues of the gene could not be identified in distant taxa such as Culex quinquefasciatus and
Anopheles gambiae, revealing once again the diversity of the primary sex-determining signals at the top

of the sex determination pathway.

Within the Anopheles genus, putative M-factors have been identified on the heteromorphic Y chro-
mosome. In Anopheles stephensi, a candidate gene (Guyl) was selected from four genes discovered on the
Y chromosome. The gene is expressed during the onset of the maternal-to-zygotic transcription, earlier
and independent of any other Y chromosome genes (Criscione et al. 2013). In Anopheles gambiae, a gene
called gYG2 was found to be expressed from the Y chromosome during the onset of maternal-to-zygotic
transcription (Hall et al. 2013). The gene, which later on was named Yob, has a similar secondary struc-
ture with Guyl and is transcribed in the embryo before the blastoderm formation and before any other
Y-linked genes. Ectopic expression of the gene in embryos proved lethal for females, whereas ectopic de-
livery of Yob protein in cell lines enhanced the production of the male-specific dsx transcripts and the
depletion of the female-specific isoform of the gene (Krzywinska et al. 2016). Yobis the only Y linked gene

present across the Anopheles gambiae species complex, a group of at least 8 morphologically indistin-
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guishable species (Hall et al. 2016). These characteristics make Yob a suitable candidate for representing
the M-factor in the species.

An interesting aspect of mosquito sex determination is the failure to detect any homologues of the
transformer gene. To date, homologues of the gene have never been found in mosquito species (Geuv-
erink & Beukeboom 2014). What is more interesting is that TRA/TRA-2-like binding sites have been found
on the dsx and fru pre-mRNA of three mosquito species (A. aegypti, An. gambiae and C. quinquefasciatus)
(Scali et al. 2005, Gailey et al. 2006, Price et al. 2015a, Salvemini et al. 2011, 2013). The hypothesis is that
tra has either evolved to a degree that it is beyond detection or that it has been replaced by another factor
or an early sex-determining signal e.g. Nix. On the contrary, the more conserved dsx gene has been char-
acterised in all mosquito species studied to date, supporting the hourglass model of evolution principle
of the sex determination pathway in insects. Apart from the sex determining signals that lie at the top of
the sex determination pathway and dsx and fru that lie at the bottom, the sex determination pathway in
mosquitoes is largely unknown and uncharacterised. In some species, like Aedes aegypti, the ability of the
primary sex determining signal to regulate the alternative splicing of dsx and fru indicates the absence of

intervening factors from the pathway. Of course, if this is the case needs to be thoroughly examined.

2.5 Concluding remarks

Sex within eukaryotes has evolved as a way to mix genomes and select the best and fittest individuals.
Across the tree of life, sex is established using an array of different sex determining mechanisms and in-
sects capture an incredible variety of these mechanisms. Sex determination in insects follows a common
theme. The mechanisms and signals that determine the sex and lie at the top of the sex determination
hierarchy are diverse and almost never similar between different taxa. On the contrary, genes and factors
that lie downstream in the pathway, gradually become more conserved in such a degree that genes like
dsx, that lie at the bottom of the sex determination cascade, are highly conserved and found consistently
between all insect species studied to date. The dsx gene acts as a binary switch between male and female
sex development by regulating a plethora of downstream factors and processes that are all involved in
sex differentiation. The gene provides an excellent target for gene drive systems aiming to control insect
populations by targeting sex development. By interrupting the sex-specific function of dsx we could se-
lectively skew the sex ratios of wild insect pest and vector populations and decrease their numbers. An
additional great advantage of the gene that makes it a suitable target for a gene drive system is its con-
served nature. First generation gene drives have failed to spread efficiently in insect populations because

of resistance at the target sites that counteracted the function of the gene drive. A gene like dsx could offer
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a solution to this problem. The highly conserved gene could provide a more robust target site that does
not allow variations in its DNA sequence, which are essential for the establishment of resistance. A gene
drive system targeting such a sequence in the malaria vector Anopheles gambiae is thoroughly examined
in the next chapters for its efficiency and its ability to spread in mosquito populations without being af-
fected by resistance. By targeting the female-specific isoform of the gene in the species we hope to build a
system that could be used as a self-sustaining form of population control that could complement current

interventions.
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Chapter 3

Materials & Methods

3.1 Plasmid preparation

3.1.1 Bacterial transformation — Miniprep and Maxiprep isolation of plasmid DNA

Plasmids were transformed into OneShot™" Top10 competent Escherichia coli cells (ThermoFisher Sci-
entific - #C404006) according to manufacturer’s protocol. Briefly, 2 uL of each ligation or plasmid assembly
reaction were gently inserted in 25 pL freshly-thawed competent cells and left to incubate on ice for 30
minutes. To heat shock the cells, the solutions were incubated for exactly 30 seconds in a water bath set to
42°C and then immediately placed on ice. Practising sterile technique to avoid contamination, 125 pL of
pre-warmed S.0.C medium was added in each tube and incubated on a shaking incubator at 37°C for 45
minutes. Practising sterile technique, 100 pL from each tube were spread on agar petri dishes containing
the appropriate antibiotic and left overnight to grow in a 37°C incubator. Colonies were carefully selected
from the agar using a 10 pL pipette tip to perform colony-PCRs (see below), after they were re-streaked on
anew agar petri dish to grow more cell material for subsequent analysis. Up to 30 colonies can be regrown
onto the new petri dish by using 1 cm area to re-streak each colony. Colonies with successful colony-PCRs
were selected from the new agar using a 10 pL pipette tip and were used to inoculate sterile Luria-Bertani
(LB) broth with the appropriate antibiotic for subsequent miniprep or maxiprep preparation. Plasmids
were purified using the QIAprep Spin Miniprep (QIAGEN - #27104) and Maxiprep (#12163) kits according

to manufacturer’s instructions.

3.1.2 Colony-PCR

Colony-PCRs were performed after each bacterial transformation to verify successfully transformed cells.
Colonies from the agar plates were selected using a 10 pL pipette tip and diluted in 5 pL sterile water. 2 pL

of the diluted colony was subsequently used as template for PCR reactions. The reactions were performed
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using the QIAGEN Fast Cycling PCR kit (#203743) and modified to a 10 pL total reaction volume. PCR
reactions were loaded in 200 uL PCR tubes and left to incubate in a Veriti"" Thermal Cycler (ThermoFisher
Scientific - #4375305). For the incubation, the initial denaturation step was adjusted to five minutes at
90°C to help rupture the bacteria cells and release the DNA into the solution. The initial denaturation was
followed by a 5-second denaturation step at 96°C, a 5-second annealing step and an elongation step at
68°C, which were repeated for 40 cycles. A final one-minute extension step at 72°C was used at the end
to finalise the reaction. Because the master mix contains CoralLoad® Dye, half the reaction volume was
immediately used for gel electrophoresis on 1% agarose gel. The electrophoresis was allowed to run at
110 V for 45 minutes using a Wide Mini-Sub Cell GT system (Bio-Rad - #1704468EDU) and PCR fragments

were verified using a Gel Visualisation System (Azure Biosystems - #c280).

3.2 Genomic DNA extraction

Mosquito DNA was extracted using the Wizard® Genomic DNA Purification kit (Promega - #A1120). Mos-
quitoes were homogenised using micropestles in 200 puL nuclei lysis solution in microcentrifuge tubes and
incubated for 30 minutes at 65°C before following the manufacturer’s protocol. Briefly, 200 uL of the lysate
were mixed with 70 puL of protein precipitation solution and incubated for five minutes on ice before being
vortexed and centrifuged for one minute at 13,000 g on a Benchtop Centrifuge (EppendorfTM -#5424). The
supernatant containing the genomic material was transferred to a new microcentrifuge tube and mixed
with 200 pL isopropanol (Sigma-Aldrich, #19516) before centrifuged at 4°C for 10 minutes at 13,000 g on
a cold table centrifuge (Hettick® - #7652113). The supernatant was removed and the pellet containing
the genomic material was washed with 200 uL of 70% Molecular Biology Grade ethanol, Absolute (Fish-
erScientific - #100644795). After a final centrifugation at 13,000 g in the cold centrifuge, the ethanol was
discarded carefully to avoid loss of genomic material and the pellet was air dried on a flat surface for 10
minutes. The genomic material was suspended in 30 uL UltraPure DNase/RNase-free Distilled Water (In-
vitrogen - #11538646) and quantified using a NanoDrop spectrophotometer (ThermoFisher Scientific -

#ND2000).

3.3 PCR amplification and gel analysis

Standard PCRs were performed using the Phusion® High-Fidelity PCR kits (NEB UK - #E0553S). PCR re-
actions were loaded in 200 uL PCR tubes and left to incubate in a Veriti"~ Thermal Cycler following the
manufacturer’s recommendations. An initial 30-second denaturation step at 98°C was followed by a 10-

second denaturation step at 98°C, a 30-second annealing step and an elongation step at 72°C, all three
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Species Strain Assembly Assembly level

Anopheles gambiae PEST AgamP4 chromosome
Anopheles coluzzii Mali-NIH AcolM1 scaffold
Anopheles merus MAF AmerM2  scaffold
Anopheles arabiensis Dongola AaraD1 scaffold
Anopheles quadriannulatus SANGWE AquaSl1 scaffold
Anopheles melas CM1001059_A AmelC2 scaffold
Anopheles christyi ACHKN1017  AchrAl scaffold
Anopheles epiroticus Epiroticus2 AepiEl scaffold
Anopheles minimus MINIMUS1 AminM1  scaffold
Anopheles culifacies A-37 AculAl scaffold
Anopheles funestus FUMOZ AfunF3 chromosome
Anopheles stephensi Indian Astel2 scaffold
Anopheles maculatus Maculatus3 AgamM1  scaffold
Anopheles farauti FAR1 AfarF2 scaffold
Anopheles dirus WRAIR2 Adirw1 scaffold
Anopheles sinensis SINENSIS AsinS2 scaffold
Anopheles atroparvus EBRO AatrE3 scaffold
Anopheles darlingi Coari AdarC3 contig
Anopheles albimanus STECLA AalbS2 chromosome

Table 3.1 - Mosquito genome databases and assemblies used in this study. Sequence alignments and
primer design were performed using sequences from current genome databases and assemblies depos-

ited at VectorBase, www.vectorbase.org (Giraldo-Calderén et al. 2015), during the time of the experiments.

repeated for 35 cycles. The reactions was finalised using a a final 10-minute extension at 72°C. DNA tem-
plates included plasmid DNA (=10 pg), PCR products (=10 ng) and genomic DNA (=30ng). The PCR
products were subsequently visualised on 1% agarose gel using 5 pL loading sample, consisted of 1 pL of
the PCR reaction and 4 pL. DNA Loading Buffer Blue (Bioline - #BI0-37045). The loaded gel was run using

110 V for 45 minutes and PCR fragments were eventually verified using a Gel Visualisation System.

3.4 Genomic databases and graph representation

All genomic information and sequences for primer design was retrieved from VectorBase, www.vectorbase.
org (Giraldo-Calderén et al. 2015), using the Anopheles gambiae PEST genome assembly (AgamP4.12).
The assemblies used for other species are outlined on Table 3.1. All genomic, oligonucleotide and primer
sequences are displayed in a 5° — 3’ orientation unless stated otherwise. GraphPad Prism software v9.0,

www.graphpad.com, was used to plot data and perform statistical analyses.
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3.5 Generation of CRISPR helper and donor plasmids

3.5.1 pl74 gene drive vector

The CRISPR gene drive vector p174 was created using fragments and PCR products amplified with over-
hangs for subsequent Gibson assembly reaction. The zpg promoter and terminator fragments were amp-
lified from genomic DNA using the primers listed in Table 3.2 to produce a 1,126 bp and a 1,094 bp frag-
ments respectively, whereas the hCas9 fragment (4,273 bp) was amplified from plasmid p165 (Hammond
etal. 2016). All fragments were purified from PCR reactions using the QIAquick PCR Purification kit (QIA-
GEN - #28106). The gRNA-spacer cloning site, the 3xP3::RFP fluorescent marker coding sequence and
the backbone of the plasmid with the attB recombination sequences were all excised from p165 as one
fragment using Ascl (ThermoFisher Scientific - #FD1894) and BshTI (#FD1464) restriction digestion en-
zymes. The digestion was performed according to manufacturer’s instructions and all the reaction was
subsequently loaded on a 0.7% agarose gel to validate the digestion. The 5,698 bp fragment was excised
from the gel and purified using the QIAquick Gel Extraction kit (QIAGEN - #28115). All 4 fragments (the
backbone, the zpg promoter and terminator and the hCas9 fragment) were cloned together into one Gib-
son assembly reaction (Gibson et al. 2009) using the Gibson Assembly® master mix (NEB UK - #E2611L).
The reaction was setup and performed according to manufacturer’s recommendations and 2 pL were im-

mediately used to transform OneShot" Top10 competent cells.

Element Primer name Primer sequence

2pg promoter zpgprCRISPR-F  GCTCGAATTAACCATTGTGGACCGGTCAGCGCTGGCGGTGGGGA
zpgprCRISPR-R  TCGTGGTCCTTATAGTCCATCTCGAGCTCGATGCTGTATTTGTTGT

2pg terminator zpgteCRISPR-F  AGGCAAAAAAGAAAAAGTAATTAATTAAGAGGACGGCGAGAAGTAATCAT
zpgteCRISPR-R  TTCAAGCGCACGCATACAAAGGCGCGCCTCGCATAATGAACGAACCAAAGG

hCas9 hCas9CRISPR-F  ACAACAAATACAGCATCGAGCTCGAGATGGACTATAAGGACCACGA

hCas9CRISPR-R  ACTTCTCGCCGTCCTCTTAATTAATTACTTTTTCTTTTTTGCCTGGCC

Table 3.2 — Primers used to amplify the fragments necessary to build p174. Gibson primers with over-
hangs (underlined) were designed to overlap to place the hCas9 fragment between the zpg promoter and

terminator fragments.
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3.5.2 pl16510 and p17410 CRISPR helper plasmids

The CRISPR helper plasmid p16510 and CRISPR gene drive vector p17410 were created using the p165
plasmid (Hammond et al. 2016) and p174 vector respectively as destination vectors for the gRNA-T1
spacer. The spacer was created using 20 bp oligonucleotides (Table 3.3) carrying overhangs for directional
cloning into Eco31I-digested plasmids using Golden Gate assembly reaction (Engler et al. 2008). The oli-
gonucleotides were annealed in a 50 pL reaction containing 100 uM of each primer and 2.5 pL NaCl 1M
using a thermocycler and a ramp-down setup programme starting from 95°C down to 20°C. The annealed
spacers were subsequently cloned into p165 and p174 using a one-step restriction/ligation reaction as

outlined in Engler et al. 2008.

Target site gRNA sequence Oligonucleotide sequence

TGCTGTTTAACACAGGTCAAGCGG

GTTTAACACAGGTCAAGCGGTGG GTTTAACACAGGTCAAGCGG
AAACCCGCTTGACCTGTGTTAAAC

Table 3.3 — The gRNA-T1 sequence, target site and the oligonucleotides used to anneal the gRNA-T1
spacer. The gRNA-T1 consists of 20 nucleotides that are homologous to the target site in exon 5 of the dsx
gene. The target site includes the PAM sequence, an additional 3 nucleotides downstream (underlined).
The oligonucleotides used to anneal the gRNA-T1 spacer carry overhangs (underlined) for subsequent
Golden Gate cloning.

3.5.3 K101 donor plasmid

The donor plasmid K101 was created using Gibson assembly reaction with fragments amplified from ge-
nomic DNA and fragments excised from p163 plasmid used previously in Hammond et al. 2016. Two
sequences were amplified from the immediate upstream and downstream regions of the cut site of gRNA-
T1 on exon 5, using the sets of primers listed in Table 3.4 to produce a 1,938 bp and 2,015 bp fragments,
resembling the left (LH) and right homology (RH) arms of the target site respectively. The eGFP fragment
and backbone of the plasmid were excised from p163 using Bful (ThermoFisher Scientific - #£R1501) and
Mlul (#FD0564) with BshTI (#FD1464) restriction enzymes respectively. As before, both PCR fragments
and digestion fragments were PCR and gel purified using the QIAquick PCR Purification and Gel Extrac-
tion kits. All 4 components were mixed accordingly and assembled in a Gibson assembly reaction (Gib-
son et al. 2009) using the Gibson Assembly® master mix and 2 pL were immediately used to transform

OneShot'" Top10 competent cells.
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Homology Primername Primer sequence

dsx¢31L-F GCTCGAATTAACCATTGTGGACCGGTCTTGTGTTTAGCAGGCAGGGGA
dsx¢31L-R CACCAAGACAGTTAACGTATCCGTTACCTTGACCTGTGTTAAACATAAAT
dsx¢31R-F GGTGGTAGTGCCACACAGAGAGCTTCGCGGTGGTCAACGAATACTCACG
dsx¢31R-R TCCACCTCACCCATGGGACCCACGCGTGGTGCGGGTCACCGAGATGTTC

Left

Right

Table 3.4 — Primers used to amplify the fragments necessary to build K101. Gibson primers with over-
hangs (underlined) were designed to amplify the left and right homology arms surrounding the cut site.
The Gibson overhangs are homologous to either the eGFP fragment or backbone to correctly align the

homology arms on the K101 donor plasmid.

3.6 Microinjection of mosquito embryos and selection of transformants

Microinjection of mosquito embryos was performed according to standard protocols as described before
(Fuchs et al. 2013). To create the dsxF " line, Anopheles gambiae G3 wild-type mosquito embryos were
injected with a solution containing both p16510 and K101 plasmids, each at 300 ng/pL concentration in
phosphate-buffered saline solution (PBS) (ThermoFisher - #10010031). After 48 hours, hatched L1 lar-
vae were screened for transient expression of the eGFP marker in the lower abdomen using a fluorescent
microscope (Nikon, Eclipse TE200). Gy larvae were isolated and were grown to adulthood and mated
with wild type. Successful integration events were identified as eGFP* transformants among the G; pro-
geny, expressing the marker in the optic lobe of the head and dorsal ganglia that run the length of the

larval body (Figure 3.1). To create the dsxFCRISPR!

gene drive line, embryos from dsxF ~ were injected with
solution containing both p17410 and the vas2::integrase helper plasmid (Volohonsky et al. 2015) at 300
ng/pL concentration. Hatched L1 eGFP* larvae were selected and screened for the presence of the RFP
marker in their lower abdomen. Gg larvae expressing the RFP marker were isolated and left to grow to
adulthood and mated with wild type. Successful RMCE events were identified among the G; progeny as
3xp3::GFP /3xP3::RFP* larvae since the replacement of the two cassettes will result in the removal of the

eGFP marker present on the dsxF -~ line and the expression of the RFP marker present on the CRISPR"

cassette.

3.7 Molecular confirmation of gene targeting

3.7.1 Confirmation of gene targeting and recombinase-mediated cassette exchange events

Both dsxF - and dsxFCRISPR! lines were verified genetically for the correct integration of the transgene in

the genome. For dsxF ~, primers were designed to bind outside the regions used to amplify the homology
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optic lobe dorsal ganglia

Figure 3.1 — Expression pattern of the 3xP3 promoter. In transgenic larvae, a fluorescent marker that
is under the regulation of the 3xP3 promoter is always visible in the optic lobe of the head of the larvae
but also the dorsal ganglia that run the length of the larval body. This expression pattern is constant and

visible in all developmental stages of the mosquito.

arms for the creation of the K101 plasmid so that only correct integrations within the genome could be
identified (Figure 4.8B). Primers ‘dsxin3-F’" and ‘GFP-F’ were used to amplify the upstream region of the
integration and primers ‘3xP3’ and ‘dsxex6-R’ were used for the downstream region (Table 3.5). Successful
events would generate the expected bands when visualised on a gel at 2,934 bp and 2,310 bp respectively.
Primer sets ‘dsxex4-F’ + ‘RFP-R’ and ‘dsxex5-R1’ + ‘hCas9-F’ were used to verify the left and right side of
the orientation of the CRISPR" cassette in the target locus. The primers amplify a 1,380 bp and 1,979 bp
respectively. All PCR fragments were purified using the QIAquick PCR Purification kit and were sent for

genomic sequencing for verification.

Primer name Primer Sequence

dsxin3-F GGCCCTTCAACCCGAAGAAT

GFP-F GCCCTGAGCAAAGACCCCAA

3xP3 TATACTCCGGCGGTCGAGGGTT
dsxex6-R GAATTTGGTGTCAAGGTTCAGG
dsxex4-F GCACACCAGCGGATCGACGAAG
RFP-R CAAGTGGGAGCGCGTGATGAAC
hCas9-F CCAAGAGAGTGATCCTGGCCGA

dsxex5-R1 CTTATCGGCATCAGTTGCGCAC

Table 3.5 — Primers used for verification of gene targeting and RMCE events. List of primers used to
verify the correct integration of the eGFP cassette in the dsxF - line and the RMCE event in the dsxFCRISPRI

line.
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3.7.2 Containment of mosquitoes

Wild-type and transgenic mosquitoes were kept at an underground insectary in dedicated cubicles with
controlled temperature and humidity, compliant with Arthropod Containment Guidelines Level 2 (Scott
2005). The insectary is protected with two levels of security card access and at least 7 doors from the
external environment. All work is performed in accordance with Imperial College biosafety protocols for
genetically modified (GM) organisms and specific risk assessments for the use and containment of GM
mosquitoes, which are compliant with a recent report calling for safeguarding the creation, study and use

of gene drive technology (Akbari et al. 2015).

3.8 Phenotypic characterisation and microdissections

To confidently separate mosquitoes based on their genotype, a Complex Object Parametric Analyzer and
Sorter instrument (COPAS) (Union Biometrica, USA) was used to confidently distinguish between het-
erozygous and homozygous L1 larvae, based on the intensity of the fluorescent marker of the transgene
(Marois et al. 2012). The larvae were left to grow, and adult mosquitoes were collected in 15 mL cent-
rifuge tubes and anaesthetised on ice for 5 minutes prior to phenotypic analysis and dissections. The
mosquitoes were observed under a stereomicroscope (Olympus — SZX7) and pictures were taken using
a HiChrome-SMII digital mounted camera (GT Vision, UK). Dissections were performed on microscopic
slides using PBS buffer and two pairs of forceps. For phenotypic characterisation of the genotypes, the
legs of the mosquitoes were removed to achieve the profile orientation for better comparison. The gon-
ads, and spermathecae were carefully isolated from the rest of the carcass and covered with borosilicate
glass square coverslip to be levelled and visualised under an EVOS XL Core Cell imaging system (Ther-

moFisher Scientific - #AMEX1200).

3.9 Phenotype assays

3.9.1 Fertility assays

Progeny from intercrossed dsxF ~ mosquitoes carrying an RFP marker on the Y chromosome (Bernardini
et al. 2014) were screened for the intensity of the eGFP marker and were separated into homozygous
(dsxF’") and heterozygous (dsxF *") groups. When pupae, the groups were separated into males and fe-
males and were mated separately with wild type in groups of 50 in BugDorm-4S1515 rearing cages (Bug-
Dorm, Taiwan). The mosquitoes were left to mate for five days before they were blood fed on anesthetised

mice for 10 minutes. At least 45 blood-fed females from each cross were allowed to lay individually into
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100 mL cups filled with water, lined with filter paper and covered with mesh. The entire egg and larval
progeny were counted for each female and to verify the genotype of the parent a minimum of 20 larvae
were screened for the presence of the eGFP marker. Females that failed to lay eggs or produce larvae were
dissected to check for evidence of mating. For that, females were anaesthetised on ice for five minutes
and were dissected to retrieve their spermatheca, a black sphere at the end of their abdomen (Figure
3.2). The spermatheca was ruptured using a cover slip and was checked under an EVOS imaging sys-
tem for the presence of sperm. Females with no evidence of sperm were excluded from the analysis. For
the dsxFCRISPER Jine the analysis was performed essentially the same way with some minor differences.
Heterozygous mosquitoes (dsxF *") were screened and separated from both male and female parents to
assess the parental effect of the construct on the phenotype. As before, the entire egg and larval output
were counted but this time the entire larval progeny was screened for the presence of the CRISPR" RFP
marker to assess the transgenic rate of the line. In contrast with before, unmated females were included
in the analysis. All group statistical differences were calculated and reported using the Kruskal-Wallis and

Mann-Whitney nonparametric tests.

spermatheca

Figure 3.2 - The abdomen and spermatheca of the female mosquito. The spermatheca, a female-specific
structure that is used as sperm storage is located at the last segment of the abdomen (VII) and is clearly

visible as a black sphere, even through the mosquito cuticle.

3.9.2 Longevity assays

Homozygous (dsxF 7°) and wild-type (dsxF **) larvae were reared separately to pupation and a random
100 pupae from each group were mixed together in BugDorm-452222 rearing cages and left to emerge.
Dead mosquitoes were collected every day at the same time and were sexed using a stereomicroscope. Fe-
male individuals from each group were identified by the presence or absence of inverted claspers, whereas
male dsxF ”~ mosquitoes were identified using a fluorescent microscope by examining the eyes of the mos-

quitoes for the presence of the eGFP marker. The experiment was performed in triplicates and the median
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(y) survival was analysed for statistical significance using the Log-rank (Mantel-Cox) test.

3.10 Measuring spread of gene drive in a caged population

All cage trials were initiated using 300 wild-type females, 150 wild-type males and 150 dsxFCRISPR /. male
individuals originated from transgenic male parents. All mosquitoes were reared in parallel and both
wild type and dsxFCRISPR yere screened for the presence of the RFP marker. Mosquitoes were placed in
BudDorm-4S2222 rearing cages as pupae and left to emerge. The cages were left to mate for 5 days before
blood feeding on mice for 15 minutes. Eggs were collected after 2 days using 300 mL glass bowls filled with
water and lined with filter paper. To seed the next generations, a total of 650 randomly-chosen eggs were
collected from the egg bowls using strings of filter paper and were gently washed into a rearing tray filled
with 500 mL of water and lined with filter paper in order to hatch. The rest of the clutch size from every
cage was counted each generation using JMicroVisioin v1.27 software. All the larval progeny hatched from
the trays were screened for the presence of the RFP marker to assess the transgenic rate of the generation
and were split equally into trays and reared to pupation. All pupae from each cage were counted and were
placed into new cages to emerge, marking the start of the next generation. The cycle was repeated until

the cage populations were unable to blood feed or produce eggs.

3.11 Analysis of resistance at the gene drive target site

Each generation the entire population of each cage was collected into 15 mL centrifuge tubes and placed
in -20°C for storage. Genomic material was obtained en masse from the whole population of each cage
for every generation using the Wizard® Genomic DNA Purification kit. A PCR reaction was performed
on 40 ng of DNA material using the KAPA HiFi HotStart Ready mix PCR kit (Kapa Biosystems - #KR0370).
The reactions were performed in 50 mL volume in 200 pL PCR tubes using primers carrying the Illumina
Nextera Transposase adapters (Table 3.6) for subsequent deep amplicon sequencing. The PCR reactions
were incubated in a Veriti"" Thermal Cycler using the following setup: a three-minute initial denaturation
step at 95°C, followed by a 20-second denaturation step at 98°C, a 20-second annealing step at 68°C and a
nine-second extension step at 72°C, followed by a final five-minute extension step at 72°C. PCR reactions
were performed under non-saturating conditions so as not to distort the relative frequency of the alleles
at the target site. To achieve that, the PCR reaction was paused after 20 cycles and half the volume of the
reaction was stored at -20°C for subsequent deep amplicon sequence analysis. The rest of the reaction
was left to run for an additional 20 cycles and used to verify the PCR amplification on a 1% agarose gel.

Successful PCR reactions were identified with a band at 358 bp and the corresponding samples stored at
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-20°C were sent for deep amplicon sequencing (Genewiz® Brooks Automation, Germany and PoloGGB,

Italy).

Primer Name Primer sequence

4050-Nlumina-F  ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTTATCGGCATCAGTTGCG
4050-Ilumina-R  GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTGAATTCCGTCAGCCAGCA

Table 3.6 — Primers used for deep amplicon sequencing of the gene drive target site in dsx. The pair
of primers used to amplify the target site on exon 5 to identify non-homologous end joining (NHE]) and
microhomology-mediated end joining (MME]) events after the digestion of the target site by the gene

drive. The Nextera Transposase adapters area underlined.

3.11.1 Bioinformatic analysis of the alleles generated during the population experiments

Raw deep amplicon sequencing data were analysed using the CRISPResso V2.0 software (Clement et al.
2019). By using the target site as a reference, the software groups alleles based on indels and single nucle-
otide variance (SNV) around the target site including 20 bp flanking regions. Alleles with less that 3 reads
and an average quality score below 30 (phred33) were discarded and were not used in the analysis. The
12 most prevalent alleles and the SNV frequencies across the length of the amplicon were used to plot the

graphs.

3.12 Invitro cleavage assay of SNP found in wild populations in Africa

3.12.1 Plasmid preparation

The spacers for the original gRNA-T1 target site (WT®) and target site with the SNP found in Africa (SNP'®)
were assembled using reverse complement oligonucleotides (Table 3.7) carrying overhangs for directional
cloning using Golden Gate assembly. The oligonucleotides were annealed together in a 50 pL reaction
containing 100 uM of each oligonucleotide and 2.5 pL. 1M NaCl using a thermocycler and a ramp-down
setup programme starting from 95°C down to 20°C. Both WT® and SNP' annealed spacers were cloned
into DR274, a plasmid carrying an Eco311 spacer cloning site (Hwang et al. 2013), using a one-step restric-
tion/ligation reaction as outlined in Engler et al., 2009(Engler et al. 2009). The new plasmids pWT® and
pSNP*® were purified and linearized using Sspl restriction digestion enzyme (ThermoFisher Scientific -

#FD0774) and were verified by genomic sequencing using M13-forward universal primer. An extra plas-
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mid (pWT®"P) carrying the wild-type target sequence lacking the -TGG protospacer adjacent motif (PAM)
that is necessary for Cas9 activity was also created in parallel to serve as a control. DR274 was a gift from

Keith Joung (Addgene plasmid #42250; http://n2t.net/addgene:42250; RRID:Addgene_42250).

Spacer Target site Oligonucleotide sequence

TAGGGTTTAACACAGGTCAAGCGGTGG
AAACCCACCGCTTGACCTGTGTTAAAC
TAGGGTTTAACACAGGTCAAGCAGTGG
AAACCCACTGCTTGACCTGTGTTAAA
TAGGGTTTAACACAGGTCAAGCGG
AAACCCGCTTGACCTGTGTTAAAC

WT* GTTTAACACAGGTCAAGCGGTGG

SNP®  GTTTAACACAGGTCAAGCAGTGG

WTSPP  GTTTAACACAGGTCAAGCGG

Table 3.7 — Oligonucleotides used for spacer assembly for in vitro cleavage assay. List of oligonuc-
leotides used to anneal the WT', SNP* and WT""P spacers. The spacers were designed to carry the ori-
ginal target site, the target site with the G>A SNP found in Africa (red) and the target site without the PAM
sequence respectively. The oligonucleotides carried overhangs for subsequent Golden Gate cloning. The

PAM sequence -TGG and its reverse compliment -CCA are annotated in bold.

3.12.2 RNP digestion and gel analysis

Ready-to-use sgRNA provided by Synthego (USA) was mixed with Streptococcus pyogenes Cas9 enzyme
(NEB UK - #M0386) at 1:1 molar ratio and according to manufacturer’s instructions were left to incub-
ate for 10 minutes at room temperature to form ribonucleoprotein particles (RNPs). Following the pro-
tocol, the linearised substrate from the previous step was added to the reaction at a 10:10:1 molar ratio
(Cas9:sgRNA:substrate) and left to incubate for 30 minutes at 37°C. The digestion was terminated using
1 uL of Proteinase K (NEB UK - #P8107) followed by a 10-minute incubation at room temperature. 20 pL

were used to visualise the fragments on a 0.7% agarose gel.
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Chapter 4

Understanding the role of doublesex in

mosquitoes

4.1 The doublesex gene in Anopheles gambiae

The doublesex gene in Anopheles gambiae (Agdsx) was first identified in the species in 2005 using the
Drosophila melanogaster doublesex (Dmdsx) as a probe to scan available expressed sequence tag (EST)
databases for signs of homology (Scali et al. 2005). The Dmrt OD1 and OD2 domains of the gene fam-
ily were quickly identified due to their high conservation and were quickly followed by the discovery of
the female-specific locus. The gene, annotated as AGAP004050, is located on band 17C on chromosome
2R and it consists of 7 exons spread over an 85 kb region with coordinates 2R:48,703,664 — 48,788,460. Ex-
tensive analysis on male and female cDNA libraries revealed the genomic organisation of the gene and the
alternative splicing mechanisms that produce the male- and female-specific transcripts. The gene pro-
duces two isoforms through alternative splicing, which are characterised by the inclusion or removal of
exon 5 (Scali et al. 2005). The dsx male-specific isoform (AgdsxM) lacks this exon, which is only present in
the female-specific isoform of the gene (AgdsxF) (Figure 4.1). Because this is the only difference between
the two isoforms exon 5 is considered to be the female-specific exon of the species.

Both AgdsxM and AgdsxF transcripts appear to share the same 2,335 bp 5’ noncoding untranslated
region (UTR), which spans exon 1 and part of exon 2. Translation for both isoforms starts at a universal
start codon located in exon 2, which also encodes for the highly conserved Dmrt OD1 domain. The dsx
oligomerisation OD2 domain is located in exon 4, which is only 135 bp long, and continues into exon 5
or exon 6 depending on the isoform. Exon 5, a 1,712 bp region in the female-specific isoform produces
a 30 amino acid (aa) long product due to an early stop codon located just 90 bp downstream. Exon 6 on

the other hand is 1,267 bp long and encodes for a much larger product of 398 aa. The last exon is 2,669 bp
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Figure 4.1 — Transcript comparison of the doublesex gene in Anopheles gambiae . The gene consists
of 7 exons and produces two sex-specific isoforms through alternative splicing. Exon 5 is spliced out
in the male-specific isoform (AgdsxM) and included in the female-specific isoform (AgdsxF) and thus
is considered to be the female-specific exon. Transcription of both isoforms starts at a universal start
codon in exon 2. Introns are not drawn to scale. Image reproduced with permission of the rights holder,
Copyright © 2018, Springer Nature, Kyrou et al. 2018.

long and serves as part of the 3’ UTR of both transcripts. Because in AgdsxF both exon 6 and the last exon
serve as part of the UTR, the isoform is characterised by a longer 3’ UTR compared to its male counterpart
(Scali et al. 2005). This is in contrast with the situation in Drosophila melanogaster (Dmel) where the male-
specific exon 5 and the last exon are not part of the female-specific transcript (Burtis & Baker 1989) (Figure

4.2).

As in other taxa (Price et al. 2015), the gene retains the conserved domains required for oligomerisa-
tion and DNA binding activity. The two isoforms of the gene produce two sex-specific protein products
(DSXM and DSXF) with distinct protein domains corresponding to the OD1, OD2 and OD sex-specific do-
mains of the doublesex family. In both proteins, the Dmrt OD1 domain is located on the N-terminus of
the protein and carries the characteristics of an atypical DNA-binding zinc-finger C;H,C4 Cys-His config-
uration (Erdman & Burtis 1993, Raymond et al. 1998, Zhu et al. 2000). The domain exhibits 89% identity
and 93% similarity at the protein level when compared with Dmdsx (Figure 4.3) despite the 250 million
years that diverge the two species (Kumar et al. 2017). The OD2 oligomerisation domain, which is closer
to the C-terminus of the protein, is the last common domain between DSX™ and DSX' and exhibits 57%
identity and 75% similarity when compared with Dmdsx. Finally, the ODM and ODF sex-specific domains
are located immediately downstream of OD2 and they differ with each other not only in length but in
conservation as well. The 30 aa product encoded by the female-specific exon is 80% identical and 87%
similar to Dmdsx, whereas the longer male-specific product is only 6% identical and 8% similar but can

reach 22% identity and 30% similarity when aligned partially.

Within the Anophelinae subfamily, both the Dmrt OD1 domain but also the OD2 oligomerisation do-
main are highly conserved (Figure 4.4). Alignment of sequences of both AgdsxM and AgdsxF obtained

from available genetic data from 18 different Anopheles species (Neafsey et al. 2015) reveals great conser-
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Figure 4.2 — Transcript comparison between the doublesex gene in An. gambiae and D. melanogaster.
In both species the exons are alternatively spliced to create the male- and female-specific isoforms. The
OD1, OD2 and female specific domains are highly conserved between the two species, whereas the male-
specific exons are much more diverged. Light colour indicates untranslated regions. Introns are not drawn

to scale

vation throughout the subfamily but in particular within the Anopheles gambiae species complex. The
complex, also known as Anopheles gambiae sensu lato (s.1.), consists of at least eight morphologically in-
distinguishable species and members include An. gambiae, An. arabiensis, An. quadriannulatus, An.
merus, An. melas, An. bwambae (reviewed in White et al. 2011), An. coluzzii and An. amharicus (Co-
etzee et al. 2013). The complex is far from complete and new species are added on a regular basis, with
Anopheles tengrela to be the latest addition to the list (Tennessen et al. 2020). The alignment also reveals a
noticeable difference between the degree of conservation between the male- and female-specific coding
sequences (CDS) (Figure 4.5). The 90 bp that characterise AgdsxF appears to be much more conserved not
only within the An. gambiae complex but within the Anophelinae subfamily as well. Specifically, the CDS
sequence of the ODF presents 98.9% (89/90) identity within members of the complex and 84.4% (76/90)
within the subfamily. In contrast, the 1,194 bp male-specific CDS of exon 6, although conserved within
the complex, is much more diverse in the subfamily. The sequence presents 85.9% (1026/1194) identity
within the complex but only 25.8% (303/1194) identity within the subfamily. This high conservation of
the AgdsxF isoform could be a solution to the resistance the first-generation gene drives presented when

targeting a non-conserved site on the AGAP007280 gene (Hammond et al. 2017).

4.2 Using the CRISPR/Cas9 system to disrupt the doublesex gene

To investigate whether the doublesex gene is a suitable target for use in a gene drive system approach
to suppress and control populations of Anopheles gambiae mosquitoes, I sought to disrupt the gene and

study its function and suitability. In the lab, we have been using the CRISPR/Cas9 system since 2015 to
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Figure 4.3 — Representation of the DSXM and DSXF protein domains and their similarity with the Dm-
dsx. (A) Graphical representation of the OD1, OD2 and OD sex-specific domains of the DSX proteins.
DSXM and DSXF share the same OD1 and OD2 domains but they differ on the sex-specific OD domains.

ODF is smaller than ODM and much more conserved between species. Domains are not drawn to scale.

(B) Sequence comparison and similarities between the DSxF (upper) and DSXM (lower) proteins of An-

opheles gambiae (Agam) and Drosophila melanogaster (Dmel). The OD1 (yellow), OD2 (green) and OD

(red) are much more conserved between the two species, whereas the male specific ODM (blue) is far

more diverged. Colon (:) and period (.) indicate strong and weak conservation of residue properties re-

spectively. Comparison was performed using the Needleman-Wunsch alignment algorithm with EMBOSS
Needle tool (EMBL-EBI).
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OoDF

A.gambiae -
A.coluzzii -
A.merus -
A.arabiensis -
A.quadriannulatus -
A.melas -
A.christyi -
A.epiroticus -
A.minimus -
A.culifacies -
Afunestus -
A.stephensi -
A.maculatus -
Afarauti -
Adirus -
Asinensis -
A.atroparvus -
A.albimanus -

oDpM

A.gambiae -
A.coluzzii -
A.merus -
A.arabiensis -
A.quadriannulatus -
A.melas -
A.christyi -
A.epiroticus -
A.minimus -
A.culifacies -
Afunestus -
A.stephensi -
Amaculatus -
Afarauti -
Adirus -
Asinensis -
A.atroparvus -
A.albimanus -

Figure 4.5 - Comparison of genetic sequences of ODM and ODF domains within the Anophelinae subfamily. The female-specific domain of the gene is
highly conserved not only within the An. gambiae species complex (bold) but within the subfamily as well. Even distantly related species like An. albimanus,
which diverged from the rest of the family 60 million years ago, present 90% identify on the DNA level for this particular domain. On the contrary, the male-
specific domain of the gene is not under the same selective pressure as ODF since it is highly diverged within the subfamily. The domain still retains some of its

conservation within the An. gambiae complex. For ODM only the first 123 bp are shown out of the 1,194 bp that encode for the domain. Variation from the An.
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disrupt and study genes in An. gambiae and we have adjusted and perfected this genetic engineering tool
to be efficient in the mosquito. We have isolated exon 5 as a primary target because of its high conser-
vation within the An. gambiae complex and the Anophelinae subfamily. By only focusing on this exon,
present only in the female-specific isoform of the gene, we are also investigating whether the phenotypic
effect of disrupting AgdsxF is confined strictly to females, something ideal for a population suppression

gene drive system.

4.2.1 Selection of suitable gRNA

The 90 bp of coding sequence of exon 5, including short flanking regions, was scanned to search for gRNAs
to disrupt the exon. I have combined data from the web tool ChopChop v3 (Labun et al. 2016) and “Guido”
(unpublished with permission of Nace Kranjc), a homemade programme that ranks gRNAs based on their
ability to create double-strand breaks (DSB) on loci surrounded by small homologous sequences that can
be used to repair the DSB using microhomology-mediated end joining (MME]J). The advantage of Guido is
that it can distinguish the likely aftermath of the repair and predict if MME] will result in a sequence that
retains the coding frame of the exon or not. This is a crucial criterion to consider when selecting a gRNA
for a gene drive system to reduce the chances of creating functional resistant alleles that will counteract
the function and the spread of the gene drive (Hammond et al. 2017). By selecting gRNAs that have more
chances of creating out of frame mutations through MME] the probability of those alleles being selected
is substantially reduced.

Ten gRNAs have been identified throughout the coding sequence of exon that can be used with the
CRISPR/Cas9 system to knock out the exon (Figure 4.6). Five of these gRNAs score total efficiency above
50% based on Doench et al. 2016, and have no obvious off-target sequences within the Anopheles gambiae
reference genome (AgamP4 assembly) (Labun et al. 2016). Using Guido, I could also reveal any off-target
sequences these gRNAs have in our lab colony An. gambiae G3. Our homemade algorithm can also point
out any single nucleotide polymorphisms (SNPs) specific to our lab colony that are present within the
gRNA sequence and thus help filter out gRNAs that might not be suitable to test a gene drive system in
our lab colony. Combining the information from both ChopChop and Guido I have ranked all ten gRNAs
based on all these parameters but also based on their distance from the 5’ end of the coding sequence of
the exon (Table 4.1). The idea is that a gRNA located at the 5’ end of the exon will have a greater impact on
the transcript of AgdsxF and even maybe on the splicing of the exon. Out of the ten gRNAs I chose the first
gRNA, named gRNA-T1 with sequence 5’-GTTTAACACAGGTCAAGCGG-3’, to proceed with the disruption
of the exon (Kyrou et al. 2018). The cleavage site of this gRNA is just 6 bp downstream of the 5’ end of the

exon (Figure 4.7).
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CCATT O?HH TATGTTTAACACAG -10
5- CATTCATTTATGTTTAACACAGE
6- TATGTTTAACACAGGTCRAGEGE
1- GTTTAACACAGGTCAAGLGGEGG

2- CGCAATACCACCCGTCAGAGEGE
CCACCCSTCAGAGTGGATGATAR -7
CCCGTCRGAGTGGATGATARACT -3
CCGTCARAGT GGATGATARACTT -8

9- CATAATCTGAACATGT H_HOF_H_OO
4- TCTGAACATGTTT ®>H®TO®_H_ GG

|||||||||| intron 4-~---------G_ Q9 A V V N E ¥ S R L H N L N M F D G V E L R NT T R Q S G * ---3"UTR--—-
A.gambiae - CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATT GCATAATC TGAACATGTTTGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.coluzzii - CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATT GCATAATC TGAACATGTTTGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.merus - CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATAC TCACGATT GCATAATC TGAACATGTTTGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC

A.arabiensis -
A.quadriannulatus -

CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATTGCATAATCTGAACATGTTTGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTTTCCGC
CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATTGCATAATCTGAACATGTTTGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTTTCCGC

A.melas - CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATT GCATAATC TGAACATGTTTGATGGCGTGGAGT TGCGTAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
Achristyi - CCTTTCCATTCATTTATGT TTAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATT GCATAATC TGAACATGTTCGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.epiroticus - CCTTTCCATTCATTTATGTTCAACACAGGTCAAGCGGTGGTCAACGAATAC TCACGATT GCATAATC TGAACATGTTCGATGGCGTGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTTTCCGC
A.minimus - CCTTTCCATTCATTTATGT TCAACACAGGTCAAACGGTGGTCAACGAATACTCACGATTGCATAATCTGAACATGTTCGATGGCGTGGAGT TACGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.culifacies - CCTTTCCATTCATTTATGT TCAACACAGGTCAAACGGTGGTCAACGAATAC TCACGATT GCAT AATC TGAACATG TTEGATGGCGTGGAGT TACGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
Afunestus - CCTTTCCATTCATTTATGT TCAACACAGGTCAAGCGGTGGTCAACGAATACTCAAGATT GCATAATC TGAACATGTTCGATGGCGTGGAGT TACGCAATACCACCCGTCAGAGTGGATGATACACTT TCCGC
A.stephensi -+ CCTTTCCATTCATTTATGT TCAACACAGGTCAAGCGGTGGTCAACGAATACTCACGATT GCATAATC TGAACATGTTCGATGGCGTGGAGT TACGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
Amaculatus - CCTTACCATGCATTTATGT TCAACACAGGTCAAGC GGTGGTCAACGAATAC TCACGATT GCAT AATC TGAACATGTTEGATGGCGTGGAGT TACGCAACACCACCCGTCAGAGTGGATGATAAACTTTCCGC
Afarauti - CCTTTCCATTCATTTATGT TCAACACAGGTCAAGCGGTGGTCAACGAATAC TCACGATTGCATAATC TGAACATGTTCGATGGCGCGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCCGC
Adirus -+ CCTTTCCATTCATTTATGT TCAACACAGGTCAAGCGGTGGTCAACGAATAC TCACGATTGCATAATC TGAACATGTTCGATGGCGEGGAGT TGCGCAATACCACCCGTCAGAGTGGATGATAAACTT TCTGC
Asinensis - CCTTTCCATTCATTTATGCTCAACACAGGTCAGGCLGTGGTCAACGAATACTCACGATT GCACAATC TGAACATGTTCGATGGCGTGGAGT TGCGCAACACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.atroparvus - CCTTTCCATTCATTTATGCTCAACACAGGTCAGGCCGTGGTCAACGAATAC TCACGATT GCACAATC TGAACATGTTCGATGGCGTGGAGT TGCGCAACACCACCCGTCAGAGTGGATGATAAACTT TCCGC
A.albimanus - CCTTACCATTTATTTATGCCCAACACAGGTCAGGCEGTGGTCAACGAATAC TCACGATT GCACAATC TGAACATG TTEGATGGCGTAGAGT TGCGCAACGCCACCCGECAGAGEGGATGATAAACTTTCCGC

*kkk Khkkk *k kkkkk *hkkk kkkk kkk * khkhkkkkhkhkhkhkkhkhkhkhkkhkdx khkkhkhkkk dhhkhkhkkhkhkhkkkkhkhkk *hkkkkkkx *kkkk *k k% hhkkkhkkk khkkkk *kkkkkkx * *x * * * %

Figure 4.6 — Putative gRNA target sites in An. gambiae and their alignment in relation to the CDS of exon 5 within the Anophelinae subfamily. ChopChop
and Guido revealed the presence of ten gRNA target sites distributed across different parts of the CDS of the exon, including short flanking regions that extend in
intron 4 and the 3’ UTR (dashed lines). The PAM sequence of each target site, which is not part of the gRNA itself, is shaded in blue and the cleavage site of each
gRNA is annotated with a vertical red dotted line. The gRNAs are numbered in relation to their efficiency and MME] score outlined in Table 4.1. Variation from

the An. gambiae sequence is shaded in grey, whereas silent and non-silent changes in the CDS are anotated with blue and red respectively.
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Rank Target site gRNA sequence Location Strand Off-targets Cleavage efficiency MME] score

1 GTTTAACACAGGTCAAGCGGTGG GTTTAACACAGGTCAAGCGG 2R:48714637 0 64.48 88.9
2 CGCAATACCACCCGTCAGAGTGG CGCAATACCACCCGTCAGAG 2R:48714561 0 59.75 40.9
3 AGTTTATCATCCACTCTGACTGG  AGTTTATCATCCACTCTGAC  2R:48714551 + 0 53.32 40.9
4 TCTGAACATGTTTGATGGCGIGG TCTGAACATGTTTGATGGCG  2R:48714589 0 52.57 62.5
5 CATTCATTTATGTTTAACACTGG CATTCATTTATGTTTAACAC 2R:48714648 0 52.09 81.0
6 TATGTTTAACACAGGTCAAGTGG  TATGTTTAACACAGGTCAAG  2R:48714640 - 1(3) 66.29 70.7
7 TTATCATCCACTCTGACGGGTGG  TTATCATCCACTCTGACGGG  2R:48714554 + 13) 65 82.9
8 AAGTTTATCATCCACTCTGATGG  AAGTTTATCATCCACTCTGA  2R:48714550 + 13) 57.2 40.9
9 CTGTGTTAAACATAAATGAATGG  CTGTGTTAAACATAAATGAA  2R:48714649 + 3(3) 50.08 100
10 CATAATCTGAACATGTTTGATGG  CATAATCTGAACATGTTTGA  2R:48714594 - 3(3) 39.54 83.5

Table 4.1 - List of target sites and the gRNAs with their properties found on exon 5 of dsx. The ten gRNAs
are ranked based on their properties such as the numbers of off-targets they have within the An. gambiae
genome, their cleavage efficiency (Doench et al. 2016) and MME] score (Kranjc, Nace unpublished). Even
though some gRNAs have high cleavage efficiency and a high MMEJ score they are ranked at the end of
the list because of the amount of off-targets they have within the genome. The MME] score is indicated
as a percentage reflecting the length of the overlapping MME] sequences and the inability of the resulting
product to restore the reading frame of the protein. The number of off-targets are indicated alongside the
number of nucleotide mismatches they have (in parenthesis) compared with the respective target site.

The PAM sequence of the target sites is underlined.

4.2.2 Creation of vectors for targeted mutagenesis on exon 5

To disrupt the female-specific exon I followed the same principle technique used previously in Hammond
et al. 2016. Based on this approach, two plasmids are required to successfully disrupt the sequence of
interest and also knock-in a fluorescent marker cassette to track the disruption: a CRISPR/Cas9 vector
(referred to as CRISPR-helper plasmid hereafter) that carries the components of the CRISPR/Cas9 system,
and a plasmid that provides the template DNA sequence with the fluorescent marker cassette that will
be used to repair the double-strand break (referred to as donor-plasmid hereafter). Both vectors have
to be co-injected into the posterior of fertilised embryos where the pole cells are located. The idea is to
transform these cells that eventually will form the germline of the mosquito so that the transgene can be

passed on to the next generation.

The p165 CRISPR-helper plasmid used previously (Hammond et al. 2016) contains all the necessary
elements to specifically target and cleave a locus of interest in An. gambiae . The plasmid carries a human
codon-optimised version of the Streptococcus pyogenes Cas9 gene under the regulation of the germline-
specific vasa2 (vas2) promoter and terminator. This will ensure the expression of the nuclease in the
germ cells of the mosquito (Papathanos et al. 2009). The plasmid also carries a gRNA spacer-cloning
site and backbone (Hwang et al. 2013) under the control of the An. gambiae U6snRNA promoter, which is

ubiquitously expressed in the mosquito (Konet et al. 2007). This RNA polymerase IlI-transcribed promoter
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AATACAAATTGTGTCCAGTTCGCCACCAGT

Figure 4.7 — The target site of gRNA-T1 in relation to the two sex-specific isoforms of Agdsx. The gRNA
targets a sequence (shaded in grey) that spans the intron 4 - exon 5 boundary and induces a DSB 6 bases
downstream of the 5’ of the exon (vertical red dashed line). The male-specific isoform of the gene should
not be affected by this gRNA since the exon is spliced out in AgdsxM. The PAM of the target site is annot-
ated in blue. Image reproduced with permission of the rights holder, Copyright © 2018, Springer Nature,
Kyrou et al. 2018.

ensures that the gRNA will be transcribed without a 5’ cap and a 3’ poly-A tail, an essential requirement for
the gRNA to be accessible to complex with the Cas9 protein. Transcription of the gRNA cassette terminates
using a small 8-nucleotide long poly(T) tract at the end of the gRNA cassette (Konet et al. 2007). Based on
Hwang et al. 2013, I used Golden Gate cloning to modify the spacer-cloning site to contain our gRNA-T1

spacer targeting exon 5. The newly created plasmid was named p165.10.

The donor-plasmid provides the cell with an artificial template sequence to repair the double-strand
break (DSB). The plasmid carries sequences homologous to the regions immediately upstream and down-
stream of the cut site, mimicking the homologous uncut chromosome. Using homology-directed repair
(HDR) the repair machinery tries to fix the cut using the donor-plasmid and thus incorporating in the
cut site any sequences surrounded by the two homology arms (Figure 4.8A). By flanking a fluorescent
marker cassette with the homology arms, we can knock in the cut site an enhanced green fluorescent
protein marker (eGFP) to track the mutation. The homology arms of p163, the donor-plasmid used pre-
viously (Hammond et al. 2016), were replaced with 2 kb fragments amplified from the regions upstream
and downstream of the cut site of gRNA-T1 on exon 5. The homology arms flank an eGFP marker cassette
surrounded by two attP sequences in reverse orientation, which will be incorporated in the genome after
a successful HDR event. The attP sequences will be used at a later stage to modify the locus through ¢C31
recombinase-mediated cassette exchange (RMCE) (Bateman et al. 2006) to create a gene drive line (See

Chapter 5). The newly created donor-plasmid was named K101 (Kyrou et al. 2018).
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A K101 Donor-plasmid
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Figure 4.8 — The knock-in strategy using K101 donor-plasmid and verification of the integration. (A)
The donor-plasmid contains sequences homologous to the regions upstream and downstream of the
gRNA-T1 target site. Upon cleavage, the homology arms will serve as template for HDR and thus in-
corporate in the target site the cassette containing the attP sequences and the eGFP marker. The cassette
disrupts the coding sequence of exon 5 (red) generating the dsxF ~ line. (B) Primers (arrows) that bind
outside the sequences used to amplify the homology arms and built K101 were used to verify correct in-
tegrations of the cassette in the genome. The black and blue boxes represent exon 4 and 6 respectively

and the PCRs product length is indicated. Elements are not drawn to scale.

4.3 Disruption of the female-specific isoform of doublesex

Both p165.10 and K101 were co-injected into newly laid wild-type embryos and surviving Gy larvae car-
rying the plasmids in transient were identified by the expression of the eGFP marker in their lower ab-
domen and anal papillae (Figure 3.1). Progeny from Gy mosquitoes, with successfully integrated cassette
into their genome, were identified as eGFP* larvae among the progeny. The 3xP3 promoter regulating the
expression of the eGFP marker is active in the optic lobe of the head and the abdomen of the larvae (Figure
3.). G; eGFP* transformants were individually crossed to wild type to separate possible different integra-
tion events of the knock-in cassette in the genome. Correct integrations were verified with PCR reactions

on G, eGFP* progeny obtained from every G; mosquito founder (Figure 4.8B). To detect only the correct
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integration within exon 5, the primers used to verify the integration were designed to bind outside of the

sequences used to amplify the homology arms for K101 donor-plasmid (Figure 4.8B) (Kyrou et al. 2018).

4.3.1 The doublesex exon 5 disruption is not lethal

The knock-in cassette resulted in the complete disruption of the coding sequence of exon 5 of the dsx gene
(referred to as dsxF ~ hereafter) (Kyrou et al. 2018). In silico analysis predicts the addition of a random 57-
amino acid sequence before the first stop codon is encountered on the integrated cassette. To determine
the phenotype of the mutation, I intercrossed heterozygous individuals (dsxF *") to obtain all the geno-
types to monitor their development and survival. Offspring were separated as L1 larvae into heterozygous
(dsxF *"), wild type (dsxF ++) and homozygous individuals (dsxF ) based on the intensity of the fluor-
escent marker using a Complex Object Parametric Analyzer and Sorter (COPAS) instrument (Marois et al.
2012). A ‘strong’ intensity of the eGFP reporter indicates the presence of two dsxF ~ alleles, whereas a
‘weak’ intensity is a sign that the larva carries only one dsxF ~ allele. Lack of the eGFP reporter indicates
the absence of dsxF ™ alleles. Initially, a total of 3,197 L1 larvae were separated based on the presence of the
eGFP marker. Out of those, 2,387 were eGFP* (74.7%) and 810 were eGFP" (25.3%), indicating that dsxF -
allele is not lethal up to the L1 developmental stage. A chi-square test using the expected Mendelian ratio
3:1 returned a high P value (P =0.67) supporting that assumption. To support this further, I additionally
separated 1,053 L1 larvae based on their genotype resulting in 262 dsxF 7~ (24.9%), 523 dsxF *~ (49.6%)

and 268 dsxF ** (25.5%) larvae, which represent the expected 1:2:1 Mendelian ratio (P =0.94).

4.3.2 Females dsxF " present sexual developmental abnormalities

All genotype groups were allowed to grow separately up to the pupal stage where I could confidently sex
them into males and females. I have retrieved male and female ratios close to the expected 1:1 for both
the dsxF ** (260:258) and dsxF *'* (130:138) groups, whereas I was unable to visibly sex the pupae ob-
tained from the dsxF 7~ group (n=259) because all the pupae in this group carried the male-specific pupal
pattern. When emerged, half of the individuals of this group were normal males and the rest carried both
male and female phenotypic characteristics (Kyrou et al. 2018). To confidently separate the males from the
females I crossed the dsxF ~ line with another transgenic line that carries a red fluorescent protein (RFP)
marker on the Y chromosome (Bernardini et al. 2014). The YR line carries no other genetic alteration
in the genome and allowed me to track the Y chromosome and thus separate the male (XY) mosquitoes
from the female (XX). I successfully crossed dsxF *- female mosquitoes with YRFP males and intercrossed
the offspring to obtain the dsxF 7~ genotype. As expected, the mosquitoes that carried both male and

female characteristics were all genetically females (Figure 4.9). These ‘intersex’ mosquitoes, instead of
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the pilose female-specific antenna, carry a plumose antenna with longer flagellomeres, which is a male-
specific characteristic. All of them also carried claspers, although dorsally rotated, and they do not have
the female-specific short cerci. They are also equipped with palps with a tendency to flatten at the edge
(Figure 4.10). These phenotypic abnormalities are absent from the females of the dsxF * group, indicat-
ing that the gene may be haplosufficient. Furthermore, all males from both the dsxF*" and dsxF " classes
seemed to be unaffected by this disruption of the AgdsxF isoform (Kyrou et al. 2018), something ideal if

we want ot build a gene drive system targeting this exon.

dsxF */*

Figure 4.9 — Phenotypic comparison of the male and female mosquitoes of the dsxF - line. Homozyg-
ous (dsxF ™), heterozygous (dsxF *+-) and wild type (dsxF ) were separated into males (XY) and females
(XX) with the help of a YRFP marker. The XX dsxF - carried both male- and female-specific character-
istics like the plumose antennae (red arrow) and claspers (blue arrows), although dorsally rotated. These
characteristics were not present on the XX dsxF *" mosquitoes, hinting that the AgdsxF isoform is hap-
losufficient. All the male classes seemed not to be affected by the disruption of the female-specific exon.
Image reproduced with permission of the rights holder, Copyright © 2018, Springer Nature, Kyrou et al.
2018.

Dissections of intersex mosquitoes revealed the absence of spermatheca and the presence of male
accessory glands (MAGs) that are present only in male mosquitoes. The intersex mosquitoes were also
checked for the presence of ovaries and I was able only to retrieve a deformed testis-like tissue without

any obvious cell structure from 9 out of 50 mosquitoes (=20%) examined (Figure 4.11). On the contrary,
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XY dsxF */*

XX dsxF */*

XX dsxF /-

Figure 4.10 — Closer inspection of the antenna system and genitalia of dsxF " mosquitoes. Homozygous
(dsxF "), heterozygous (dsxF*") and wild type (dsxF *"*) were separated into males (XY) and females (XX)
with the help of a YR*P marker. The XX dsxF 7~ carried both male- and female-specific characteristics
that were mostly visible at the head of the mosquito and the abdomen. Although females, the antenna
system resembles that of males and the palps (blue arrows) are not streamlined like in wild-type females.
All dsxF "~ females carry a pair of dorsally rotated claspers (red arrows) that are a male-specific structure.
These characteristics were not present on the XX dsxF ** mosquitoes hinting that the AgdsxF isoform
is haplosufficient. All the male classes were seemed not to be affected by the disruption of the female-

specific exon.

the female mosquitoes of the dsxF * group did not present any of these abnormalities but rather were
indistinguishable with the dsxF*** group. Finally, all male groups were equipped with MAGs and testicles

as expected, indicating again the female specificity of the dsxF - mutation.

4.3.3 Female dsxF " are sterile and have short longevity

An extensive phenotypic analysis was performed on the dsxF - line to determine the fecundity and sur-
vival rates of the different genotypes, which are important parameters to know to build a successful gene
drive system. I crossed separately males and females (n =50) from both the dsxF *~ and dsxF " classes

with wild-type male and female mosquitoes (7 =50) and set the females of each cross to lay eggs individu-
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Figure 4.11 — Comparison of the internal reproductive tissues of dsxF -~ mosquitoes. Dissections of in-
tersex individuals revealed the presence of a testis-like structure with no obvious cell organisation (panel
A). Although the tissue was the same size and shape with testicles retrieved from dsxF ** males (panel
B) they differed in their consistency and structural organisation. Arrow in panel B shows the presence of
sperm escaping the sperm duct (arrow). Images were taken using the EVOS imaging system. The dsxF -
females also possess MAGs (panel C), which is a male-specific tissue and absent from female wild-type
mosquitoes. Image reproduced with permission of the rights holder, Copyright © 2018, Springer Nature,
Kyrou et al. 2018.

ally. I also included a wild-type cross of 50 male and 50 female mosquitoes as a control. An interesting
observation was the inability of the intersex females to perform a blood meal. Surprisingly the intersex
females were able to sense the blood source and gather to take a blood meal but they were unable to
pierce the membrane and feast on the blood. Since the blood meal is an essential pre-requisite for the
formation of eggs, the intersex mosquitoes were not able produce any progeny. On the contrary, dsxF *~
females and both dsxF *" and dsxF ”- males showed wild-type levels of fecundity, indicated by the clutch
size and larval output (Figure 4.12). The average larval output per mated female (n =43) was 129.5 +6.3 for
the wild-type control, 114.8 8.5 for dsxF 7 males, 129.2 +7.1 for dsxF *" males and 129.3 +5.9 for dsxF *"
females — (+ indicates standard error of the mean - s.e.m). I performed a Kruskal-Wallis non-parametric
test to characterise the difference between the means of the groups that did lay larvae, and as expected it

was not significant (P =0.89).

A survival assay was also performed to reveal the effects the disruption of exon 5 has on the longevity
of the intersex mosquitoes. For this experiment I tested males and females (n >110) from both the wild
type (dsxF*'*) and homozugous (dsxF ) groups. Both males and females were mixed in three large cages
and the number of dead mosquitoes was recorded every day. The sex and genotype of the female and
intersex mosquitoes were easily detected based on external phenotypic characteristics using a stereomic-
roscope, whereas the male mosquitoes were separated using a fluorescent microscope by detecting eGFP
expression in the eyes of the insect. From the survival graphs it is clear that intersex mosquitoes do not

live as long as wild-type females (Figure 4.13). Their median survival (¥ =16 days) does not represent the
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Figure 4.12 - Clutch size and larval output of the dsxF " line. Heterozygous (dsxF **) females were able to
blood feed and produce eggs and larvae equivalent with the wild-type control (wt), whereas homozygous
homozygous (dsxF ") females were not able to produce eggs, supporting the ideal that the female-specific
isoform of dsx is haplosufficient. As expected, male dsxF - and dsxF *~ mutants were unaffected by the
disruption of the female-specific exon of doublesex . A Kruskal-Wallis test was performed to analyse the
variation within the groups and as expected all genotypes apart from the dsxF ”~ females present no sig-
nificant differences when compared with the control. Bars and error bars indicate the mean and standard
error of the mean (s.e.m) respectively. Image reproduced with permission of the rights holder, Copyright
© 2018, Springer Nature, Kyrou et al. 2018.

longevity of the dsxF ** females ( =31 days) but is closely mirroring that of the male mosquitoes (¥ =14
days), which can be explained if we consider that the intersex females have more male-specific charac-
teristics. Also, another explanation could be the inability of the intersex mosquitoes to mate, since mated
female mosquitoes live longer than unmated ones (Villarreal et al. 2018). Male mosquitoes seem to be
unaffected from the disruption of the female-specific exon, indicating once more the sex specificity of the

phenotype in the dsxF " line.

4.4 Discussion

The doublesex gene in An. gambiae plays a key role in the sexual development and differentiation of the
mosquito. The gene is alternatively spliced to produce a male- and a female-specific isoform through exon
shuffling. Here we provide the first ever evidence that the female-specific isoform of the gene is essential
for the sexual maturation of the female mosquito and the development of primary and secondary female
characteristics. Using a CRISPR/Cas9 system approach, we disrupted the coding sequence of the female-
specific exon of the gene producing female mosquitoes with an intersex phenotype that carry both male-

and female-specific characteristics. These females lack female-specific tissues such as ovaries and sper-
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Figure 4.13 — Assay comparing the longevity of homozygous dsxF ~ and wild-type mosquitoes. The
longevity of female mosquitoes is substantially reduced when they carry the dsxF - allele in homozygosity
(dsxF ). Their median survival (7 =16 days) is significantly different (P <0.0001) when compared with
wild-type females, which have a median survival of 31 days (left). On the contrary, the median survival of
the intersex mosquitoes is not different (P =0.96) from the survival of wild-type and dsxF *~ male mosqui-
toes (¥ =14 days) (right), supporting the findings that dsxF ”- females have more male-specific character-
istics than female-specific. The data were analysed using the Log-rank (Mantel-Cox) test and the graphs

represent the fraction of survival with 95% confidence intervals.

matheca and have male-specific antennae system and genitalia, as well as internal male-specific tissues.
Furthermore, although these females are attracted to blood source, they cannot pierce the membrane and
blood feed to produce progeny. Finally, the intersex females present survival rates that differ substantially
from wild type females but are similar to males. The facts that these abnormalities are not shared by fe-
males that carry the mutation in heterozygosity and that male mosquitoes seem not to be affected by the
mutation, indicate that the isoform is haplosufficient and specific to females. These characteristics are
essential properties for a gene in order to be used in a gene drive system aiming at suppressing mosquito
populations.

Both isoforms of the doublesex gene encode for characteristic domains that are conserved within the
doublesex family in insects. Specifically, the CDS of the female-specific exon of the gene appears to be
highly conserved, not only within the An. gambiae species complex but also within the Anophelinae sub-
family, which includes species that diverged from each other more than 60 million years ago. This high
conservation is an indication that the sequence is under great selective pressure and might not allow indel
mutations or small variants that change the sequence but retain the reading frame of the protein. Support-
ing this hypothesis is the fact that the sequence of this particular exon is up to 80% identical with distant

related species such as D. melanogaster, which shared a common ancestor with An. gambiae over 250
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million years ago. Combining this unique characteristic of the female-specific sequence with the female
specificity and haplosufficiency, makes the female-specific exon of the doublesex gene an ideal candidate
to test a gene drive system for controlling mosquito populations. In the next chapters I build a gene drive

system against this exon and test its abilities to overcome resistance and suppress mosquito populations.
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Chapter 5

A gene drive targeting doublesex for genetic

control

5.1 Development of a gene drive system

Gene drive systems are genetic technologies that have the ability to bypass their own inheritance by copy-
ing themselves from one chromosome to the homologous one in a process called ‘homing’. In theory,
gene drives can increase their frequency within fast reproducing populations such as insects, even when
starting at very low frequencies. The use of such systems for pest population and vector control has been
suggested over 15 years ago (Burt 2003) but recently they have been at the centre of attention with the dis-
covery of easily programmable endonucleases such as the CRISPR/Cas9. The systems can be used to fight
vector borne diseases such as malaria, by either reducing the reproductive capacity of vector populations
(population suppression) or by hindering their ability to transmit the disease (population replacement
/modification). For a complete background on gene drive technology see Chapter 1 — Introduction.

In our lab, we have been designing and testing gene drive systems for population suppression against
the main vector for malaria in Africa, Anopheles gambiae . We have been testing such systems against
haplosufficient female fertility genes that stop the females from producing progeny when they are disrup-
ted in homozygosity. Such target genes do not affect the fertility of males and heterozygous females and
thus allow the gene drive system to be passed in the next generations and increase in frequency within
a population. By using germline-specific promoters to control the expression of the Cas9 nuclease, we
restrict the homing process of the gene drive in the germline of the mosquito and avoid affecting somatic
tissues in heterozygous females that might be essential for fertility. The choice of the promoter driving the
expression of the nuclease is essential and must be thoroughly considered before designing a gene drive

system. In this chapter, I describe how I built a gene drive system against the female isoform of the dsx
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gene and I assess its efficiency to home in the germline of the mosquito. Finally, I compare the advant-
ages of using a new germline-specific promoter for the system and the implications on the fertility of the

mosquitoes, which was a major issue in previous gene drive systems.

5.2 Design and creation of a CRISPR-based gene drive vector targeting exon

5 of the doublesex gene

The discovery of easily programmable endonucleases such as the CRISPR/Cas9 has provided the tools
for fast and easy engineering of gene drive systems. The Cas9 endonuclease can be easily reprogrammed
to target a new sequence in the genome by just changing the sequence of the gRNA. To create a CRISPR-
based gene drive I must first design and construct a gene drive cassette housing all the necessary elements
for the gene drive system (referred to as CRISPR" cassette hereafter). Based on previous gene drive sys-
tems (Hammond et al. 2016, Gantz et al. 2015, Hammond et al. 2020a), a CRISPR" cassette should mainly
consist of the Cas9 gene and the gRNA sequence targeting the desired locus, but also a fluorescent marker
to visualise the spread of the drive (Figure 5.1). I use the same human codon-optimised version of the
Streptococcus pyogenes Cas9 gene (hCas9) used in p165 CRISPR-helper plasmid (Hammond et al. 2016)
and the gRNA-T1 spacer against exon 5 of the doublesex gene used to create the dsxF ~ knockout line (See
Subsection 4.2.1). The complete CRISPR" cassette needs to be flanked by two attB sequences in reverse
orientation for it to be incorporated in the genome via ¢)C31 recombinase-mediated cassette exchange
(RMCE) event (Bateman et al. 2006), using the two attP sequences present in the dsxF ~ line (See Subsec-
tion 4.2.2). Finally, the CRISPR! cassette needs to be cloned into a plasmid backbone to transform and

prepare for subsequent microinjections in mosquito embryos.

attB 3xP3 RFP zZpg hCas9 U6 gRNA-T1 attB ———=-="

Figure 5.1 — The CRISPR" cassette used to build the gene drive against exon 5 of the doublesex gene.
The CRISPR! cassette contains a source of nuclease and a gRNA to direct cleavage activity on the locus
of interest, but also a fluorescent marker to visualise carrier mosquitoes under a fluorescent microscope.
The nuclease is under the expression of a germline-specific promoter, in this case the zero population
growth promoter (zpg), in order to restrict the homing process in the germline of the mosquito. The gRNA
targeting exon 5 is under the regulation of the Agam U6snRNA promoter to ensure the gRNA is transcribed
without a 5’ cap and a 3’ poly-A tail in order to be able to complex with the Cas9 protein. Finally, all the
components are flanked by two reverse attB sequences for directed RMCE event in the doublesex locus.

Elements are not drawn to scale.
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The p165 CRISPR-helper plasmid used previously to create p165.10 (See Subsection 4.2.2) carries some
of the components necessary to create the CRISPR-based gene drive vector targeting dsx. The plasmid car-
ries a suitable backbone for bacterial transformation and replication and a CRISPR" cassette used in the
gene drive system reported previously in Hammond et al. 2016. The CRISPR" cassette houses a gRNA
spacer-cloning site and backbone (Hwang et al. 2013) under the control of the Agam U6snRNA promoter,
which is a polymerase III-transcribed promoter and ubiquitously expressed in the mosquito (Konet et al.
2007). The cassette also carries a red fluorescent protein (RFP) coding sequence under the expression of
the 3xP3 promoter and an hCas9 nuclease gene under the regulation of the germline-specific vas2 pro-
moter and terminator. Finally, the CRISPR! cassette is enclosed within two reverse attB recombination

sequences for subsequent RMCE event.

For the gene drive targeting dsx, I could have used p165 and modify it to contain the gRNA-T1 spacer
to target exon 5 of the dsx gene. Previous studies though have shown that the vas2 regulatory elements
controlling expression of the Cas9 in that plasmid might not be ideal for a gene drive system targeting
female fertility. The vas2 promoter appears to be expressed in a small portion of somatic cells, referred to
as ‘somatic leakiness’, which was related with a significant female fertility cost in mosquitoes (Hammond
et al. 2016) and mutant cuticle tissue cells in D. melanogaster (Port et al. 2014). This reduction in fertil-
ity was associated with the expression of the nuclease in the somatic tissues surrounding the germline,
leading to mutations that are detrimental for female fertility. Specifically, when the vas2 regulatory ele-
ments were used previously to control the expression of the gene drive targeting the female fertility gene
AGAP007280, the carrier females were only 8% fertile when compared with wild-type females (Hammond
et al. 2016). To overcome this problem, I have replaced the regulatory elements of the 2Cas9 gene with the
promoter and terminator of the zero population growth (zpg) gene (AGAP006241), the homologous gene

to D. melanogaster zpg gene.

Zpg is known to play a role in forming gap-junctions in the germline of both the male and female
D. melanogaster and is shown to be concentrated as mRNA in the pole cells of the embryo (Tazuke et al.
2002). The gene in An. gambiae is expressed in the germline of both the male and female mosquitoes
(Baker et al. 2011) and plays a key role in the development of the gonads in both sexes, as shown from
RNA interference (RNAi) experiments (Magnusson et al. 2011). When the zpg regulatory elements were
assessed in a gene drive system targeting the AGAP007280 gene, they were shown to improve the fertility
of carrier heterozygous females from 8% observed previously to 54.9% when compared with wild types
(Hammond et al. 2020a). This is an indication that the zpg regulatory elements, although failing to re-
store full female fertility perhaps due to a small degree of somatic leakiness, are more germline-restrictive

compared to the vas2 gene and much more suitable to use in a gene drive system targeting female fertility.
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I used VectorBase, www.vectorbase.org (Giraldo-Calderoén et al. 2015) to look at the genomic location
and sequence of the zpg gene in An. gambiae (AgamP4 assembly) and design suitable primers to amplify
both the promoter and terminator of the gene. To ensure to capture all regulatory sequences and UTRs of
the gene, a minimum of 1000 bp were amplified upstream and downstream of the coding sequence of the
gene (Hammond et al. 2020a). The primers were designed to carry Gibson assembly overhangs to incor-
porate the promoter and terminator fragments upstream and downstream of the hCas9 gene in the final
gene drive vector. The hCas9 gene was amplified without the vas2 regulatory elements from p165, using
primers with homologous overhangs to the promoter and terminator of the zpg gene. The gRNA-spacer
cloning site, the 3xP3::RFP fluorescent marker coding sequence and the backbone of the plasmid with the
attBrecombination sequences were all excised from p165 as one fragment using restriction digestion. All

four fragments were assembled into one vector which I named p174 (Figure 5.2).
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Figure 5.2 — Map of the p174 CRISPR gene drive vector. The plasmid was created using Gibson assembly
reaction to combine the backbone (black), the promoter (orange), the terminator (purple) and the hCas9

(blue) fragments. The two attB sequences (green) flank the CRISPR! cassette which will be incorporated

in the genome using RMCE.
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5.3 Generation of a gene drive line on exon 5 of the doublesex gene

To create a gene drive system targeting exon 5 of the dsx gene , I have cloned the gRNA-T1 spacer into
p174 using Golden Gate cloning as I did before with the dsx CRISPR-helper plasmid p165.10 (See Chapter
4.2.2). The newly created plasmid, p174.10, was injected into mosquito embryos derived from the dsxF -
line to promote RMCE events using the attP and attB recombination sites. To initiate the RMCE events,
p174.10 was co-injected with a helper plasmid carrying the Streptomyces phage ¢pC31 integrase gene under
the expression of the vas2 promoter (Volohonsky et al. 2015). The idea behind this is that the integrase
gene will be expressed in the germline precursor cells of the embryo and initiate a recombination event
between the two attP sites on the genome and the two attB sites on p174.10 plasmid, resulting in the
exchange of the two intervening sequences. Successful recombination events were be visible under a
fluorescent microscope among the G; progeny as eGFP™ and RFP* larvae because of the exchange of the
3xp3::eGFP marker of the dsxF ~ line with the 3xP3::RFP marker of the CRISPR" cassette (Figure 5.3A).
Specifically, from 216 eggs injected, I retrieved 19 RFP* G, larvae and 4 GFP*/RFP* individuals that were
the result of putative complete and incomplete RMCE (Table 5.1). The 19 RFP* founders were individually
crossed to wild type to investigate and verify successful recombination events. I performed PCR reactions
on the RFP" G, progeny of some of the founders using primers that bind on the hCas9 gene and the RFP
marker of the CRISPR" cassette (Figure 5.3B) to amplify successful integration events within the dsxlocus

(Kyrou et al. 2018).

Gy transients G, transformants

Lineinjected Plasmidsinjected Eggsinjected Totallarvae dsxFtransgenic dsxF non-transgenic RFP*/GFP~ RFP*/GFP* Transientrate

p174.10
dsxF ) 216 100 7 13 19 4 20%
vusa:mtegmse

Table 5.1 — Transient and transformant recovery from embryo microinjected to promote RMCE and
create the gene drive line. A total of 216 eggs obtained from the dsxF - line were co-injected with both
p174.10 CRISPR-helper plasmid and the vasa::integrase plasmid to promote RMCE in the germline. A total
of 100 survivors (46.3%) were screened for expression of the RFP plasmid marker that indicates successful
injection of the solution in the embryos (transients). Seven of the transients were carrying the dsxF -~ allele
whereas 13 were wild type. Offspring from the seven dsxF - transient mosquitoes were screened for the
switch of the eGFP marker of the dsxF " line for the RFP marker of the gene drive cassette. A total of 19

RFP*/GFP" larvae were recovered and G, offspring were verified for successful RMCE.
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Figure 5.3 — Creation of the dsxFC®ISPR! Jine using RMCE and verification of the integration. (A) The attP
and attB recombination sequences, located on the dsxF " line and the p174.10 plasmid respectively, were
used to replace the eGFP knock-in cassette of the dsxF -~ line with the CRISPR! cassette of the p174.10 gene
drive vector using RMCE. Successful integration events were verified under a fluorescent microscope as
RFP*/eGFP" larvae. (B) Primers (arrows) that bind outside the destined location of the CRISPR" cassette
were used to verify the integration of the CRISPRP cassette in the exon 5 locus. The black and blue boxes
represent exon 4 and 6 respectively and the PCRs product length is indicated. Elements are not drawn to

scale.

5.3.1 The gene drive poses a fertility cost on the female mosquitoes - the parental effect

Under perfect circumstances, the hCas9 should be expressed in the germline of both males and females
and complex with the gRNA targeting exon 5, leading to the cut of the wild-type allele and subsequent
homing of the gene drive cassette in the wild-type locus (Figure 5.4). Previously, when we measured the
fertility and transgenic rates of other gene drive lines, we noticed that the fertility cost and the homing
rates associated with the CRISPR" cassette were not evenly distributed among the progeny. We discovered
that the origin of the CRISPR" cassette played a major role in the fertility and also the homing rates of the
offspring. Both male and female heterozygous for the gene drive mosquitoes presented different fertility
and homing rates depending on the sex of the parent from which they inherited the CRISPR" cassette
(parental effect) (Hammond et al. 2020a). Different promoters appear to cause the Cas9 to be maternally
and/or paternally deposited in the early embryo, either as transcript or protein, stochastically converting
cells to homozygous null mutants (mosaicism). It has been proposed that the Cas9 cleaves the sequence

of the homologous chromosome inherited from the wild-type parent, causing either early homing in the
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embryo or non-homologous end-joining (NHE]) mutations that affect the homing capabilities and fertil-

ity of the adult mosquito (Hammond et al. 2020a).
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Figure 5.4 — The homing process of the CRISPR! cassette. The nuclease of the gene drive is expressed
in the germline of the mosquito and complexes with the gRNA-T1 to cleave the wild-type (wt) sequence
on the wild-type chromosome. Using HDR, the cell attempts to repair the cut using the dsxFCRISPER g]lele,
copying the CRISPR" cassette in the wild-type chromosome (homing), disrupting the exon in the process.
The homing reaction converts the germline cells into homozygous for the dsxFCRISPER allele and for the
Agdsx knockout.

To assess fertility rates of heterozygous gene drive individuals for the dsxFCRISPRR

allele (referred to
as dsxFCRISPRR . hereafter), I performed controlled crosses with wild-type mosquitoes. I separated both
dsxFCRISPRR . male and female mosquitoes (n =50) from both dsxFC®SPR /4 male and female parents to
assess the parental effect, and crossed them to 50 wild-type females and males respectively. Both the
clutch size and larval output of every female were counted to assess the fertility of the line. Larvae from
the crosses were also subsequently screened for the presence of the RFP marker to calculate the portion
of offspring carrying the gene drive (see below). Clutch size and larvae hatched from at least 42 females
from each cross revealed that male dsxFCRISPRR /. mosquitoes were as fertile as the wild-type control, ir-
respective of the sex of the parent from which they received the CRISPR" cassette (Figure 5.5). On the

contrary, female mosquitoes appeared to be impaired by the somatic leakiness of the zpg promoter. The

effect was greater on females that received the CRISPR" cassette paternally than those that received it ma-
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ternally. Specifically, when compared with the control, we observed a relative clutch size and larval output
of 72.6% and 44.7% respectively from 42 females that received the gene drive allele maternally, and sig-
nificantly reduced rates of 26.5% and 7.3% from 46 females that received the allele paternally (P <0.0001;

Kruskal-Wallis test).
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Figure 5.5 — Clutch size and fecundity of the dsxFCRISPR gene drive line. Males and females heterozyg-
ous for the gene drive line were assessed for their clutch size (left) and larval output (right) to investigate
fertility issues associated with the zpg promoter. To reveal any parental effect, the groups were separated
based on whether they received the gene drive allele maternally or paternally (e.g. —J'represents a het-
erozygous male that received the gene drive allele maternally). Although both female groups present a
reduction in both the clutch size and larval output that hints to some somatic leakiness caused by the
zpg promoter, females that received the allele paternally have a significantly reduced fertility compared
with females that received the allele maternally. This difference indicates some nuclease activity in the
early embryo, probably deposited by the sperm, that causes mosaicism in the female offspring, impairing
their ability to produce progeny. Bars and error bars indicate the mean and standard error of the mean
respectively (**, P <0.01; ****, P <0.0001; Kruskal-Wallis test).

Although an overall reduction on female fertility was expected by using the zpg promoter to drive
the expression of the Cas9, the extra fertility cost observed on females that received the CRISPR" cas-
sette paternally was not in line with previous gene drives using the same regulatory elements (Hammond
et al. 2020a). When targeting the female fertility gene AGAP007280, female mosquitoes were equally fer-
tile irrespective from which parent they received the CRISPR" from (Figure 5.6). Although reduced, when
compared with wild types, those females presented a relative larval output of 47.1% and 54.9% when re-
ceive the CRISPR! cassette maternally and paternally respectively. Since the only difference between the

two gene drives is their location in the genome, this suggests that locus dependency may also affect the
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function of the zpg promoter. A combination of somatic leakiness and enhanced paternal deposition may
be an explanation why females that receive the gene drive targeting dsx appear to have a dramatic fertility
cost. High deposition rates of the Cas9 in the early female embryo may contribute to more ’embryonic’
homing or NHE]J mutations in the cells of the early embryo, affecting the somatic tissues and fecundity of

the adult mosquito.
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Figure 5.6 — Comparison of the fecundity of the AGAP007280°FISPR" and dsxFCRISPR gene drive lines.
In both gene drive lines, the fertility of heterozygous females is impaired when using the zpg promoter
to target the female fertility locus. In the gene drive targeting the AGAP007280 gene (left) we do not see
evidence of parental effect since female offspring appear to have the same fertility whether they receive
the gene drive allele maternally or paternally. On the contrary, females for the doublesex gene drive (right)
that received the gene drive allele paternally (&' —¢) appear to have a substantially reduced fertility when
compared with those that received the allele maternally (9—9), suggesting a paternal deposition of the
nuclease in the early embryo that later on affects the phenotype of the adult females. This difference on
the parental effect suggests that the genomic location of the target locus of a gene drive might also play a
significant role to either the degree of nuclease deposition in the embryo or even to its own accessibility to
the nuclease. Data for the AGAP007280CRISPR! gene drive line were obtained from Hammond et al. 2019.
Bars and error bars indicate the mean and standard error of the mean respectively (**, P <0.01; ****, P
<0.0001; Kruskal- Wallis test).

Supporting this hypothesis of mosaicism due to early activity of the nuclease in the embryo, is the fact
that among the progeny of male heterozygotes mated with wild type, and therefore containing only one
copy of the gene drive allele, we retrieve female mosquitoes that have partially formed male characteristics
(Figure 5.7). What is also noteworthy is that we never observe full conversion of tissues to the intersex

phenotype but rather we detect a partial conversion, which is also random within the population. Since
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the mosquitoes receive only one gene drive allele from their parent, this conversion is most likely the
result of stochastic early activity of the nuclease in the embryo that converts the wild-type allele, through

NHE] or embryonic homing, to a null allele in a portion of cells.

Figure 5.7 — Partial conversion of heterozygous gene drive females to the intersex phenotype. Females
heterozygous for the gene drive appear to carry partial characteristics of the intersex phenotype. Panels A
and B represent dsxFCRISPRR/, females with an incomplete set of claspers (arrows), a male-specific char-
acteristic, which are also present fully formed and dorsally rotated on the intersex phenotype (panel C).
Even though females that are heterozygous for the dsxF~ knockout do not carry any male-specific charac-
teristics, a portion of dsxFCRISPR, females show evidence of some conversion of tissues to homozygosity,
probably the result of nuclease activity in the early embryo, supporting the hypothesis of the parental ef-
fect. The lack of consistency between the samples also indicates strong evidence that the nuclease activity
in the embryo is stochastic. Image reproduced with permission of the rights holder, Copyright © 2018,
Springer Nature, Kyrou et al. 2018.

5.3.2 Heterozygous mosquitoes transmit the gene drive to more than half of the progeny

The larvae obtained through the fertility assays were subsequently screened for the presence of the RFP
marker to assess the inheritance rate of the gene drive allele in the progeny of the dsxFCR/SPR! line, From
all four crosses, I retrieved transgenic rates between 94% and 100% in the progeny (Table 5.2), indicating
that the homing process of the gene drive construct in exon 5 is highly efficient and able to bias its own in-
heritance in the offspring (Kyrou et al. 2018). In addition to homing, other repair events such as NHE] and
microhomology-mediated end-joining (MME]) are possible during the repair of a broken chromosome.
Investigating the hypothesis that in those individuals that showed relatively low homing rates, these other
pathways might be having a prominent effect, I looked at the genetic composition of offspring derived
from 10 males and 1 female that showed transgenic rates below 90% (Figure 5.8). Sequence analysis of 3
RFP- larvae from all 11 parents revealed 11 alleles out of 33 that were repaired using MME]J, and 10 alleles
that were repaired using partial homology-directed repair (pHDR). The rest 12 alleles were wild type that

were possibly never cleaved by the nuclease or were repaired by a perfect NHE]. The MME] repair was
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powered by a pair of six-bp-long strings of nucleotides (GGTCAA) that are identical and surround the cut
site. During MME], both ends of the broken chromosome carrying the six-bp sequence recombine, res-
ulting in the removal of any intervening nucleotides — in this example five - but also one of the two six-bp
strings. This MME] behaviour results in an allele with an 11-bp deletion and an out-of-frame product that
was predicted during the design of the gRNA and was one of the characteristics of gRNA-T1 that made it

the final choice for this gene drive system (see Subsection 4.2.1).

Larvae screened

dsxFCRISPRh . parent  dsxFCRISPRR;,  RFP* RFP- Total Transgenic rate

Mal Males (44) 5661 109 5,770 97.9%
ale

Females (9) 401 0 401 100.0%

Males (43) 5,015 284 5,299 94.1%
Female

Females (24) 2,063 7 2070 99.2%

Table 5.2 — Screening results from the gene drive line targeting the doublesex gene. dsxFCRISPRR/, were
separated based on the parent from which they received the CRISPR" cassette and were crossed to wild
type to determine the efficiency of the homing process of the line. All four groups presented high trans-
genic rates of up to 100%, indicating an efficient conversion of germline using the zpg promoter. The
number in brackets indicate the total number of dsxFCRISPE /1 mosquitoes that produced progeny form
the 50 that were mated to wild type.

Partial homology-directed repair (pHDR) result in a null allele of the target locus and an incomplete
gene drive element and likely result as a consequence of the homology between the gRNA sequence loc-
ated on the CRISPRP cassette and the target sequence on the broken chromosome. Because the cleavage
point on a gRNA of a Cas9 system is not located at the centre of its sequence but rather three bp upstream
of the PAM sequence, one of the two ends of the broken chromosome results with more homology to
the gRNA than the other. This difference, but also the alignment orientation of the gRNA in the genome,
determines which part of the CRISPR" cassette will be partially homed and incorporated in the broken
allele. In our gene drive system, the forward alignment orientation of the gRNA to the genome results in
the exclusion of the RFP marker and the hCas9 from partially homed alleles (Figure 5.9). In any case, the
presence of random synthetic elements in partially homed alleles interfere with the coding sequence of

the target gene, producing inactive products.
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Figure 5.8 — Transgenic rates of heterozygous dsxFCRISPR! individuals. Both male and female
dsxFCRISPRr . mosquitoes when mated with wild type, bypass Mendelian inheritance (red line) and
pass the gene drive allele to more than 50% of the progeny, indicating an efficient homing process in
the germline of the mosquito using the zpg promoter. The left panel shows the transgenic rates of
dsxFCRISPRR /. males and females irrespective from which parent they received the CRISPR" cassette. The
right panel shows the same data grouped based on the parental inheritance of the CRISPR" cassette (e.g.
Q—dJ'represents a heterozygous male that received the gene drive allele maternally). The empty points
represent the 11 cases where RFP™ progeny was used to assess the meiotic NHE]J, MME] and pHDR. Bars
and error bars represent the mean and the standard error of the mean respectively. Image reproduced
with permission of the rights holder, Copyright © 2018, Springer Nature, (Kyrou et al. 2018) 2018.

5.4 Discussion

Gene drive systems are selfish genetic elements that bypass their own inheritance and increase in fre-
quency among the progeny. The systems rely on the use of programmable nucleases that successfully
digest specific DNA sequences in the genome. By placing the gene drive system within its own recogni-
tion sequence, the gene drive elements are copied between homologous chromosomes as a by process
of HDR. If the genomic loci where the gene drive is placed is also essential for fertility, the presence of
the gene drive mutates the locus and also spreads this mutation in the progeny using super-Mendelian
inheritance. The use of gene drives for the control of mosquito borne diseases has been suggested more
than a decade ago but the development of this technology has been recently boosted with the discovery of
the CRISPR/Cas9 system. This easily programmable genetic toolbox was quickly adopted and pioneered
to allow the rapid development of gene drive technology. The Cas9 nuclease has replaced previously used
homing endonucleases due to its easy manipulation and fast reprogramming.

A gene drive system targeting the female-specific isoform of the dsx gene in An. gambiae was created

using a simple cassette containing the hCas9 gene under the expression of the zpg promoter, the gRNA-T1
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gRNA-T1 - GTTTAACACAGGTCAAGtGGTGG

exon 5
CCTTTCCATTCAT TTAT GTTT AACACAGGTCAAGCGGTGGT CAAC GAAT ACTC ACGATTGCATAATCTGAACATGTT TGAT GGCGTGGAGTTGC
—————————— intron 4----------
L GERMLINE
—
dsxFCRISPRR g]lele r r "’L
--- L ;A REP X 3xP3 | zpg 4Wi0:kMh U6 4 gRNA-T1 sl utR | — -+
exon 4 exon 6
wt chromosome \ .
--- il UTR il -
exon 4 DSB exon 6
‘ partial homing
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Figure 5.9 - Microhomology-mediated end-joining and partial homing at the target site. (A) Six-bp ho-
mologous strings (shaded in yellow) that surround the dsxFCR/SPER target site (red dotted line) are used by
the repair machinery to repair the broken chromosome. By recombining with each other, any intervening
sequence is lost alongside with one of the two six-bp strings. In this example, the 11-nt sequence that is
removed results in an out-of-frame product that does not restore the function of the locus and AgdsxF
functionality. The PAM of the gRNA-T1 target site is shaded in blue. (B) The gRNA sequence located on
the CRISPRP cassette of the gene drive allele can in some cases interfere with the repair process of the
broken wild-type (wt) locus in dsxFRISPRR/ mosquitoes. The repair machinery sometimes cannot dis-
tinguish between the wild-type sequence of the gRNA located on the CRISPR" cassette and the homology
sequence flanking the cassette, using the former as a template to repair the broken allele. Based on the
orientation of the gRNA coding sequence in the genome, the repair machinery uses either homology side
to complete the repair. This results in pHDR and the generation of a partially homed allele. In this ex-
ample, the repair machinery uses the gRNA sequence (brown) and right homology (dark grey) to repair
the locus. The resulting allele includes parts of the CRISPR" cassette that prevent it from producing a
functional DSX protein.
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under the expression of the U6 promoter and an REP marker for visualisation. The CRISPR" cassette was
inserted in exon 5 of the gene by using the dsxF ~ knockout line and RMCE. Homing individuals were able
to pass the gene drive to the majority of the progeny, indicating high homing rates in the germline of the
mosquito using the zpg promoter. Although a small reduction in fertility was expected in female gene
drive individuals because of minor somatic leakiness of the zpg promoter, the dsxFCRISPR gene drive fe-
males presented additional fertility issues. The extra fertility cost observed in females was not distributed
evenly among groups that inherited the gene drive allele maternally or paternally. A significant reduc-
tion of fertility was observed in females that received the gene drive paternally, indicating a locus- and
sex-depended deposition of the nuclease in the early embryo. An alternative explanation may be the de-
gree of NHEJ and MME] or embryonic homing in the early embryo that could be also locus-dependent.
Despite all that, the zpg promoter is still more suitable than the previously used vas2 promoter, and is
currently the best germline-specific promoter we have to drive the homing process in the germline of the
mosquito. The zpg promoter appears to be more germline restrictive, prohibiting the conversion of so-
matic tissues surrounding the germline to homozygous null mutants that affect the fertility of the female
gene drive individuals. This is an important factor to consider when designing gene drives for population
control, since the transgenic mosquitoes will have to compete with wild types in the field.

The gene drive targeting the female-specific exon of the dsx gene has all the necessary characteristics
that allow it to be evaluated in caged mosquito populations. The target exon of the gene is haplosufficient
and only homozygous females have abnormal sex development and are completely sterile. This female-
specificity allows the gene drive heterozygous and homozygous male mosquitoes to develop normally
and be fully fertile. Nonetheless, for a successful gene drive of this nature, the contribution of both car-
rier males and females is equally important for the spread of the gene drive. That means that even with
fully fertile heterozygous and homozygous male mosquitoes, the gene drive cannot be sustained in the
population if both the homozygous and heterozygous females are completely sterile. Even though the
dsxFCRISPRI heterozygous females are not fully fertile, they are still able to produce enough progeny to
sustain a continuous release of gene drive alleles in the population. In the next chapter, I test the ability of
the dsxFCRISPRR gene drive to successfully spread in caged An. gambiae mosquito populations. I assess the
efficiency and spread dynamics of the drive and compare them to previous systems that failed to increase

in frequency and spread in the populations because of resistance.
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Chapter 6

Testing the doublesex gene drive system in

caged mosquitoes

6.1 Gene drive systems for population control

The ultimate goal for designing and building a gene drive system targeting the reproductive capacity of
a major malaria mosquito vector, is to use it to complement current interventions that aim to reduce the
burden of the disease. Testing a gene drive system in a lab setting is the first step out of a series of long
and thorough checkpoints that ensure the safe and controlled deployment of a gene drive in the wild.
Surprisingly, the creation of a gene drive and its assessment in caged mosquito populations are only a
small section in the deployment process of a gene drive system (James et al. 2018). Because of their self-
sustaining nature, gene drive systems have to pass through vigorous validation processes and regulatory
checkpoints that ensure the safe introduction of such systems in nature. In the lab we can mimic a real-
life release scenario of a gene drive system in caged mosquito populations, which can give us an idea of
how the system might perform in the wild. Of course, the lab and nature are vastly different environments
and at this point we can only speculate how the lab setting performance might be reflected in the wild.

In this chapter, I describe the process I followed to test the dsxFCRISPRR

gene drive system in small caged
mosquito populations in the lab. I assess the dynamics of the system and compare them with previous
attempts that failed to result in population suppression because of resistance at the target site. Finally,

I reveal the benefits of using highly conserved genes as targets for such systems and how they affect the

dynamics of the gene drive when tested in larger caged mosquito populations.
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6.2 Assessment of the dsxFCRISPRh gepe drive system in caged An. gambiae

In a real-life release scenario, gene drives against malaria are most likely to be deployed through the re-
lease of male mosquitoes rather than females, since females contribute to the transmission of the disease.
In order to decide on an optimal population size and release frequency for this experiment, a power cal-
culation was performed to minimise the stochastic loss of the gene drive allele from the populations using
amale-only release scenario in a laboratory setup. The power analysis revealed that in a population of 600
individuals, the stochastic loss of the gene drive allele was dramatically reduced almost to zero, even when
as low as 20 dsxFCRISPRI heterozygous males were used to seed the gene drive allele in the populations
(Figure 6.1). To minimise the length of the experiment, we decided to seed the populations using a 12.5%
gene drive allele frequency, which translates to 150 dsxFCRISPR /. males in a total population of 600 indi-
viduals. Although higher than the minimum frequency suggested by the power analysis, this gene drive
allele frequency was lower than the 50% used in the first generation gene drive targeting the AGAP007280

gene (Hammond et al. 2016).

6.2.1 The gene drive imposes a reproductive load on the populations until they collapse

Initially, a total of two caged populations were used to test the dynamics of the gene drive when released
at 12.5% allele frequency using only dsxFCR/SPR/, males. The caged populations, named cage 1 and 2,
were monitored every generation for their clutch size and gene drive frequency within the populations,
as indicated by the number of transgenic mosquitoes screened every generation. In both cages the fre-
quency of transgenic mosquitoes increased from 25% to =69% within the first three generations but di-
verged after generation 4 (Figure 6.2). Both cages reached 100% transgenic frequency by generation 11
and 7 respectively and failed to produce any eggs in the next generation. The egg output of the cages was
gradually being reduced with every generation, possibly as the result of the presence of more dsxFCRISPRR
female mosquitoes in the cages. The dynamics of the spread of the gene drive in both cages followed a
mathematical model, which was created to predict the outcome of 20 stochastic simulations. The model

was calculated using the properties of the dsxFCRISPRR

gene drive line, such as the inheritance bias of the
gene drive allele, the parental effect and fertility rates of the line, but also the phenotype of the intersex
individuals (Kyrou et al. 2018).

After the successful collapse of both cage 1 and cage 2 populations, I repeated the experiment using
two more caged populations (cage 3 and 4). The cages were set up using the exact same conditions and

monitored every generation for their clutch size and transgenic frequency. In both cages 3 and 4, the

transgenic frequency increased from 25% to =50% within one generation, similarly to cages 1 and 2, but
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Power calculation: Probability of stochastic loss
of the gene drive from the experiment
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Figure 6.1 — Probability of the stochastic loss of the gene drive from the caged populations in a male-
only release scenario. A power calculation was used to assess the probability of the stochastic loss of the
gene drive from the caged populations based on the number of dsxFCRISPR /1 males used to introduce the

gene drive in the cages. The model takes into consideration the size of the caged populations but most

FCRISPRh

importantly the properties of the dsx gene drive line, such as fecundity and homing efficiency.

In a population of 600 mosquitoes with equal male-to-female sex ratios, the probability to lose the gene
drive allele by chance is dramatically reduced when as low as 15 dsxFCRSPRR /1. males (5% of total males)
are used to seed the gene drive into the populations. Each data point on the graph represents 1000 indi-
vidual simulations of stochastic cage models as described in Kyrou et al. 2018. Image reproduced with
permission of the rights holder, Copyright © 2018, Springer Nature, Kyrou et al. 2018.

later the two cages diverged, reaching 100% frequency at generations 7 and 17 respectively (Figure 6.2).
Similarly with cages 1 and 2, cage 3 remained within the model prediction boundaries of the experiment,
whereas cage 4 diverged from the predictions during the later generations. Interestingly, I observed a
similarity between the dynamics of cages 1 and 4 and cages 2 and 3, prompting me to test the impact of
the location of the cages in the insectary on the gene drive dynamics. The idea behind this was to test if
changes in humidity or temperature had a noticeable effect in the function of the efficiency of the gene
drive. For that, I set up two different sub-populations from cage 4 at generation 7 and reared them side
by side in the insectary. Both populations (cage 4m and 4r) followed a very different transgenic frequency
trajectory, indicating that there is no strong correlation between the location of the cages in the insectary
and the dynamics of the gene drive in the populations. The successful suppression of the mosquito popu-
lations was the first of its kind and hinted at the advantage of using highly conserved genes like doublesex

as targets when designing such interventions.
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Population Experiments
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Figure 6.2 — Dynamics of the dsxFCRISPR! gepe drive in five caged mosquito populations. In total, five
cages have been used to test the efficiency of the dsxFCRISPE! gene drive to suppress mosquito populations
in the lab. Both the transgenic frequency (left) and relative egg output (righ) were monitored in every
generation. The gene drive targeting exon 5 gradually increased in frequency reaching 100% transgenic
rate in all cages, leading to a complete population suppression. Cage 2 and 3 reached 100% transgenic
frequency at generation 7, whereas cage 1, 4r and 4m reached 100% prevalence at generations 11, 12
and 17 respectively. The accumulation of dsxFCRISPRR females in the populations but also the increasing
production of intersex individuals towards the later generations imposed a dramatic reproductive load on
the populations that eventually failed to produce eggs and sustain their numbers. The grey lines indicate
20 stochastic simulations that were calculated assuming a population size of 650 mosquitoes, whereas the
dashed black line follows a deterministic model. Image reproduced with permission of the rights holder,
Copyright © 2018, Springer Nature, Kyrou et al. 2018.

6.2.2 Target site resistance on the doublesex locus was not detected within the populations

To characterise the repertoire of indel mutations accumulated at the target site, but also their frequency
within the cages, I have sequenced the mosquito populations at different generations using deep amp-
licon sequencing. The method, was designed to capture all alleles in the populations that were created
as the result of MMEJ or NHE] and ergo did not carry a gene drive cassette. Partially homed events were
not able to be detected using this method because of limitation on the amplicon size of the method. The
amplicon sequencing revealed the existence of indel mutations of different sizes in all cage trials, but none
have managed to increase in frequenciy above 2.5% within the population of the cages. Specifically, the
same 11-bp deletion that was detected during the assessment of the gene drive line (Figure 5.9) was found

to reach a maximum of 1.45% frequency among the non-homed alleles within later generations of some
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populations. The majority of other indels, including in-frame mutations that could theoretically restore
the functionality of the AgdsF isoform were kept below 0.5% (Figure 6.3). A 4-bp out-of-frame deletion
reached the maximum of 2.15% allele frequency in cage trial 2 at generation 7, most probably because all
mosquitoes of the population were either heterozygous or homozygous for the gene drive allele by that
generation. Nevertheless, in all instances, the most prominent allele detected using this method was the
wild type, which was never found to be below 94%, indicating that none of the other alleles produced were

able to restore the female phenotype and fertility of the dsxF ~ knockout and confer resistance.
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Figure 6.3 - Dynamics of the most prevalent indels detected in the cage trial populations. The deep
amplicon sequencing revealed a repertoire of in-frame (green) and out-of-frame (black) mutations that
were shared across the different caged populations. The frequency of the mutated alleles was recorded
every two generations where possible. The 11-bp deletion detected during the assessment of the homing
rate of the gene drive line (*) reached a maximum of 1.45% in cage trial 2 at generation 4, whereas a
4-bp deletion reached the maximum frequency among the non-homed alleles at 2.15% in cage trial 2
at generation 7. All other indels, including in-frame deletions, failed to reach frequencies above 0.5%,
indicating a strong negative selection against them. It is possible that indels that were extending in the
splice site between intron 4 and exon 5 (Gs in bold) might have impaired the alternative splicing of the
female-specific exon. The PAM sequence of the gRNA-T1 is underlined.
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Deletions that could theoretically restore the coding sequence of the AgdsxF isoform have been de-
tected in all cage trials. Specifically, the detected three-bp deletion, which in theory could result in the
removal of a glutamine residue and the replacement of an alanine residue with a proline (Figure 6.4A),
has reached a maximum frequency of 0.3% in the populations. Three alternative in-frame deletions (six,
nine and 12 bp) were also recorded in the populations but they were either adjacent to the AG-G splice
site of the intron/exon boundary or were deleting the splice site altogether. The six-bp deletion results in
the removal of the exonic -G residue that is necessary for exon splicing, but does not interfere with the
AG- site that is found at the 3’ site of introns and is required for splicing. Assuming this deletion does
not interfere with the splicing of the female-specific exon, it results in the removal of both a glycine and
glutamine residues at the start of the exon. On the contrary, the nine- and 12-bp deletions remove the
splice site altogether, resulting most probably in an incorrect splicing of the exon. In any case, all four
deletions were unable to restore the function of the splice site and the exon, minimising the formation
of in-frame mutations. This again signifies the highly conserved character of the coding sequence of the

female-specific exon of the dsx gene.

The results obtained through amplicon sequencing were in contrast with the results obtained through
the same analysis when performed on the gene drive targeting the non-conserved AGAP007280 gene
(Hammond et al. 2017, 2020a). In those experiments, in-frame mutations have increased in frequency
towards later generations by up to 95%, stalling the increasing frequency of the gene drive and restor-
ing female fertility in the populations. To determine the difference in the conservation between the two
target sites, I investigated the frequency of single nucleotide polymorphisms (SNPs) using genomic data
from species of the Anophelinae subfamily (Neafsey et al. 2015) and genomic sequences from wild-caught
Anopheles mosquitoes obtained from sub-Saharan Africa (Miles et al. 2017). The investigation revealed a
great level of divergence between the two target sites that explains the difference observed among the
frequencies of in-frame alleles in the populations of the two experiments. The target site in AGAP007280
proved to be greatly polymorphic with no signs of conservation between species (Figure 6.5A). The 21-bp
target site sequence of the gene drive has nine SNPs spread across the whole length of the sequence with
frequencies in the population varying from 0.07% up to 31.2% (Figure 6.5B). On the contrary, when the
dsx locus was investigated using the same datasets, there was clearly a dramatic difference in the num-
ber of SNPs and variation within the Anophelinae subfamily. The dsxFCFSPR" target site on the intron 4
- exon 5 boundary is much more conserved within the Anophelinae subfamily and even more conserved
within wild-type An. gambiae populations in Africa, with only one silent SNP being present at 2.9% allele
frequency. This indicates that the locus is highly conserved and under strong selective pressure that does

not allow the accumulation of sequence variation at that site.
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A DELETIONS

GTTTAACACAGGTCAAGCGGTGG
WT sequence
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGTCAAGCGCTCGCTCAACGAA
exon 4 ¥ exon 5
H ORI DEG QA V V N E Cutsite
CDS CACCAGCGGATCGACGAAGGTCAAGCGGTGGTCAACGAA

3-bp deletion
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGICs==CGGTGGTCAACGAA

H Q R I D E G P V V N E
CACCAGCGGATCGACGAAGGT---CCGGTGGTCAACGAA

6-bp deletion

CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagm===-= CGGTGGTCAACGAA
H Q0 R I D E A V V N E
CACCAGCGGATCGACGAAGCG-——=—— GTGGTCAACGAA

9- and 12-bp deletions

CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaaca-—-—-==—=—= CGGTGGTCAACGAA
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgttta-——————-F===== CGGTGGTCAACGAA
B SUBSTITUTIONS

GTTTAACACAGGT CAAGCGGTGG
WT sequence
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgt ttaacacagGTCAAGCCCTCCTCAACGAA
exon 4 ¥ exon 5
H QR I DE G Q A V V N E Ccutsite
cDS CACCAGCGGATCGACGAAGGTCAAGCGGTGGTCAACGAA

75- G>C
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGTCAACCGCTGGTCAACGAA

H Q R I D E G Q P V V N E
CACCAGCGGATCGACGAAGGTCAACCGGTGGTCAACGAA

76- C>G
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGTCAAGGGCTCGGTCAACGAA

H QR I DEW AGQG GV V N E
CACCAGCGGATCGACGAAGGTCAAGCEGTGGTCAACGAR

Figure 6.4 — In-frame deletions and substitutions detected within the caged populations and their im-
pact on the coding sequence of exon 5. (A) The three-bp deletion detected in the populations of the cage
trials could in theory result in the removal of a glutamine residue (Q) from the coding sequence of the
exon and the replacement of an alanine (A) with proline (P). The six-bp deletion results in the removal
of the nucleotides adjacent to the intron — exon boundary and the removal of both glutamine and alan-
ine residues from the CDS of the exon, assuming the splicing of the exon is not affected. Both the nine-
and 12-bp deletion extend in the splice site of the intron - exon boundary, resulting presumably to the
disruption of the splicing of the female-specific exon. (B) The two substitutions that were detected with
frequencies above 0.5% at positions 75 and 76 result in the plausible replacement of an alanine residue
with proline (P) and glycine (G) respectively. Exon 4 and 5 are shaded with grey and red respectively. 15-
bp sections from both the 5’ and 3’ sides of intron 4 are shown in lower case, whereas the intervening
sequence is not drawn to scale. The gRNA-T1 target site is also annotated with the PAM highlighted in
yellow and the nucleotides surrounding the cut site (arrow) underlined.
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A AGAP004050 - dsx AGAP007280 - nudel
gRNA. GTTTAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG
A.gambiae- GTTTAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG
A.coluzzii- GTTTAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG
A.merus- GTTTAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG

A.arabiensis -
A.quadriannulatus -

GTTTAACACAGGTCAAGCGGTGG
GTTTAACACAGGTCAAGCGGTGG

GGAAGAAAGTGAGGAGGAGGG
GGAAGAAAGTGAGGAGGALGG

A.melas- GTTTAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG
A.christyi- GTTTAACACAGGTCAAGCGGTGG AGAGGACAGTGAGGAGGAGGG
A.epiroticus - GTTCAACACAGGTCAAGCGGTGG CGACGATAGTGAGGAGGAGGG
A.minimus - GTTCAACACAGGTCAARACGGTGG TGAGGATAGTGAGGAGAAAGG
A.culifacies - GTTCAACACAGGTCAAACGGTGG TGAAGATAGTGATGAGEAGGG
A.funestus - GTTCAACACAGGTCAAGCGGTGG TGAAGATAGTGAAGAGE====
A.stephensi- GTTCAACACAGGTCAAGCGGTGG CGAGGACAGTGACGAGGAGCA
A.maculatus - GTTCAACACAGGTCAAGCGGTGG TGATGATAGTGAAGAG-———~-
A.farauti- GTTCAACACAGGTCAAGCGGTGG TGAGGATAGCGACGAGGAGLG
Adirus - GTTCAACACAGGTCAAGCGGTGG GGAAGAAAGTGAGGAGGAGGG
A.sinensis - GCTCAACACAGGTCAGGCCGTGG TGAAGAAAGCGAGGAGGGATA
A.atroparvus - GCTCAACACAGGTCAGGCLGTGG TAAEGABEEE- -- - -GEATG
A.albimanus - GCCCAACACAGGTCAGGCLGTGG CGACATGGACGTGCAGGE===

* kkkkkkkkkkkx * kkk*x

2.9%

GTTTAACACAGGTCAAGCGGTGG

*

0.07% 6.8%
0.07% 0.07% 0.52% 0.26%

GGAAGAAAGTGAGGAGGAGGG

N

0.13%

Figure 6.5 — Conservation comparison between the dsx and nudel gene drive target sites. (A) The dsx
locus is identical within members of the An. gambiae species complex (bold) but also highly conserved
within species of the Anophelinae subfamily. In contrast, the nudel locus is diverse and highly variable
within the subfamily, indicating a less stringent conservation pressure. Shaded nucleotides indicate al-
terations from the An. gambiae wild-type sequence, whereas blue and red indicate silent and missense
codon variations respectively. Underlined nucleotides indicate the PAM sequence in the gRNA, whereas
the presence of insertions in the locus is underlined using a dashed line. Asterisks at the bottom indic-
ate conserved nucleotides throughout the subfamily. (B) Genomic data obtained from 765 wild-type An.
gambiae and An. coluzzii mosquitoes from regions from sub-Saharan Africa reveal a dramatic difference
in the presence of SNPs in the two loci. The dsx locus contains only one SNP at 2.9% frequency, whereas
the nudel locus contains nine SNPs varying from 0.07% up to 31.2% frequency in the populations. This is
an indication of the different degree of conservation that describes the two loci. The PAM sequence of the

gRNA is underlined, and the SNPs are coloured in relation to their frequency.
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From the deep amplicon sequence analysis performed on the populations of the dsxFCRISPRR

gene
drive, I was also able to analyse single nucleotide variant (SNV) frequency at the target site as part of the
Cas9 activity on the locus. Analysing the SNV frequencies and mapping them across the background sig-
nal of SNVs created during the amplification process, I was not able to detect any significant difference
between the frequencies of SNVs at the cut site and those on the rest of the amplicon in the majority of the
populations (Figure 6.6). Across the length of the 250-bp amplicon, the frequency of the SNVs rarely sur-
passed the 0.5% threshold that we set at the start of the experiment. With the exception of the error-prone
ends of the amplicon, only two SNVs were detected to be present in more than 0.5% of alleles examined
in two distinct populations. In cage trial 3 and cage trial 4r, at generations five and nine respectively, a
G>C substitution at location 75 and a C>G substitution at location 76 were found to be present within
close proximity of the cut site. The two SNVs were present at a frequency of 0.57% and 0.73% respectively.
When these substitutions are mapped to the coding sequence of the exon they result in the plausible re-
placement of an alanine residue with proline and glycine respectively (Figure 6.4B). It is unclear if these

missense mutations did not confer resistance to the gene drive either because they could be cleaved by

the nuclease or because they did not restore the phenotype of the female-specific exon.

6.2.3 SNP found in wild-type populations can be cleaved by the Cas9 in vitro

The doublesex target site chosen for this gene drive is apparently under high functional constraint. Within
the laboratory colony of mosquitoes in which it was tested, the target site on exon 5 appears to be invari-
ant. However, when I investigated genomic data obtained from wild-caught An. gambiae and An.coluzzii
mosquitoes from sub-Saharan Africa, I detected a natural SNP variant located two nucleotides upstream
of the PAM site of the sequence (Figure 6.5B). The C>A SNP that was detected is present at a 2.9% total al-
lele frequency, and when analysed in-silico it results to a missense mutation. To investigate the geographic
distribution of the SNP in the continent, I leveraged the Ag1000G database, which contains 765 genomes
from wild-caught female An. gambiae and An.coluzzii mosquitoes from sub-Saharan Africa (Miles et al.
2017). A detailed analysis of the data revealed that the SNP can reach frequencies up to 25% in local An.
coluzzii populations and up to 12.5% in An. gambiae populations. The SNP was also not evenly distrib-
uted across the 8 countries where the samples originated from and it was only found in populations from
western equatorial and southern countries (Figure 6.7). It is also likely that this particular SNP can re-
store the female phenotype and fertility to some degree, since it has been found in homozygosity in four
female An. coluzzii out of 60 tested in one of these populations (Table 6.1). Since at the time I could not
perform an in vivo assay to test the efficiency of our gene drive against this particular SNP variant, I used

an in vitro cleavage assay to preliminary reveal the degree of resistance the SNP could impose to putative
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Figure 6.6 — Single nucleotide variance analysis across the cut site of the dsx gene drive. Deep

amplicon sequencing performed across the gRNA-T1 (grey) and the cut site (dashed line) revealed the

absence of significant variation caused by the dsxFCRISPRR

gene drive. In only two instances, in cage trial
3 and cage trial 4r, at generations five and nine respectively, two SNVs were detected at frequencies above
0.5%. The respective 75-G>C and 76-C>G substitutions were present at 0.57% and 0.73% frequency. The
fact that these SNVs are located in close proximity with the cut site hints to their creation during the caged
experiment and not during the amplification process. In any case, they maintained in low frequencies
and failed to confer resistance either because they could not restore the function of the doublesex gene or

because they could be recognised and cleaved by the nuclease.
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releases of the gene drive in the continent. I used a combined method of restriction digestion enzymes
and ribonucleoprotein complexes of Cas9 with gRNA-T1 to digest plasmids carrying the sequences of in-
terest. The assay revealed that the target site carrying the G>A SNP can be cleaved as efficiently as the
wild-type sequence (Figure 6.8), indicating that this variation found in populations in Africa might not
pose a resistance barrier to our gene drive technology, allowing the spread of the gene drive allele and the
eventual suppression of local populations. Of course, this hypothesis needs to be thoroughly investigated

experimentally in vivo to unambiguously reveal the true impact of the SNP on our gene drive system.
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Figure 6.7 — Distribution of the G>A SNP found in the gRNA-T1 sequence in mosquitoes from sub-
Saharan Africa. The particular SNP is not evenly distributed across populations tested from 8 different
countries. The SNP is mainly present in western equatorial and southern African countries and reaches

allele frequencies of up to 25% in populations from Angola.
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Total tested Heterozygous Homozygous
Region Country Agam Acol Mix Agam Acol Agam  Acol SNP frequency
Luanda Angola 0 60 0 0 22 (36.7%) O 4(6.7%) 25%
Bana Burkina Faso 18 37 0 0 0 0 0 0%
Pala Burkina Faso 39 10 0 0 0 0 0 0%
Sourukoudinga  Burkina Faso 24 22 0 0 0 0 0 0%
Daiguene Cameroon 83 0 0 1(1.2%) 0 0 0 0.6%
Gado-Badzere Cameroon 70 0 0 2(29%) O 0 0 1.43%
Mayos Cameroon 101 0 0 5(4.9%) 0 0 0 2.48%
Zembe-Borongo Cameroon 21 0 0 0 0 0 0 0%
Libreville Gabon 56 0 0 7(125%) 0 0 0 6.25%
Koundara Guinea 15 0 1 0 0 0 0 0%
Antula Guinea-Bissau 15 3 0 0 0 0 0 0%
Kilifi-Junju Kenya 30 0 13 0 0 0 0 0%
Kilifi-Mbogolo Kenya 31 0 0 0 0 0 0 0%
Tororo Uganda 103 0 0 0 0 0 0%
Total 619 132 14 15(2.4%) 22(16.7%) O 4(3.0%) 2.9%

Table 6.1 — Distribution of the G>A SNP found in the gRNA-T1 sequence in mosquitoes from sub-

Saharan Africa. The SNP is not evenly distributed throughout the continent but rather is present in

scattered populations mostly in western equatorial and southern African countries. The SNP reaches fre-

quencies up to 25% in An. coluzzii populations from Luanda, Angola, where homozygous females for the

SNP have been also detected. The presence of females homozygous for the SNP indicates that this partic-

ular missense mutation can restore the female phenotype and fertility of the species to some degree. The

percentages in brackets indicate the frequency of the respective mosquitoes in the local population. The

"Mix’ column contains mosquitoes in which the simple gambiae/coluzzii dichotomy was not adequate

using the current molecular markers at the time of the experiment. Data obtained from The Anopheles

gambiae Ag1000G Genomes Consortium, Miles et al. 2017.
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Figure 6.8 — In vitro cleavage assay testing the efficiency of the dsxFCRISPR! gene drive against the SNP
found in mosquito populations from Africa. Both the wild-type target site (WT®) and the target site
carrying the SNP (SNP") are cleaved with similar efficiency using in vitro ribonucleoprotein particles as-
sembled using Cas9 protein and the gRNA-T1. A target site lacking the PAM sequence (WT®"P) served as
a control. The SNP variant is indicated in red. Image reproduced with permission of the rights holder,
Copyright © 2018, Springer Nature, Kyrou et al. 2018.

6.3 Controlled releases in large scale set ups successfully suppress mosquito

populations

The success of the dsxFCRISPRR

gene drive to crash 5 caged mosquito populations in the lab is the first of its
kind. This small success in the insectary paved the way for the construct to be tested in larger populations
housed in bigger cages built to provide a more ecologically challenging environment for the mosquitoes.
The big cages measuring 4.7 m? in volume, allow for more complex behaviours such as male swarming,
oviposition site preference and other aspects of mosquito biology that cannot be recreated in small cages
in the lab (Hammond et al. 2020b). For comparison, the small cages [ used for the population experiments
measure only 0.045 m? in volume. Six cages were built inside a climatic chamber designed to maintain
the humidity and temperature but also mimic more accurately the light conditions of a full day cycle in
the tropics. The cages were used to establish and maintain a mean population size of 574 wild-type An.
gambiae mosquitoes for at least 74 days before the release of any gene drive (Hammond et al. 2020b).
The dsxFCRISPRI gene drive was released in four of the cages in duplicates using a 'Low’ (12.5%) and an

'Intermediate’ (25%) allelic frequency, whereas two cages without the gene drive were kept as controls.

In contrast with the small cage experiment, which was were based on discrete generations, the setup of
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the big cage experiment was relying on overlapping generations. By allowing the older populations to
remain in the cage and overlap with the new generations, we reveal differences in life-span, mating and
fecundity over time that cannot be captured in a discrete generation setup (Facchinelli et al. 2019). Large
cage populations experiments with an overlapping generation setup are considered now to be an essential
bridge between laboratory and outdoor or open release field testing for gene drive technology (James et al.

2018).

The dsxFCRISPR! gene drive was introduced in the cages using transgenic heterozygous males to mimic
a male-only release scenario. Due to the overlapping generation setup, the number of transgenic males
required for each release was split into two small consecutive releases during the course of one week. For
the 'Low’ release, a total of 143 transgenics were introduced in the cages, whereas for the 'Intermediate’
release a total of 287 transgenics were introduced, equivalent to 25% and 50% transgenic frequency re-
spectively of the estimated mean adult population of 574 (Hammond et al. 2020b). Upon release, for the
first 125 days, the gene drive allele spread slowly in the cages, fluctuating around the release allele fre-
quency, as indicated by the presence of the gene drive marker among the offspring of the populations
(Figure 6.9A). This initiation period was followed by a rapid invasion phase that lasted approximately 100
days and resulted in the gene drive reaching allele frequencies up to 90%. Towards the end of the exper-
iment, the gene drive entered a final fixation period of approximately 50 days that ensured the complete
transformation of the mosquito populations. The full prevalence of the gene drive in the populations
resulted in a reduced egg output in all cages that started to be in effect between 200 and 250 days post re-
lease (Figure 6.9B). The reproductive load imposed on the populations during this period was due to the
noticeable decline of fertile females and the increasing numbers of sterile intersex. Eventually, the popu-
lations were unable to sustain the numbers needed to seed subsequent generations, leading to a complete

suppression in all four cages within an average of 275 days post release.

Similarly with the small caged experiments, no resistance against the gene drive has been detected
within the large caged population during the one year experiment. Deep amplicon sequencing revealed
the formation of indels at the cut site that were also found during the same analysis of the small caged
populations. These mutations were found to reach only a maximum of 0.3% allele frequency in the pop-
ulations, with in-frame deletions reaching only 0.19%. Two novel mutations, one in-frame and one out-
of-frame, reached the maximum of 3.28% and 1.56% allele frequency respectively among the non-homed
alleles. The in-frame mutation was the result of both an insertion and a substitution of three and one
nucleotides respectively, resulting in the replacement of an alanine residue with a glycine and glutamine
(Figure 6.10). The inability of the respective allele to increase in frequency and counteract the spread of

the gene drive is an indication that the allele was under negative selective pressure, possibly because it
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Figure 6.9 — Gene drive dynamics and egg output in large cage experiments. The gene drive targeting
dsx was tested in four large cages housing a mean population of 574 mosquitoes. Wild-type populations
were established in all cages for 74 days (grey) before the release of the gene drive in the cages. (A) The
gene drive was released using transgenic males in duplicate cages (red and blue) using an allele frequency
of 12.5% (Low) and 25% (Intermediate). In all cages the gene drive followed a sigmoidal pattern of inva-
sion, fluctuating around the release allele frequency within the first 125 days, before spreading rapidly to
fixation between 200 and 250 days. (B) The gene drive imposed a reproductive load on the populations
leading to a dramatic decrease on egg output after 220 days post release when the gene drive reached full
prevalence in the populations. In contrast with the control populations, all four cages housing the gene
drive were unable to produce eggs and sustain subsequent generations to maintain the populations. The

dotted line indicates the mean egg output of the control cages.

did not encode for a functional DSX protein. Nevertheless, the overall absence of resistance against the
gene drive targeting the dsx gene in the large cage setup is a strong validation of the high conservation
that characterises the gene. The dsx gene, and specifically the female-specific isoform, appears to be so
far resilient to sequence variations and proves to be highly constrained even when tested in larger popu-
lations. This successful population suppression using a gene drive system is a landmark achievement and
the next step towards the deployment and use of a gene drive system against vector populations (James
et al. 2018). The dsxFCRISPR! gene drive targeting doublesex can now be shipped and integrated in local

populations in Africa and tested in an outdoor field setup to enter the next phase towards the deployment

in the wild.
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IN-FRAME NOVEL INDEL

GTTTAACACAGGTCAAG---CGGTGG
WT sequence
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGTCAAG---CGGTGGTCAACGAA
exon 4 exon 5
H Q R I D E G Q A V V N E  cutsite
CDS CACCAGCGGATCGACGAAGGTCAA---GCGGTGGTCAACGAA

3-bp insertion + 76- C>A
CACCAGCGGATCGACGAAGgtaagctggcgatgannnnnnttatgtttaacacagGTCAAGGTCAGGTCGTCAACGAA

H Q R I D E G Q GG Q V V N E
CACCAGCGGATCGACGAAGGTCAAGGTCAGGTGGTCAACGAA

Figure 6.10 - In-frame indel detected in the large cages and its impact on the coding sequence of exon
5. Deep amplicon sequencing revealed the presence of a novel indel mutation consisting of a three-bp
insertion and a substitution. The in-frame indel was detected at 3.28% frequency among the non-homed
alleles and when mapped across the female-specific exon results in the insertion of a glycine residue (G)
and the replacement of an alanine residue (A) with glutamine (Q). Exon 4 and 5 are shaded with grey and
red respectively. 15-bp sections from both the 5’ and 3’ sides of intron 4 are shown in lower case, whereas
the intervening sequence is not drawn to scale. The gRNA-T1 target site is also annotated with the PAM

highlighted in yellow and the nucleotides surrounding the cut site (arrow) underlined.

6.4 Discussion

Designing and building a gene drive system in the lab is only a small part in along process that is required
for the controlled and successful release of such systems in nature. Because of their self-sustaining and
invasive character, gene drive systems have to pass rigorous validation checkpoints during the deploy-
ment process before they are allowed to be released in the wild. From the design phase to the final release
and post-release surveillance, a gene drive system is thoroughly examined in every step of the process for
its efficiency, safety and ability to achieve population modification. To date, no gene drive targeting pop-
ulation suppression has managed to reach the second step in the deployment pathway, the release and
testing in large indoor cages. Numerous gene drive systems have been created and tested in the lab for
their efficiency and invasiveness but failed to show the necessary properties required to be tested on a lar-
ger scale. Many of these failed attempts were due to the rise of resistant alleles against the gene drive that
accumulated in the tested populations through positive selection, counteracting the function of the gene
drive system. The use of highly conserved genes as gene drive targets is one of the solutions implemented
to minimise the creation and selection of such resistant alleles.

A gene drive targeting the highly conserved female-specific exon of the dsx gene has proven to be
resilient to the formation of resistant alleles when tested in small caged populations in the lab. Using a
single release of a small gene drive allele frequency, the gene drive has managed to reach full prevalence

within the populations starting at generation 7. Alleles that were formed at the dsx target site as a result
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of MME] and NHE] were unable to restore the function of the dsx gene and block the efficiency of the
gene drive. This has allowed the system to spread with high efficiency in all the mosquitoes of the cages,
resulting in the complete transformation of the populations. As a result, the continuous depletion and
replacement of fertile females with sterile homozygous intersex imposed a dramatic reproductive load on
the populations affecting the egg output of the cages. Unable to produce enough progeny to sustain their
numbers, five caged populations eventually collapsed one generation after the complete transformation
of the cages. The successful collapse of the mosquito populations in the lab was the first of its kind, making
this a landmark achievement for gene drive technology.

Following the success in the lab, the gene drive system targeting the dsx gene was quickly set to be
tested in large indoor cages in accordance with the next phase of the gene drive deployment process. The
cages were housed in specialised facilities with climatic chambers able to maintain the environmental
conditions observed in sub-Saharan Africa and thus providing an ecologically challenging environment
for the mosquitoes. Populations housed in larger cages and in such conditions are more likely to behave
like in nature, revealing factors and parameters that cannot be recreated and tested in small cages the lab.
Swarming behaviour, mating preference but also oviposition site preference are some of these factors that
can have a tremendous impact on the efficiency of a gene drive system. Following a successful release
in the cages using male transgenics, the gene drive targeting the female-specific exon of the dsx gene
was able to reach full prevalence in all four cages, resulting in a complete population suppression within
an average of 275 days. This accomplishment proved that the dsx gene is highly constrained and does
not allow the formation of resistant alleles that could have blocked the gene drive system from achieving
population suppression. This successful assessment of the gene drive system during the second phase
of the deployment pathway has tremendous benefits for gene drive technology. The gene drive system
targeting the highly conserved dsx gene can now be assessed for its efficiency and robustness in outdoor
cages located in Africa, bringing the technology closer to the field and hopefully to be used in the future

against the deadliest animal on earth.
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Discussion and Future Directions

The development of a gene drive system capable of manipulating and suppressing mosquito populations
is a long-sought scientific achievement for vector control strategies and malaria in particular. To date,
gene drive technologies had failed to overcome limitations and challenges that arose during proof-of-
principle experiments when using this technology to control vector populations in the lab. The gene
drive system developed in this thesis overcomes the basic problem of resistance and successfully invades
caged populations of Anopheles gambiae mosquitoes. The simple switch of target site to a more highly
conserved locus such as exon 5 of doublesex, has dramatically reduced the creation of resistant alleles
that could restore the function of the locus and counteract the spread of the gene drive. The successful
population suppression observed in small cages in the lab but also during large semi-field testing is an
indication that the degree of conservation observed in the doublesex locus so far is sufficient to allow the
system to spread in the population, gradually imposing a reproductive load that leads to suppression.
Evaluation of a gene drive in large confined indoor spaces is considered an essential intermediate and a
bridge between the lab setting and large outdoor field trials for the safe and controlled deployment of a
gene drive system in the wild.

The next step for the gene drive targeting dsx is the assessment of the system in outdoor cage trials
in Africa in order to study and evaluate the efficiency of the system when integrated into local mosquito
populations. Like the large indoor population experiments, the outdoor cage field trials provide an even
more ecologically challenging environment for the mosquitoes, but this time under the native conditions
of sub-Saharan Africa. The native environment and scale of the experiment allow for the accurate recre-
ation of complex behaviours of mosquito biology such as male swarming and oviposition site preferences
that can only be stimulated to some degree in large indoor semi-field experiments. The evaluation in
native populations from Africa is also important in order to reveal any potential differences in life-span,
mating, and fecundity of the carrier mosquitoes that are crucial parameters that shape the efficiency of
a gene drive system. These parameters are important to know prior to a potential deployment phase be-
cause they will help determine an efficient mosquito capacity and shape the strategy that would need to

be implemented in a potential release scenario in native populations.
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Introgression of the dsx gene drive system to the native genetic background can also reveal the ef-
fects of natural genetic variation on the efficiency and prevalence of the gene drive. Even though highly
conserved, the target site in exon 5 appears to carry small variations that are present in populations in
Africa and could pose a threat to the efficiency of the gene drive system. Although in vitro experiments
hinted that the gene drive might not be affected by current variation at the target site, the situation might
be different when tested in vivo. Current experiments are planned to incorporate the variant target site
in lab colonies and test the efficiency and the dynamics of the system when these alleles are present. Fi-
nally, natural variation that has not been detected yet in local populations in Africa could also be revealed
through the incorporation of the gene drive to local populations. Early detection of these variants during

the assessment process is beneficial for the final deployment of the gene drive system.

Although resistance has not been detected in the small and large cage populations experiments, a
number of measures have already been proposed to reduce the impact of potential resistance that could
arise later during the deployment process. The use of alternative nucleases like the Cas12a (Paul & Mon-
toya 2020) has been suggested as a solution to overcome target site resistance. These nucleases have
separate recognition and cleavage domains that could potentially solve the resistance issue since vari-
ations at the target site do not affect the efficiency of the nuclease. Unfortunately, experiments using the
Casl2a in An. gambiae mosquitoes in the lab revealed the low efficiency of the system to function and
home efficiently in the germline of the mosquito, possibly due to temperature sensitivity (unpublished
with permission of Akash Sharma). Other approaches to overcome resistance rely on the use of multiple
gRNAs to target multiple loci in close proximity on the dsx locus. Multiplexing gRNAs (Kurata et al. 2018)
ensures that the homing process could still occur even if resistant alleles are formed in some of the tar-
geted loci. This is because in theory only one gRNA is needed to cleave the DNA and activate the repair
machinery and promote HDR. The use of multiple gRNAs ensures the gene drive system has enough time
to invade the population and cause a significant reduction before all the target sites confer resistance.
Gene drive systems that use two gRNAs to target dsx are currently under development and will soon be

ready to be tested in small cage experiments.

Finally, the availability of genomic sequences from other major vectors of the Anophelinae subfamily
allows the easy transfer of this technology to those vectors. Experiments are currently underway to replace
- where different - the native An. gambiae exon 5 sequence of the dsx gene with synthetic alleles homo-
logous to the target site sequences found in those species. These experiments aim to test the efficiency
and robustness of the gene drive targeting dsx when found against these alleles and the dynamics we ex-
pect when the system is transferred to these populations. Currently, the gene drive targeting Agdsx is in

the process of being introgressed in the genome of Anopheles arabiensis mosquitoes, and results about its
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efficiency in the vector are imminent. Small cage population experiments using this vector are of priority

to vigorously assess and evaluate the dynamics of the system when tested in the species.

Nevertheless, developing and testing a gene drive system for population suppression against malaria
in Africa could be proved futile if the technology does not get approved to be released in the continent.
Gene drives have no prior use-history and because of their self-sustaining nature are considered by a
minority of people as a 'dangerous’ concept, and attempts to pass moratoriums on the research and use
of the technology with immediate effect have been put forward multiple times in the recent years. The
argument brought forward by the groups opposing the use of gene drives in the natural world is the lack
of research surrounding any effects the technology might have in both the ecosystem and human health.
The groups argue, among other things, that all species are important and contribute equally to their eco-
system, and depletion of such an abundant species could have tremendous effects that could lead to the
collapse of food chains in areas where the species is present. Such a valid argument is also shared pre-
dominantly among people that are no experts on the subject, prompting for the scientific community to

provide a thorough risk assessment of the technology (Teem et al. 2019).

It is important to mention that Anopheles gambiae became a species of importance not because of its
contributions to ecosystem food webs but because of its ability to transmit the malaria parasite, putting at
risk almost half of the world’s population. Because of its highly anthropophilic nature, the species popula-
tions have been always closely linked with the ever-increasing human population, multiplying the burden
of the disease. It is now suggested that without new interventions that tackle one of the most important
problems - the scale of the disease - we might not be able to defeat malaria at all. Interventions that aim
to genetically reduce vector populations are now considered a complementary method that could help
humanity eliminate malaria once and for all. Consequently, because these interventions are destined to
alter the diversity of ecosystems, scientists have studied in parallel from the early beginning possible im-
plications these interventions could have on natural ecosystems. To date, multiple studies have suggested
that major changes in the population size or even depletion of vector species, such as An. gambiae, are
unlikely to harm the biodiversity of its native ecosystems (Roberts et al. 2017). An extensive analysis on the
predation of An. gambiae throughout its lifetime has emphasised the absence of any tight links between
this particular species and predators (reviewed in Collins et al. 2019). Apart from a spider species that
predominantly feeds on blood-fed Anopheles mosquitoes (Jackson & Nelson 2012) and lives in a restricted
distribution near the shores of Lake Victoria, in other cases, the species has been described as a low-value,

low-volume and disaggregated resource in the ecosystem food web (Collins et al. 2019).

Another infamous question that accompanies gene drives is the potential horizontal transfer in closely

related species and the hazard of the ’'leak’ of the technology in an ecosystem. Although gene drives are
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designed to be species-specific and destined to pass to next generations by vertical transmission, in the-
ory, the horizontal transfer in other species is also possible if the two species can mate and create viable
offspring. Hybrids of An. gambiae with its closely related species An. arabiensis, although rare, can occur
in nature. In this context, the flow of the gene drive in the sibling species is considered beneficial in further
reducing the transmission of the disease, since alongside An. gambiae , An. arabiensis is also considered
a major malaria vector and a threat to humanity. It is important to mention that removing both species
from an ecosystem would not create an opportunistic niche for other mosquito species to become major
vectors of the disease. Past examples of similar scenarios in which selected mosquito species have been
reduced dramatically by either using desalination of larval habitats (Missiroli 1938), IRS (Gillies & Smith
1960) or ITNs (Bayoh et al. 2010), have shown that a reduction in the population size of an anthropophilic
vector in an ecosystem is quickly followed by the increase in the biomass of zoophilic species instead.
This is not surprising if we consider that it requires a substantial amount of evolutionary time for a spe-
cies to change its feeding preferences and adapt to feed predominantly on humans but also to be highly
susceptible to the malaria parasite.

Another argument that is brought forth by opposing teams is the bio-ethics surrounding the use of
gene drives in nature (Pugh 2016). The notion of 'playing God’ with nature has fuelled an enormous
discussion on whether it is ethically acceptable or not to alter the genome of an entire species using gene
editing technologies. 'Interfering with nature’ is considered by opposing groups an unacceptable method
of resolving humanity’s problems and the key to a Pandora’s box that could have catastrophic implications
for both nature and mankind. On the other hand, scientists argue that gene editing technologies, when
used properly, can confer tremendous benefits to humanity and ultimately help us defeat diseases that
have devastated this planet for years. Malaria alone claims the lives of almost 400,000 people annually so
a big ethical question is also raised here; if gene editing and gene drive technology can help us eliminate
this disease and save 270.000 children annually, why is it ethical not to use them?

With all being said, gene editing technologies and gene drives in particular, although new, proved to be
valuable tools for science and promise to provide solutions to world problems that seemed impossible to
solve until recently. The novelty of the technology and the lack of use-history have raised ethical conun-
drums and scepticism among scientists, regulatory bodies and the public, and strengthen the need for
the development of a step-by-step assessment pathway for the safe deployment of any future gene drive
technology. Vigorous evaluation and risk assessment of the technology will provide useful insights on its
function and safety, and most importantly, help convince regulatory bodies, governments and the com-
munities who will live alongside the technology to allow for gene drives to be used as an intervention

method against wide-spread diseases such as malaria.
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Appendix A

Population Experiment Data for dsx Gene

Drive

Larvae Pupae Eggs
Gen. RFP* RFP* RFP" RFP" Total Reduction Hatching Mortality Emerged Reduction Total Reprod.
(n) (%) (n) (%) (n) (%) Rate (%) (%) (n) (%) (n)  Load (%)

0 150  25.00 450 75.00 600 600 27462 0.00
1 286  49.65 290 5035 576 4.00 88.62 8.51 527 12.17 17405 36.62
2 302 62.01 185 37.99 487 18.83 74.92 13.35 422 29.67 14957 45.54
3 344 6894 155 31.06 499 16.83 76.77 7.41 462 23.00 11249 59.04
4 316 67.67 151 3233 467 22.17 71.85 23.13 359 40.17 9170 66.61
5 264 5867 186 41.33 450 25.00 69.23 7.56 416 30.67 11364 58.62
6 288 6330 167 36.70 455 24.17 70.00 25.05 341 43.17 7727 71.86
7 355  69.47 156 30.53 511 14.83 78.62 9.78 461 23.17 7785 71.65
8 323 70.07 138 2993 461 23.17 70.92 14.32 395 34.17 5643 79.45
9 325 7558 105 24.42 430 28.33 66.15 7.44 398 33.67 4107 85.04
10 357  95.71 16 429 373 37.83 57.38 9.38 338 43.67 4146 84.90
11 374 100.00 0.00 374 37.67 57.54 2.41 365 39.17 2645 90.37
12 253 100.00 0.00 253 57.83 38.92 7.11 235 60.83 0 100.00
13 0 0 100.00 0 100.00 0

Table A.1 — Population experiment - Cage trial 1

181



Larvae Pupae Eggs
Gen. RFP* RFP* RFP° RFP" Total Reduction Hatching Mortality Emerged Reduction Total Reprod.
(n) (%) (n) (%) (n) (%) Rate (%) (%) (n) (%) (m  Load (%)
0 150 25.00 450 75.00 600 600 26277 0.00
1 280 50.00 280 50.00 560 6.67 86.15 18.21 458 23.67 16578 36.91
2 325 61.79 201 38.21 526 12.33 80.92 11.98 463 22.83 15565 40.77
3 328 68.05 154 3195 482 19.67 74.15 17.22 399 33.50 9376 64.32
4 398 85.41 68 14.59 466 22.33 71.69 14.38 399 33.50 6514 75.21
5 346 86.50 54 13.50 400 33.33 61.54 7.75 369 38.50 4805 81.71
6 309 90.09 34 9.91 343 42.83 52.77 9.33 311 48.17 4210 83.98
7 363 100.00 0.00 363 39.50 55.85 6.89 338 43.67 1668 93.65
8 278  100.00 0.00 278 53.67 42.77 20.14 222 63.00 0 100.00
9 0 0 100.00 0 100.00 0
Table A.2 — Population experiment - Cage trial 2
Larvae Pupae Eggs
Gen. RFP* RFP* RFP° RFP- Total Reduction Hatching Mortality Emerged Reduction Total Reprod.
(n) (%) (n) (%) (n) (%) Rate (%) (%) (n) (%) (m  Load (%)
0 150 25.00 450 75.00 600 600 18872 0.00
1 281 50.72 273  49.28 554 7.67 85.23 23.10 426 29.00 12575 33.37
2 332 65.74 173  34.26 505 15.83 77.69 12.87 440 26.67 12116 35.80
3 268 79.06 71 20.94 339 43.50 52.15 2.06 332 44.67 4381 76.79
4 348 84.26 65 15.74 413 31.17 63.54 10.41 370 38.33 6934 63.26
5 388 85.84 64 14.16 452 24.67 69.54 13.27 392 34.67 4209 77.70
6 351 94.86 19 5.14 370 38.33 56.92 4.86 352 41.33 6382 66.18
7 341 100.00 0 0.00 341 43.17 52.46 11.14 303 49.50 0 100.00
8 0 0 100.00 0 100.00 0
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Larvae Pupae Eggs
Gen. RFP* RFP* RFP- RFP" Total Reduction Hatching Mortality Emerged Reduction Total Reprod.

(n) (%) (n) (%) (n) (%) Rate (%) (%) (n) (%) (n)  Load (%)
0 150 25.00 450 75.00 600 600 21247 0.00
1 289 46.92 327 53.08 616 0.00 94.77 15.91 518 13.67 15181 28.55
2 237 45.49 284 5451 521 13.17 80.15 11.32 462 23.00 14557 31.49
3 278 57.92 202  42.08 480 20.00 73.85 7.92 442 26.33 13346 37.19
4 305 58.10 220 4190 525 12.50 80.77 16.19 440 26.67 15038 29.22
5 283 56.83 215 43.17 498 17.00 76.62 21.69 390 35.00 9210 56.65
6 261 61.41 164 38.59 425 29.17 65.38 4.71 405 32.50 14380 32.32
7 378 68.60 173 3140 551 8.17 84.77 15.43 466 22.33 7910 62.77
8 333 68.10 156 31.90 489 18.50 75.23 7.36 453 24.50 11428 46.21
9 256 59.26 176 40.74 432 28.00 66.46 10.88 385 35.83 13794 35.08
10 288 58.66 203 4134 491 18.17 75.54 17.92 403 32.83 11058 47.96
11 249 58.73 175 41.27 424 29.33 65.23 6.37 397 33.83 8894 58.14
12 261 61.41 164 38.59 425 29.17 65.38 8.94 387 35.50 6726 68.34
13 314 79.90 79 20.10 393 34.50 60.46 9.41 356 40.67 8614 59.46
14 415 89.63 48 10.37 463 22.83 71.23 8.21 425 29.17 7550 64.47
15 418 89.70 48 10.30 466 22.33 71.69 17.60 384 36.00 3282 84.55
16 299 92.00 26 8.00 325 45.83 50.00 5.54 307 48.83 2943 86.15
17 434 100.00 0.00 434 27.67 66.77 17.97 356 40.67 1519 93.94
18 333  100.00 0.00 333 44.50 51.23 10.51 298 50.33 0 100.00
19 0 0 100.00 0 100.00 0

Table A.4 — Population experiment - Cage trial 4m
Larvae Pupae Eggs
Gen. RFP* RFP* RFP- RFP" Total Reduction Hatching Mortality Emerged Reduction Total Reprod.

(n) (%) (n) (%) (n) (%) Rate (%) (%) (n) (%) (n)  Load (%)

392 68.77 178 31.23 570 5.00 87.69 23.16 438 27.00 9852 53.63

334 69.01 150 30.99 484 19.33 74.46 15.08 411 31.50 8272 61.07

429 89.38 51 10.63 480 20.00 73.85 15.42 406 32.33 7589 64.28
10 241 97.18 7 2.82 248 58.67 38.15 15.32 210 65.00 2304 89.16
11 239 97.55 6 2.45 245 59.17 37.69 11.43 217 63.83 75 99.65
12 37 100.00 0 0.00 37 93.83 5.69 13.51 32 94.67 100.00
13 0 0 0 100.00 0 100.00

Table A.5 — Population experiment - Cage trial 4r
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IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL OR
INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
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THIRD PARTIES), AND

WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

8. Limitations

8.1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity,
NOT the published version) for up to 100 copies, electronic rights for use only on a
personal website or institutional repository as defined by the Sherpa guideline
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9. Termination and Cancellation
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9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.
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Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
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used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
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copyright notice that appears in the Wiley publication in your use of the Wiley
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third party content is expressly excluded from this permission.

e With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
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and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
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no rights hereunder other than the license as provided for above in Section 2. No right,

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publish...f-03fc-49db-8ab3-7ca03602b65a%20%20&targetPage=printablelicense

16/07/2020, 13:11

Page 3 of 6



RightsLink Printable License 16/07/2020, 13:11

license or interest to any trademark, trade name, service mark or other branding
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e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
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e WILEY shall have the right to terminate this Agreement immediately upon breach of
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¢ You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

e IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
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WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
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OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
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e Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

e The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
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consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
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may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
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e In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (i1) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
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Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
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Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895 .html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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American Association for the Advancement of Science TERMS AND CONDITIONS

Regarding your request, we are pleased to grant you non-exclusive, non-transferable
permission, to republish the AAAS material identified above in your work identified above,
subject to the terms and conditions herein. We must be contacted for permission for any uses
other than those specifically identified in your request above.

The following credit line must be printed along with the AAAS material: "From [Full
Reference Citation]. Reprinted with permission from AAAS."

All required credit lines and notices must be visible any time a user accesses any part of the
AAAS material and must appear on any printed copies and authorized user might make.

This permission does not apply to figures / photos / artwork or any other content or materials
included in your work that are credited to non-AAAS sources. If the requested material is
sourced to or references non-AAAS sources, you must obtain authorization from that source
as well before using that material. You agree to hold harmless and indemnify AAAS against
any claims arising from your use of any content in your work that is credited to non-AAAS
sources.

If the AAAS material covered by this permission was published in Science during the years
1974 - 1994, you must also obtain permission from the author, who may grant or withhold
permission, and who may or may not charge a fee if permission is granted. See original
article for author's address. This condition does not apply to news articles.

The AAAS material may not be modified or altered except that figures and tables may be
modified with permission from the author. Author permission for any such changes must be
secured prior to your use.

Whenever possible, we ask that electronic uses of the AAAS material permitted herein
include a hyperlink to the original work on AAAS's website (hyperlink may be embedded in
the reference citation).

AAAS material reproduced in your work identified herein must not account for more than
30% of the total contents of that work.
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AAAS must publish the full paper prior to use of any text.

AAAS material must not imply any endorsement by the American Association for the
Advancement of Science.

This permission is not valid for the use of the AAAS and/or Science logos.

AAAS makes no representations or warranties as to the accuracy of any information
contained in the AAAS material covered by this permission, including any warranties of

merchantability or fitness for a particular purpose.

If permission fees for this use are waived, please note that AAAS reserves the right to charge
for reproduction of this material in the future.

Permission is not valid unless payment is received within sixty (60) days of the issuance of
this permission. If payment is not received within this time period then all rights granted
herein shall be revoked and this permission will be considered null and void.

In the event of breach of any of the terms and conditions herein or any of CCC's Billing and
Payment terms and conditions, all rights granted herein shall be revoked and this permission
will be considered null and void.

AAAS reserves the right to terminate this permission and all rights granted herein at its
discretion, for any purpose, at any time. In the event that AAAS elects to terminate this
permission, you will have no further right to publish, publicly perform, publicly display,
distribute or otherwise use any matter in which the AAAS content had been included, and all
fees paid hereunder shall be fully refunded to you. Notification of termination will be sent to
the contact information as supplied by you during the request process and termination shall
be immediate upon sending the notice. Neither AAAS nor CCC shall be liable for any costs,
expenses, or damages you may incur as a result of the termination of this permission, beyond
the refund noted above.

This Permission may not be amended except by written document signed by both parties.

The terms above are applicable to all permissions granted for the use of AAAS material.
Below you will find additional conditions that apply to your particular type of use.

FOR A THESIS OR DISSERTATION

If you are using figure(s)/table(s), permission is granted for use in print and electronic
versions of your dissertation or thesis. A full text article may be used in print versions only
of a dissertation or thesis.

Permission covers the distribution of your dissertation or thesis on demand by ProQuest /
UMI, provided the AAAS material covered by this permission remains in situ.

If you are an Original Author on the AAAS article being reproduced, please refer to your
License to Publish for rules on reproducing your paper in a dissertation or thesis.

FOR JOURNALS:
Permission covers both print and electronic versions of your journal article, however the
AAAS material may not be used in any manner other than within the context of your article.
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FOR BOOKS/TEXTBOOKS:

If this license is to reuse figures/tables, then permission is granted for non-exclusive world
rights in all languages in both print and electronic formats (electronic formats are defined
below).

If this license is to reuse a text excerpt or a full text article, then permission is granted for
non-exclusive world rights in English only. You have the option of securing either print or
electronic rights or both, but electronic rights are not automatically granted and do garner
additional fees. Permission for translations of text excerpts or full text articles into other
languages must be obtained separately.

Licenses granted for use of AAAS material in electronic format books/textbooks are valid
only in cases where the electronic version is equivalent to or substitutes for the print version
of the book/textbook. The AAAS material reproduced as permitted herein must remain in
situ and must not be exploited separately (for example, if permission covers the use of a full
text article, the article may not be offered for access or for purchase as a stand-alone unit),
except in the case of permitted textbook companions as noted below.

You must include the following notice in any electronic versions, either adjacent to the
reprinted AAAS material or in the terms and conditions for use of your electronic products:
"Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher."

If your book is an academic textbook, permission covers the following companions to your
textbook, provided such companions are distributed only in conjunction with your textbook
at no additional cost to the user:

- Password-protected website
- Instructor's image CD/DVD and/or PowerPoint resource
- Student CD/DVD

All companions must contain instructions to users that the AAAS material may be used for
non-commercial, classroom purposes only. Any other uses require the prior written
permission from AAAS.

If your license is for the use of AAAS Figures/Tables, then the electronic rights granted
herein permit use of the Licensed Material in any Custom Databases that you distribute the
electronic versions of your textbook through, so long as the Licensed Material remains
within the context of a chapter of the title identified in your request and cannot be
downloaded by a user as an independent image file.

Rights also extend to copies/files of your Work (as described above) that you are required to
provide for use by the visually and/or print disabled in compliance with state and federal
laws.

This permission only covers a single edition of your work as identified in your request.

FOR NEWSLETTERS:
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Permission covers print and/or electronic versions, provided the AAAS material reproduced
as permitted herein remains in situ and is not exploited separately (for example, if
permission covers the use of a full text article, the article may not be offered for access or for
purchase as a stand-alone unit)

FOR ANNUAL REPORTS:

Permission covers print and electronic versions provided the AAAS material reproduced as
permitted herein remains in situ and is not exploited separately (for example, if permission
covers the use of a full text article, the article may not be offered for access or for purchase
as a stand-alone unit)

FOR PROMOTIONAL/MARKETING USES:

Permission covers the use of AAAS material in promotional or marketing pieces such as
information packets, media kits, product slide kits, brochures, or flyers limited to a single
print run. The AAAS Material may not be used in any manner which implies endorsement or
promotion by the American Association for the Advancement of Science (AAAS) or
Science of any product or service. AAAS does not permit the reproduction of its name, logo
or text on promotional literature.

If permission to use a full text article is permitted, The Science article covered by this
permission must not be altered in any way. No additional printing may be set onto an article
copy other than the copyright credit line required above. Any alterations must be approved
in advance and in writing by AAAS. This includes, but is not limited to, the placement of
sponsorship identifiers, trademarks, logos, rubber stamping or self-adhesive stickers onto the
article copies.

Additionally, article copies must be a freestanding part of any information package (i.e.
media kit) into which they are inserted. They may not be physically attached to anything,
such as an advertising insert, or have anything attached to them, such as a sample product.
Article copies must be easily removable from any kits or informational packages in which
they are used. The only exception is that article copies may be inserted into three-ring
binders.

FOR CORPORATE INTERNAL USE:

The AAAS material covered by this permission may not be altered in any way. No
additional printing may be set onto an article copy other than the required credit line. Any
alterations must be approved in advance and in writing by AAAS. This includes, but is not
limited to the placement of sponsorship identifiers, trademarks, logos, rubber stamping or
self-adhesive stickers onto article copies.

If you are making article copies, copies are restricted to the number indicated in your request
and must be distributed only to internal employees for internal use.

If you are using AAAS Material in Presentation Slides, the required credit line must be
visible on the slide where the AAAS material will be reprinted

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you
must include the following notice in any electronic versions, either adjacent to the reprinted
AAAS material or in the terms and conditions for use of your electronic products: "Readers
may view, browse, and/or download material for temporary copying purposes only, provided
these uses are for noncommercial personal purposes. Except as provided by law, this
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material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher." Access to any such CD, DVD, Flash Drive or Web page must be
restricted to your organization's employees only.

FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS:

Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated
in your request. If this license covers a text excerpt or a Full Text Article, access to the
reprinted AAAS material must be restricted to attendees of your event only (if you have
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A CRISPR-Cas9 gene drive targeting doublesex
causes complete population suppression in caged
Anopheles gambiae mosquitoes

Kyros Kyrou2®, Andrew M Hammond!2®, Roberto Galizi! @, Nace Kranjc!®, Austin Burt!,
Andrea K Beaghtonl, Tony Nolan!® & Andrea Crisantil

In the human malaria vector Anopheles gambiae, the gene doublesex (Agdsx) encodes two alternatively spliced transcripts,
dsx-female (AgdsxF) and dsx-male (AgdsxM), that control differentiation of the two sexes. The female transcript, unlike the
male, contains an exon (exon 5) whose sequence is highly conserved in all Anopheles mosquitoes so far analyzed. We found
that CRISPR-Cas9-targeted disruption of the intron 4—exon 5 boundary aimed at blocking the formation of functional AgdsxF
did not affect male development or fertility, whereas females homozygous for the disrupted allele showed an intersex phenotype
and complete sterility. A CRISPR-Cas9 gene drive construct targeting this same sequence spread rapidly in caged mosquitoes,
reaching 100% prevalence within 7-11 generations while progressively reducing egg production to the point of total population

collapse. Owing to functional constraint of the target sequence, no selection of alleles resistant to the gene drive occurred in
these laboratory experiments. Cas9-resistant variants arose in each generation at the target site but did not block the spread

of the drive.

CRISPR-Cas9 nucleases have been applied in gene drive constructs to
target endogenous sequences of the human malaria vectorsA. gambiae
and A. stephensi with the objective of vector control"-2. These proof-
of-principle experiments translated a hypothesis into a genetic tool
able to suppress the reproductive capability of the mosquito popula-
tion. According to mathematical modeling, suppression of A. gam-
biae mosquito reproductive capability can be achieved using gene
drive systems targeting haplosufficient female fertility genes>* or by
introducing a sex distorter on the Y chromosome in the form of a
nuclease designed to shred the X chromosome during meiosis, an
approach known as Y-drive*-%. Both strategies could cause a progres-
sive decrease in the number of fertile females that would eventually
collapse the population.

However, several technical and scientific issues remain before
these proof-of-principle demonstrations are advanced to effect vec-
tor population suppression. The development of a Y-drive has so far
proven difficult because of the complete transcriptional shut down of
the sex chromosomes during meiosis, which prevents the expression
of a Y-linked sex distorter during gamete formation®’. A gene drive
designed to disrupt the A. gambiae fertility gene AGAP007280 initially
increased in frequency, but the selection of nuclease-resistant, func-
tional variants that could be detected as early as generation 2 com-
pletely blocked the spread of the drive?. Resistant variants comprised
small insertions or deletions (indels) of differing length generated by
nonhomologous end joining repair following nuclease activity at the
target site. The development of resistance to any nuclease-based gene

drive was predicted? and is regarded as the main technical obstacle
for the use of gene drives for vector control®1? (Supplementary
Table 1). Gene drive targets with functional or structural constraints
that might prevent the development of resistant variants could offer
aroute to successful population control. With this in mind, we evalu-
ated the potential for disruption of the sex determination pathway
in A. gambiae mosquitoes to selectively block the formation of the
female splice transcript of the gene doublesex (dsx).

RESULTS

doublesex and sex differentiation in A. gambiae

Sex differentiation in insects follows a common pattern in which a pri-
mary signal activates a central gene that induces a cascade of molecu-
lar mechanisms that control alternative splicing of the doublesex (dsx)
gene!>14, Although the molecular mechanisms and the genes involved
in regulating sex differentiation in A. gambiae are not well understood,
except that Yob! functions as a Y-linked male determining factor!s,
available data indicated an important role of dsx in determining sexual
dimorphism in this mosquito species!®. In A. gambiae, dsx (Agdsx)
consists of seven exons, distributed over an 85-kb region on chromo-
some 2R, a gene structure similar to that of Drosophila melanogaster
dsx (Dmdsx) and other insect orthologs, and is alternately spliced to
produce the female and male transcripts AgdsxF and AgdsxM, respec-
tively. The female transcript consists of a 5 segment common with
that of males, a highly conserved female-specific exon (exon 5) and
a 3’ common region, while the male transcript comprises only the

1Department of Life Sciences, Imperial College London, UK. 2These authors contributed equally to this work. Correspondence should be addressed

to A.C. (acrs@imperial.ac.uk).
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5" and 3" common segments. The male-specific isoform contains an
additional domain at the C terminus that is transcribed as a noncoding
3’ untranslated region in females (Fig. 1a).

To investigate whether dsx is a suitable target for a gene drive to
suppress population reproductive capacity, we disrupted the intron
4-exon 5 boundary of dsx (Fig. 1b) to prevent the formation of func-
tional AgdsxF while leaving the AgdsxM transcript unaffected. We
injected A. gambiae embryos with a source of Cas9 and a single-guide
RNA (sgRNA) designed to recognize and cleave a sequence overlap-
ping the intron 4-exon 5 boundary, in combination with a template
for homology-directed repair (HDR) to insert an eGFP transcription
unit (Fig. 1¢). Transformed individuals were intercrossed to generate
homozygous and heterozygous mutants among the progeny. HDR-
mediated integration was confirmed with diagnostic PCR using prim-
ers that spanned the insertion site: a large amplicon for the HDR event
and a smaller amplicon for the wild-type allele enabled facile confir-
mation of genotypes (Fig. 1d). The knock-in of eGFP resulted in the
complete disruption of the exon 5 (dsxF~) coding sequence and was
confirmed by PCR and genomic sequencing of the chromosomal inte-
gration (Supplementary Fig. 1). Crosses of heterozygous individuals
produced wild-type, heterozygous and homozygous individuals for
the dsxF~ allele at the expected Mendelian ratio 1:2:1, indicating that
there was no obvious lethality associated with the mutation during
development (Supplementary Table 2). Larvae heterozygous for the
exon 5 disruption developed into adult male and female mosquitoes
with a sex ratio close to 1:1. However, half of dsxF~~ individuals
developed into normal males whereas the other half had both male
and female morphological features, as well as a number of develop-
mental anomalies in the internal and external reproductive organs
(intersex phenotype). To establish the sex genotype of these dsxF~/~
intersex mosquitoes, we introgressed the mutation into a line con-
taining a Y-linked visible marker (RFP) and used the presence of
this marker to unambiguously assign sex genotype among individuals
heterozygous and homozygous for the null mutation. This approach
revealed that the intersex phenotype was observed only in females that
were homozygous for the null mutation. We saw no phenotype in het-
erozygous mutants, suggesting that the female-specific isoform of dsx
is haplosufficient. Examination of external sexually dimorphic struc-
tures in dsxF~/~ genotypic females (n > 50) showed several phenotypic
abnormalities, including the development of dorsally rotated male
claspers (and absence of female cerci) and longer flagellomeres asso-
ciated with male-like plumose antennae (Fig. 2 and Supplementary
Table 3). Analyses of the internal reproductive organs of the same set
of insects revealed the absence of fully developed ovaries and sper-
mathecae; instead these were replaced with male accessory glands and
in some cases (~20%) by rudimentary pear-shaped organs resembling
unstructured testes (Supplementary Fig. 2). Males carrying the dsxF~
null mutation in heterozygosity or homozygosity showed wild-type
levels of fertility as measured by clutch size and larval hatching per
mated female, as did heterozygous dsxF~ female mosquitoes. Intersex
XX dsxF~/~ female mosquitoes, although attracted to anesthetized
mice, were unable to take a blood meal and failed to produce any
eggs (Fig. 3). The drastic phenotype of dsxF~/~ in females indicates
that exon 5 of dsx has a fundamental role in the previously poorly
understood sex differentiation pathway of A. gambiae mosquitoes
and suggested that its sequence might represent a suitable target for
gene drives designed for population suppression.

Building a gene drive to target dsx

We used recombinase-mediated cassette exchange to replace the
3xP3::GFP transcription unit with a dsxFCRISPR! gene drive construct
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Figure 1 Targeting the female-specific isoform of doublesex. (a) Schematic
representation of the male- and female-specific dsx transcripts and the
gRNA sequence used to target the gene (shaded in gray). The gRNA spans
the intron 4—-exon 5 boundary. The protospacer-adjacent motif (PAM) of the
gRNA is highlighted in blue. Scale bar, 200 bp. Coding regions of exons
(CDS) are shaded in black, noncoding regions in white. Introns are not drawn
to scale. UTR, untranslated region. (b) Sequence alignment of the dsx intron
4-exon 5 boundary in six of the species from the A. gambiae complex. The
sequence is highly conserved within the complex suggesting tight functional
constraint at this region of the dsx gene. The gRNA used to target the gene
is underlined and the protospacer-adjacent motif is highlighted in blue.

(c) Schematic representation of the HDR knockout construct specifically
recognizing exon 5 and the corresponding target locus. DSB, double-

strand break. (d) Diagnostic PCR using a primer set (blue arrows in c) to
discriminate between the wild-type and dsxF allele in homozygous (dsxF~-),
heterozygous (dsxF*~) and wild-type (dsxF**) individuals.

that comprised an RFP marker gene, a transcription unit to express the
guide RNA (gRNA) targeting dsxF, and cas9 under the control of the
germline promoter of zero population growth (zpg) and its terminator
sequence (Fig. 4a and Supplementary Fig. 3). The zpg promoter has
improved germline restriction of expression, resulting in increased
female fertility compared with the vasa promoter used in previous
gene drive constructs!” (Supplementary Fig. 4). Successful cassette
exchange events that incorporated dsxFCRISPRA jnto the target locus
were confirmed in those individuals that had swapped the GFP for the
RFP marker (n = 17 G; individuals) (Supplementary Fig. 3). During
meiosis the Cas9-gRNA complex cleaves the wild-type allele at the
target sequence and the dsxFCRISPRI cagsette is copied into the wild-
type locus by HDR (‘homing’), disrupting exon 5 in the process. The
ability of the dsxFCRISPRI construct to home and bypass Mendelian
inheritance was analyzed by scoring the rates of RFP inheritance in the
progeny of heterozygous parents (referred to as dsxFCRISPRh/+ hereaf-
ter) crossed to wild-type mosquitoes. High dsxFCRISPR! transmission
rates were observed in the progeny of both heterozygous dsxFCRISPRR/ 1
male (95.9% *+ 1.1% s.e.m.; n = 87) and female mosquitoes (99.4% =+
0.5%; n = 33) (Fig. 4b). The fertility of the dsxFCRISPRA Jine was also
assessed to unravel potential negative effects due to ectopic expres-
sion of the nuclease in somatic cells and/or parental deposition
of the nuclease into the newly fertilized embryos (Fig. 4c). These
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Figure 2 Morphological analysis of homozygous dsxF~~ mutants.

(a) Morphological appearance of genetic males and females heterozygous
(dsxF*~) or homozygous (dsxF~~) for the exon 5 null allele. This assay
was performed in a strain containing a dominant RFP marker linked to the
Y chromosome, whose presence permits unambiguous determination of
male or female genotype. Anomalies in sexual morphology were observed
only in dsxF~~ genetic female mosquitoes. This group of XX individuals
showed male-specific traits, including a plumose antenna (red arrowhead)
and claspers (blue arrowheads). This group also showed anomalies in

the proboscis and accordingly they could not bite and feed on blood.
Representative samples of each genotype are shown. (b) Magnification

of the external genitalia. All dsxF~~ females carried claspers, a male-
specific characteristic. The claspers were dorsally rotated rather than in
the normal ventral position.

experiments showed that while heterozygous dsxFCRISPRA/1 males
showed a fecundity rate (assessed as larval progeny per fertilized
female) that did not differ from that of wild-type males, heterozygous
dsxFCRISPRh/ . females had reduced fecundity overall (mean fecun-
dity 49.8% * 6.3% s.e.m., P < 0.0001). We noticed a greater reduc-
tion in the fertility of heterozygous females when the drive allele was
inherited from the father (mean fecundity 21.7% + 8.6%; P < 0.0001)
(n = 15) rather than the mother (64.9% * 6.9%; P < 0.001) (n = 28)
(Supplementary Fig. 5). This could be explained by assuming a pater-
nal deposition of active Cas9 nuclease into the newly fertilized zygote
that stochastically induces conversion of dsx to dsxF~, either through
end-joining or HDR, in a substantial number of embryonic cells, which
in females results in a reduced fertility. Consistent with this hypothesis,
some heterozygous females (9 of 31 examined) receiving a paternal
dsxFCRISPRN a]lele showed a somatic mosaic phenotype that included,
with varying penetrance, the absence of spermatheca and/or the for-
mation of an incomplete clasper set (Supplementary Fig. 2¢).

Assessment of dsx gene drive in caged insects

Using a mathematical model that includes the inheritance bias of the
construct, the fecundity of heterozygous individuals, the phenotype of
intersex, and the effect of the paternal deposition of the nuclease on
female fertility (Online Methods), we found that the dsxFCRISPRI had the
potential to reach 100% frequency in caged population in 9-13 genera-
tions considering a starting allele frequency of 12.5% and stochasticity
(Fig. 5a). To test this hypothesis, we mixed caged wild-type mosquito
populations with heterozygous individuals carrying the dsxFCRISPRA
allele and monitored progeny at each generation to assess the spread
of the drive and to quantify effect(s) on reproductive output. We
started the experiment in two replicate cages, each with an initial drive
allele frequency of 12.5% (300 wild-type female mosquitoes with 150
wild-type male mosquitoes and 150 dsxFCRISPRI/+ male individuals).
The initial drive allele frequency that we selected minimizes the
stochastic loss of the drive (Supplementary Fig. 6) and represents a
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Figure 3 Reproductive phenotype of dsxF mutants. Male and female
dsxF~~ and dsxF*~ individuals were mated with the corresponding wild-
type sexes. Females were given access to a blood meal and subsequently
allowed to lay individually. Fecundity was investigated by counting the
number of larval progeny per lay (n > 43). Using wild type (wt) as a
comparator, we saw no significant differences (‘ns’) in any genotype other
than dsxF~/- females, which were unable to feed on blood and therefore
failed to produce a single egg (****P < 0.0001; Kruskal-Wallis test).
Vertical bars indicate the mean and the s.e.m. Blue and red indicate

the crosses of male or female dsxF mutants, respectively, to wild type,
whereas the gray dots represent wild-type-only crosses.

realistic field release scenario, being severalfold lower than that used
in non-invasive genetic control strategies!'8. All of the eggs produced
by the entire cage population were counted, and then 650 eggs were
randomly selected to seed the next generations. The larvae that hatched
from the eggs were counted and screened for the presence of the RFP
marker to score the number of the progeny containing the dsxFCRISPRA
allele in each generation.

During the first three generations we observed an increase of the drive
allele from 25% to ~69% in both caged populations, but at generation
4 the outcomes in the two cages diverged. In cage 2 the drive reached
100% frequency by generation 7; in generation 8, no eggs were produced
and the population collapsed. In cage 1 the drive allele reached 100%
frequency at generation 11 after remaining at around 65-70% for gen-
erations 4 through 8. In generation 12 the cage 1 population also failed
to produce eggs (Fig. 5b). While the dynamics of spread of the gene
drive in the two caged populations was different, both sets of finding fall
within the prediction range of our mathematical model (Fig. 5).

Potential for resistance to dsx gene drive

We monitored the occurrence of mutations at the drive target site
in generations 2, 3, 4 and 5 to identify the occurrence of nuclease-
resistant, functional variants. Amplicon sequencing of the target
sequence from pooled samples containing a minimum of 359 mos-
quitoes, which were collected in generations 2-5, revealed several
low-frequency indels present at the target site (up to 1.16% frequency
among nondrive alleles), none of which appeared to encode a func-
tional AgdsxF transcript (Supplementary Fig. 7). In addition, none of
the variants identified showed any signs of positive selection, which
would be expected to cause them to increase in frequency as the drive
progressively increased in frequency over generations, suggesting
that the selected target sequence has rigid functional or structural
constraints. This hypothesis is supported by the exceptionally
high conservation of exon 5 in A. gambiae mosquitoes'®20 and the
presence of a strictly regulated splice site that is crucial in mosquito
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Figure 4 Transmission rate of the dsxFCRISPRh driving allele and fecundity
analysis of heterozygous male and female mosquitoes. (a—c) Male and
female mosquitoes heterozygous for the dsxFCRISPRN allele (a) were analyzed
in crosses with wild-type mosquitoes to assess the inheritance bias of

the dsxFCRISPRh drive construct (b) and for the effect of the construct on
their reproductive phenotype (c). (b) Scatter plot of the transgenic rate
observed in the progeny of dsxFCRISPRh/1 female or male mosquitoes

that gave progeny when crossed to wild-type individuals (n > 33). Each

dot represents the progeny derived from a single female. Both male and
female dsxFCRISPRh/4 showed a high transmission rate of up to 100% of the
dsxFCRISPRN 3llele to the progeny. The transmission rate was determined by
visually scoring offspring for the RFP marker that is linked to the dsxFCRISPRh
allele. The dotted line indicates the expected Mendelian inheritance. Mean
transmission rate (+ s.e.m.) is shown. (c) Scatter plot showing the number
of larvae produced by single females (n > 35) from crosses of dsxFCRISPRh/,
mosquitoes with wild-type individuals after one blood meal. Mean progeny
count (+s.e.m.) is shown (**** P < 0.0001; Kruskal-Wallis test).
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Figure 5 Dynamics of the spread of the dsxFCRISPRh allele and effect

on population reproductive capacity. Two cages were set up with a

starting population of 300 wild-type females, 150 wild-type males and
150 dsxFCRISPRh/ males, seeding each cage with a dsxFCRISPRN gllele
frequency of 12.5%. (a) The frequency of dsxFCRISPRh mosquitoes was
scored for each generation. The drive allele reached 100% prevalence in
both cage 2 (blue) and cage 1 (red) at generation 7 and 11, respectively,
in agreement with a deterministic model (black line) that takes into
account the parameter values retrieved from the fecundity assays.

Twenty stochastic simulations were run (gray lines) assuming a maximum
population size of 650 individuals. (b) Total egg output deriving from each
generation of the cage was measured and normalized relative to the output
from the starting generation. Suppression of the reproductive output of
each cage led the population to collapse completely (black arrows) by
generation 8 (cage 2) or generation 12 (cage 1). Parameter estimates
included in the model are provided in Supplementary Table 5.

reproductive biology. Furthermore, large-scale resequencing of 765
wild-caught mosquitoes from eight sub-Saharan African countries?
revealed only a single rare SNP within the drive target site, present
at 2.9% frequency (Supplementary Fig. 8). This naturally occurring
variant could block the spread of the drive. To investigate this hypoth-
esis, we tested whether this SNP variant was as susceptible to cleavage
in vitro by Cas9 as the wild-type sequence, using the sgRNA from
our gene drive construct. We found that the gRNA in our gene drive
construct efficiently cleaved both the wild-type and the SNP sequence
variant, which may indicate that our gene drive would be able to spread
even if this conserved SNP was present (Supplementary Fig. 9).
However, it is important to note that we cannot state that our drive
target site is ‘resistance-proof’, since at scale, and over time, it is pos-
sible that nuclease-induced mutations could be produced that do
restore sufficient function to the gene to be positively selected. This
notwithstanding, targeting gene drives to functionally constrained
sequences is clearly advantageous, as evidenced by the population
collapse effected by this gene drive in both caged mosquito popula-
tions. Distinct, highly conserved sequences may have varying levels
of functional constraint, and the relative strength of selection for
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maintaining sequence conservation versus the strength of selection
imposed by the gene drive will ultimately determine their suitability
as targets for gene drives.

Our data not only provide important functional insights into the
role of dsx in A. gambiae sex determination, but also represent a
substantial step toward the development of effective gene drive vec-
tor-control measures that aim to suppress insect populations. The
intersex phenotype of dsxF~/~ genetic females shows that exon 5 is
crucial for the production of a functional female transcript, as was
initially hypothesized on the basis of the expression profile of the dsx
splice variants in the two sexes!®. Furthermore, the observation that
heterozygous dsxFCRISPRR/ + females are fertile and produce almost
100% inheritance of the drive might indicate that most of the germ
cells in these females are homozygous and, unlike somatic cells, do
not undergo autonomous dsx-mediated sex commitment?!.

DISCUSSION

The development of a gene drive capable of collapsing a human
malaria vector population to levels that cannot support malaria trans-
mission is a long-sought scientific and technical goal?2. The gene
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drive dsxFCRISPRI targeting exon 5 of dsx has several features that make
it suitable for future field testing. Specifically, this drive has high inher-
itance bias, heterozygous individuals are fully fertile, homozygous
females are sterile and unable to bite, and we found no evidence for
nuclease-resistant functional variants at the drive target site. We
note that these proof-of-principle experiments cannot conclude that
this drive is resistance proof. This is in contrast to a recent study in
Drosophila that targeted the transformer gene, upstream of doublesex.
Invasion of the drive in transformer was rapidly compromised by the
accumulation of large numbers of functional and nonfunctional resist-
ant alleles??.

Our doublesex gene drive now needs to be rigorously evaluated
in large confined spaces that more closely mimic native ecologi-
cal conditions, in accordance with the recommendations of the US
National Academy of Sciences?*. Under such conditions, competi-
tion for resources or mating success may disproportionately affect
individuals harboring the gene drive, resulting in invasion dynamics
substantially different from those observed in insectary cage experi-
ments. Indeed, previous work with other genetically manipulated
insects would suggest that in the less ideal conditions present in
field cages and natural landscapes (competition for food, presence of
predators and environmental stressors), heterozygous female mos-
quitoes carrying the drive allele might have a further reduction in
fitness as result of the combined effect of the genetic background of
the laboratory strain and the presence of the drive construct itself
(Supplementary Table 1)25-27. To mimic less ideal conditions, we
modeled varying levels of additional reduction in fitness (over the
experimentally observed value of reproduction rate) associated with
the heterozygous gene drive and evaluated the effects on penetrance
of the doublesex gene drive (Supplementary Fig. 10). An additional
reduction in fitness (over the experimentally observed value) of up
to 40% would still allow the drive to reach 100% frequency and cause
population suppression, albeit more slowly. Further reductions in fit-
ness would result in different equilibrium frequencies that might still
cause a large reproductive load on the population.

Our results may have implications beyond malaria vector control. The
role of doublesex in sex determination in all insect species so far analyzed,
and the high degree of doublesex sequence conservation among members
of the same species (in gene regions involved in sex-specific splicing),
suggests that these sequences might be an Achilles heel present in many
insect pests that could be targeted with gene editing approaches.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Choice of target site. To selectively disrupt the female-specific isoform of
dsx we targeted the upstream intron-exon boundary of exon 5, which has
been shown to be expressed only in the female mosquito!®. This exon spans a
region of 1,712 bp on chromosome 2R (48,712,937-48,714,648) and contains
at its 5" end 89 bp encoding the sequence-specific portion of the female A.
gambiae dsx isoform (AgdsxF). We identified a potential gRNA target site that
showed almost complete sequence conservation across 16 different anopheline
species and complete conservation across the A. gambiae species complex!?
(viewed using http://people.csail. mit.edu/waterhouse/alnloc.cgi), with no
nucleotide variation at 22 of the 23 targeted bases across 765 wild-caught A.
gambiae collected as part of the Anopheles gambiae 1000 Genomes project?”.
A single nucleotide variant existing in the target site was represented at 2.9%
allele frequency in the wild-caught mosquitoes (Supplementary Fig. 8).
In vitro testing of this SNP variant revealed it to be as susceptible as the
wild-type sequence to Cas9 cleavage directed by the gRNA used in our
gene drive construct (Supplementary Fig. 9). The gRNA target and prot-
ospacer-adjacent motif (5-GTTTAACACAGGTCAAGCGGTGG-3") was also
assessed i silico for off-target activity using the online-based tool ChopChop
(http://chopchop.cbu.uib.no)?8:2°,

Generation of CRISPR and donor constructs. We engineered available tem-
plate plasmids to develop the CRISPR (p16510) and donor (pK101) constructs
used to induce a double-strand break on the dsx target sequence and to provide
template for homology-mediated repair, respectively. In practice a CRISPR
construct? containing a U6:gRNA spacer cloning cassette was utilized, using
Golden Gate cloning, to generate a PolIIl transcription unit containing the
dsx-specific gRNA. The plasmid also contained a human-codon-optimized
Cas9 coding sequence (hCas9) under the control of the vasa2 promoter, which
directs the expression of the Cas9 protein in the pole cells of the develop-
ing embryo. The donor plasmid was designed to contain a GFP transcription
unit under the control of the 3xP3 promoter enclosed within two reversible
©C31 attP recombination sequences flanked both 5" and 3’ by 2 kb sequence
immediately upstream and downstream, respectively, of the target site in
dsx exon 5. The homology recombination regions flanking the dsx target
site were amplified using primers adapted for Gibson assembly (dsx@31L-F
+ dsx@31L-R, dsx@31R-F + dsx@31R-R) (Supplementary Table 4), and the
3xP3::GFP cassette and backbone were excised using restriction enzymes from
plasmid p163 (ref. 2). The final donor vector was named K101 (GenBank
accession code MH541846) and was assembled using the standard Gibson
assembly protocol3C.

Generation of the dsxF CRISPR homing allele (dsxFCRISPRI) The dsxFC-
RISPRE homing allele was generated in vivo by ¢C31 recombinase-mediated
cassette exchange (RMCE)3! using construct p17410, which encompassed
the hCas9 and the dsx gRNA transcription units, as well as reporter 3xP3::
RFP cassette within two reversible ¢C31 attB recombination sequences. The
gene drive construct targeting dsxF is identical in design to that described in
Hammond et al.? except for the promoter and 3" UTR surrounding the Cas9
gene: where previously these were from the ortholog of vasa (AGAP008578),
in the current construct these are replaced by 1,074 bp upstream and 1,034 bp
downstream of the germline-specific gene AGAP006241, the putative ortholog
of zero population growth (zpg). A comparison of the fertility and homing
rates in individuals heterozygous vasa- and zpg-driven gene CRISPR™ con-
structs at the exact same target locus (in AGAP007280, previously described
by Hammond et al.2), showed improved fertility in the zpg-driven constructs!”
(summarized in Supplementary Fig. 4).

To make p17410 (GenBank accession code MH541847), we amplified both
the promoter and terminator using primers carrying arms suitable for a subse-
quent Gibson assembly (Supplementary Table 4). The promoter, a 1,074-bp
region upstream of the gene also containing the 5 UTR, was amplified using
primers zpgprCRISPR-F and zpgprCRISPR-R from the wild-type G3 mosquito
strain. The terminator, a 1,037-bp region downstream also containing the 3’
UTR, was amplified using primers zpgteCRISPR-F and zpgteCRISPR-R. Using
restriction enzymes, we removed the hCas9 gene, backbone and gRNA cassette
from p16510 and reassembled everything in a Gibson assembly reaction using
the zpg promoter and terminator fragments.

doi:10.1038/nbt.4245

Microinjection of embryos and selection of transformed mosquitoes. All
mosquitoes were reared under standard conditions of 80% relative humidity
and 28 °C. The mosquitoes were blood-fed on anesthetized mice, and freshly
laid embryos were aligned and used for microinjections as described before2.
We injected embryos with solution containing both p16510 and pK101 (each
at 300 ng/pl) to generate mosquitoes (dsxF~) in which the splicing junction
of dsx exon 5 had been disrupted by the insertion of the eGFP ¢C31 accep-
tor construct. To generate the dsxF CRISPR homing allele, embryos from
the dsxF~ knock-in line were injected with solution containing p17410 and
a plasmid-based source of ¢C31 integrase?. All the surviving G larvae were
crossed to wild-type mosquitoes and G; positive transformants were identi-
fied using a fluorescence microscope (Eclipse TE200) as GFP* larvae for the
knock-in events and RFP* larvae for the RMCE events.

Containment of gene drive mosquitoes. All mosquitoes were housed at
Imperial College London in an insectary that is compliant with Arthropod
Containment Guidelines Level 2 (ref. 33). All GM work was performed under
institutionally approved biosafety and GM protocols. In particular, GM mos-
quitoes containing constructs with the potential to show gene drive were
housed in dedicated cubicles, separated by at least six doors from the exter-
nal environment and requiring two levels of security card access. Moreover,
because of its location in a city with a northern temperate climate, A. gambiae
mosquitoes housed in the insectary are also ecologically contained. The physi-
cal and ecological containment of the insectary are compliant with guidelines
set out in a recent commentary calling for safeguards in the study of synthetic
gene drive technologies®*.

Molecular confirmation of gene targeting and cassette integration.
Successful integration of dsxF~ and dsxFCRISPRE cagsettes into Agdsx at exon
5 was confirmed by PCR using genomic DNA extracted using the Wizard
Genomic DNA purification kit (Promega). Generation of the HDR-mediated
dsxF~ allele was confirmed using primers binding the integrated cassette (GFP-
F and 3xP3-R) and the neighboring genomic integration site, external to the
sequence included on the homology arms (dsxin3-F and dsxex6-R). dsxF~
heterozygotes and homozygotes could be further distinguished by PCR using
primers that bind either side of the inserted cassette (dsxex4-F and dsxex5-
R), giving rise to a smaller and/or larger product corresponding to the empty
wild-type locus or the predicted dsxF~ allele, respectively.

RCME of the dsxFCRISPRE construct into the dsx locus was confirmed using
primers binding the drive cassette (hCas9-F and RFP-R) and the neighboring
genomic integration site (dsxin4-F and dsxex5-R1). Primer sequences can be
found in Supplementary Table 4.

Phenotypic characterization and microdissections. Microdissection and
phenotypic characterization were carried out using Olympus SZX7 optical
microscopes. Mosquitoes were collected in Falcon tubes and anesthetized on
ice 5 min before dissection. For phenotypic comparison, the legs of the mosqui-
toes were removed to achieve the profile orientation. Pictures were taken using
a HiChrome-SMII GXCAM digital mounted camera (GT Vision). Pictures of
gonads were taken using the EVOS imaging system (Thermo-Fisher).

Phenotypic assays. Phenotypic assays designed to examine relative fecundity in
mosquitoes carrying either dsxF- or dsxFCRISPR! g]leles were carried out essen-
tially as described before?. Briefly, the offspring of intercrossed heterozygous
dsxF~/* individuals were screened for heterozygous or homozygous knock-in
on the basis of weak or strong GFP expression, respectively. Nonfluorescent
progeny were kept as controls. Groups of 50 male and 50 female mosquitoes
from each of the three classes were mated to an equal number of wild-type
mosquitoes for 5 d, blood-fed, and a minimum of 45 females allowed to lay
individually. The entire egg and larval progeny were counted for each lay
and a minimum of 20 progeny investigated to confirm zygosity of the dsxF~
allele in the parent. Females that failed to give progeny and had no evidence
of sperm in their spermathecae were excluded from the analysis. Phenotypic
assays for dsxFCRISPRI individuals were performed essentially the same way
with the exception that the entire larval progeny were screened for presence of
DsRed, which is linked to the dsxFCRISPR! g]lele. Statistical differences between
genotypes were assessed using the Kruskal-Wallis test.

NATURE BIOTECHNOLOGY



Cage trial assays. Two cage trials were initiated using 300 wild-type females,
150 wild-type males and 150 dsxFCRISPRR/+ males. The wild-type and
dsxFCRISPRA Jines were reared in parallel and kept under the same conditions.
For the starting generation only, age-matched male and female pupae were
allowed to emerge in separate cages and were mixed only when all the pupae
had emerged. Both dsxFCRISPRh and wild-type male pupae were screened for
the presence of the RFP marker. Mosquitoes were left to mate for 5 days before
they were blood fed on anesthetized mice. Two days after, the mosquitoes
were set to lay in a 300-ml egg bowl filled with water and lined with filter
paper. The eggs produced from the cage were photographed and counted using
JMicroVision V1.27. Prior to counting, eggs were dispersed using gentle water
spraying in the egg bowl to homogenize the population, and 650 eggs were
randomly selected to seed the next generation. Larvae emerging from the 650
eggs were counted and screened for the presence of the RFP marker to score
the transgenic rate of the progeny. The number of pupae used to seed the next
generation was also recorded.

PCR of target site and deep sequencing analysis preparation. For the deep
sequence analysis, a limiting PCR reaction was performed on 40 ng of genomic
material extracted en masse using the Wizard Genomic DNA purification kit
(Promega) from a minimum of 359 mosquitoes taken at G,, G;, G4 and Gs
from both cage experiments. Using the KAPA HiFi HotStart Ready Mix PCR kit
(Kapa Biosystems) and primers that carried the Illumina Nextera Transposase
adapters (underlined), 4050-Illumina-F (TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGACTTATCGGCATCAGTTGCG) and 4050-Illumina-R
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTGAATTCCGTC
AGCCAGCA), we amplified a 358-bp locus containing the target site in 50-ul
reactions. To maintain the proportion of the reads corresponding to particular
alleles at the target site, the PCR reactions were performed under nonsaturating
conditions; they were allowed to run for 20 cycles before 25 ul were removed
and stored at —20 °C. The remnant 25 pl were run for another 20 cycles and used
to verify the amplification on an agarose gel. Annealing time and temperature
were adjusted to 68 °C for 20 s to minimize off-target amplification.

Libraries were prepared in accordance with the Illumina 16S Metagenomic
Sequencing Library Preparation protocol and the Nextera XT Index Kit.
AMPure XP beads were used to purify the amplicons. Dual indices and
Illumina sequencing adapters were attached in a second PCR step using the
Nextera XT Indexing Kit and purified with the AMPure XP beads. The result-
ing libraries were validated using an Agilent 2100 Bioanalyzer (DNA High
Sensitivity kit, sample dilution 1:5) to determine size distribution and a Qubit
3.0 fluorometer to determine concentration of libraries. Indexed DNA librar-
ies were normalized to 4 nM, pooled and loaded at a concentration of 9 pM
onto an Illumina Flowcell v2 with 19% of X control and sequenced using the
Illumina MiSeq, 2 x 250 bp v2 paired end run.

Deep sequencing analysis. We ran CRISPResso®® software v1.0.8 on raw
sequencing data to detect mutations at the target site using parameter -q 30,
setting the minimum average read quality score (phred33) to 30. Raw sequenc-
ing data was deposited in the NCBI BioProject database (accession code
PRJNA476358). Resulting allele frequency tables were processed using ad hoc
Python and R scripts to group, filter and visualize indels and substitutions in the
amplicon. To visualize the frequency of the most abundant indels around the cut
site in both cages over the four generations, we calculated the mean frequency of
indels occurring within the target region, including 20 bp upstream and down-
stream of the target site. The top ten alleles with the highest mean frequency
were then selected to show the change of frequency of each allele throughout
four generations. To plot and show the distribution of indels and substitutions
in the whole amplicon, we filtered out alleles with less than three reads.

Modeling. We use discrete-generation deterministic and stochastic models
with random mating and males and females treated separately as in Hammond
et al.?, and incorporate different homing rates in males and females and a modi-
fied treatment of embryonic cleavage and repair from paternally and mater-
nally derived nuclease, as observed (see “Population genetics model” below?®3¢).
We include wild-type (W), driver (D), and nonfunctional nuclease-resistant
(R) alleles. Cleavage followed by homing and repair occurs in the germline in
heterozygous W/D females and males; otherwise inheritance is Mendelian.

NATURE BIOTECHNOLOGY

Gametes (W, D or R) from W/D females and W/D, D/R and D/D males carry
nuclease that is transmitted to the zygote and acts in the embryo in somatic
cells to reduce fitness if wild-type alleles are present, so that W/W, W/R and
W/D females have fitness w10, w01, w11 or 1, depending on whether nuclease
was derived from a transgenic mother, father, both or neither. All males are
assumed to have fitness 1, and we assume no effects of parentally deposited
nuclease in germline cells. In the stochastic version of the model, probabilities
of mating, egg production, hatching and emergence from pupae are estimated
from experiments (Supplementary Table 5) and random numbers for these
events are taken from the appropriate multinomial distributions. To model
the cage experiments, 300 females and 150 male wild-type adults along with
150 male drive heterozygotes (from transgenic fathers) are initially present.
Females may fail to mate or may mate once randomly with a male of a given
genotype according to its frequency in the male population. The number of
eggs produced from each mated female is randomly chosen by sampling with
replacement from experimental values in Supplementary Table 6. To start the
next generation, 650 eggs are randomly selected, and these hatch with a prob-
ability that also depends upon on the genotype of the mother. The probability
of subsequent survival to adulthood is assumed to be equal across genotypes.

Population genetics model. To model the results of the cage experiments,
we use discrete-generation recursion equations for the genotype frequencies,
treating males and females separately. F;;(t) and M;j(t) denote the frequency
of females (or males) of genotype i/j in the total female (or male) population.
We consider three alleles, W (wild-type), D (driver) and R (nonfunctional
resistant), and therefore six genotypes.

Homing. Adults of genotype W/D produce gametes at meiosis in the ratio
W:D:R as follows:

(1-dg)(1—ug):de:(1-dg)ug  infemales
(1=d)(1-tp):dy :(1-dy )uy,  inmales

Here drand d,, are the rates of transmission of the driver allele in the two sexes
and ugand uy, are the fractions of nondrive gametes that are nonfunctional
resistant (R alleles) from meiotic end-joining. In all other genotypes, inherit-
ance is Mendelian.

Fitness. Let w;; < 1 represent the fitness of genotype i/j relative to wyyw = 1 for
the wild-type homozygote. We assume no fitness effects in males. Fitness effects
in females are manifested as differences in the relative ability of genotypes to
participate in mating and reproduction. We assume the target gene is needed for
female fertility, and thus D/D, D/R and R/R females are sterile; there is no reduc-
tion in fitness in females with only one copy of the target gene (W/D, W/R).

Parental effects. We consider that further cleavage of the W allele and repair
can occur in the embryo if nuclease is present, due to one or both contributing
gametes derived from a parent with one or two driver alleles. The presence
of parental nuclease is assumed to affect somatic cells and therefore female
fitness but has no effect in germline cells that would alter gene transmis-
sion. Previously, embryonic EJ effects (maternal only) were modeled as acting
immediately in the zygote. Here, we consider that experimental measurements
of female individuals of different genotypes and origins show a range of fit-
nesses, suggesting that individuals may be mosaics with intermediate pheno-
types. We therefore model genotypes W/X (X = W, D, R) with parental nuclease
as individuals with an intermediate reduced fitness W%/SX , W%X or w{,\l/x
depending on whether nuclease was derived from a transgenic mother, father
or both. We assume that parental effects are the same whether the parent(s) had
one or two drive alleles. For simplicity, a baseline reduced fitness of wy, w1,
wyy is assigned to all genotypes W/X (X = W, D, R) with maternal, paternal and
maternal/paternal effects, with fitness estimated as the product of mean egg
production values and hatching rates relative to wild type in Supplementary
Table 5 in the deterministic model. In the stochastic version of the model, egg
production from female individuals with different parentage is sampled with
replacement from experimental values.

Recursion equations. We first consider the gamete contributions from each gen-
otype, including parental effects on fitness. In addition to W and R gametes that are
derived from parents that have no drive allele and therefore have no deposited nucle-
ase, gametes from W/D females and W/D, D/R and D/D males carry nuclease that
is transmitted to the zygote, and these are denoted W', D"and R". The proportion
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e; of type i alleles in eggs produced by females participating in reproduction are
given in terms of male and female genotype frequencies below. Frequencies of
mosaic individuals with parental effects (i.e., reduced fitness) due to nuclease from
mothers, fathers or both are denoted by superscripts 10, 01 or 11.

11
Fyw +wigwEw + wivw Bt + wivw Faw +
= 10 01
(FWR +wiWR FWR +WIVREWR + RFWR) 2

e
1 A

eR =5(FWR +wiVR RWR +WiRFWR +WWRFWIR)/Wf
w=(1-d¢)(1- “f)(WWDFWD +WWDFAD + W DF\II\}D)/Wf

ep=ds (WWDF\IA(I)D +wWDFWD + WWDFV\}D) / we

R :(l_df)”f(WWDFWD +wWDRAD +W{/\11DF\1/\}D)/Wf

The proportions s; of type i alleles in sperm are

Mww+M%,8w+M% +Mww+

Miir) /2 *m

SR :(MRR +(MWR +M{’8R+M8\}R+M%’\1/R)/2)/Wm

SW= M 10 01
WR + MwR + Mwr +

Wz(l_dm)(l_“m)(M%l\(}D + MY +M{/\17D)/Wm

10 01 11 —
SD =(MDD +MDR/2+dm (MWD +MWD +MWD))/Wm

R:(MDR/2+(1—dm)um (M%\IID +M%’8D +M\1/\1/D))/Wm

Above, w¢ and wy, are the average female and male fitness:
= Myyw + Mgy + Miyw + Mg + Mp + Myp + Miy

Wm=Mww ww ww ww WD WD WD

+MwR + M{/SR + M?/\}R + M%,\I/R + Mpp + MpRr + MRR

=1

To model cage experiments, we start with an equal number of males and
females, with an initial frequency of wild-type females in the female popu-
lation of Fww = 1, wild-type males in the male population of My = 1/2,
and MWD 1/2 heterozygote drive males that inherited the drive from their
fathers. Assuming a 1:1 ratio of males and females in progeny, after the starting
generation, genotype frequencies of type i/j in the next generation (t + 1) are
the same in males and females, F; jt+ 1) =M(t+1). Both are given by Gj(t+1)
in the following set of equatlons in terms of the gamete proportions in the
previous generation, assuming random mating:

Gyww (t+1) = ey sw
Ww (t+1) = ey sy
01W(t+1) = ew sw
Ww (£+1) = ey sy
10D(t+1) =ehsw

G%D(t+1) =ewsf)

WD (t+1) = ewsp +ep sw

GwRr (t+1) = eWSR T erRSw
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1OR(t+1) = e{,vsR +e;zsw
WR (E+1) = ew sk +er sy
11 * * *
GWR (t+1) = eWSR T erRsSw
GDD (t+1) = e]*g SB
Gpr (t+1)= (eR +e;()s]3 +e]3 (SR +s;()

GRR = (eR+e1*{)(sR +s;{)

The frequency of transgenic individuals can be compared with experiment:
the fraction of RFP* individuals is given by

Frept =Fip + F\p + FWp + Fop + For

+MWD + MWD + MWD +Mpp + MDR
All calculations are carried out using Wolfram Mathematica (Wolfram
Research Inc.)

In vitro cleavage assay against wild-type and SNP variant target site. We
performed an in vitro cleavage assay to test the ability of the gRNA used in
this study to cleave the target site that incorporates the SNP found in wild
populations in Africa (Supplementary Fig. 9). Using Golden Gate cloning and
primers modified to carry suitable overhangs, we introduced the two target
sequences separately into a 2-kb plasmid. As a control, we also prepared a
plasmid that carries a modified version of the dsx target site without the SNP
that lacks the PAM sequence, necessary for Cas9 cleavage. All three vectors
were linearized and verified on a gel before the cleavage assay. For the cleav-
age assay we used a ready-to-use sgRNA provided by Synthego (USA) and S.
pyogenes Cas9 nuclease in the form of enzyme (NEB). To form ribonucleo-
protein particles (RNPs), we mixed a 1:1 molar ration of the sgRNA and the
Cas9 protein into a 40-l reaction to a final concentration of 400 nM and left
it to incubate at room temperature for 10 min. The linearized substrate was
added to the reactions in a final concentration of 40 nM in a final volume of
50 pl and incubated at 37 °C for 30 min. Proteinase K was added to stop the
reaction and 20 pl were verified on a gel. The primers used to create the three
target sequences are outlined in Supplementary Table 4.

Ethics statement. All animal work was conducted according to UK Home
Office Regulations and approved under Home Office License PPL 70/8914.

Life Sciences Reporting Summary. Further information on research design is
available in the Nature Research Reporting Summary linked to this article.

Data availability. Raw sequencing data were deposited in the NCBI BioProject
database under accession code PRJNA476358.
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Sample size Sample size was chosen consistent with the previous literature reporting similar assays . Sample size was maximised within the feasibility

of performing biological assays with live insects. Starting frequencies in population experiments were chosen in order to minimise the effect
of stochastic noise

Data exclusions  No data exclusions
Replication Biological replicates were performed as described in the main text

Randomization  Randomisation was not appropriate for this experimental approach
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Laboratory animals For the purpose of giving mosquitoes a bloodmeal anesthetized mice (CD1 strain) were used. All animal work was conducted

according to UK Home Office Regulations and approved under Home Office License PPL 70/8914.
Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve field collected samples.
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Supplementary Figure 1

Molecular confirmation of the correct integration of the HDR-mediated event to generate dsxF

PCRs were performed to verify the location of the dsx $C31 knock-in integration. Primers (blue arrows) were designed to
bind internal of the $C31 construct and outside of the regions used for homology directed repair (HDR) (dotted grey lines)
which were included in the Donor plasmid K101. Amplicons of the expected sizes should only be produced in the event of
a correct HDR integration. The gel shows PCRs performed on the 5’ (left) and 3’ (right) of 3 individuals for the dsx $C31
knock-in line (dsxF) and wild type (wt) as a negative control.
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Supplementary Figure 2

Morphology of the dsxF” internal reproductive organs

(a) Testis-like gonad from 3-days old female dsxF”" individual. There was no layer division between the cells and there was
no evidence of sperm. (b) Dissections performed on dsxF”" genetic females revealed the presence of organs resembling
accessory glands, a typical male internal reproductive organ. (c) somatic mosaicism of penetrance of dsxF”" phenotype in
dsxFRPR /1 females due to paternal deposition of nuclease, that can result in partial formation of clasper sets.
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Supplementary Figure 3

Development of dsxF°™SP"" drive construct and its predicted homing process and molecular confirmation of the locus

(a) The drive construct (CRISPR" cassette) contained the transcription unit of a human codon-optimised Cas9 controlled by
the germline-restrictive zpg promoter, the RFP gene under the control of the neuronal 3xP3 promoter and the gRNA
under the control of the constitutive U6 promoter, all enclosed within two attB sequences. The cassette was inserted at
the target locus using recombinase-mediated cassette exchange (RMCE) by injecting embryos with a plasmid containing
the cassette and a plasmid containing a $C31 recombination transcription unit. During meiosis the Cas9/gRNA complex
cleaves the wild-type allele at the target locus (DSB) and the construct is copied across to the wild-type allele via HDR
(homing) disrupting exon 5 in the process. (b) Representative example of molecular confirmation of successful RMCE
events. Primers (blue arrows) that bind components of the CRISPR” cassette were combined with primers that bind the
genomic region surrounding the construct. PCRs were performed on both sides of the CRISPR" cassette (5’ and 3’) on
many individuals as well as wild-type controls (wt).
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Supplementary Figure 4

Fraction RFP+ amongst progeny of heterozygotes

Gene drives designed to express Cas9 under regulation of the promoter and terminator regions of zpg show high rates of
biased transmission and substantially improved fertility compared with the vasa2 promoter at a previously validated female

fertility locus (AGAP007280)

Phenotypic assays were performed to measure fertility and transmission rates for each gene drive based upon the vasa
and zpg promoters. The data for the vasa-CRISPR" is previously reported in Hammond et al. (2016). The zpg-CRISPR"
construct targeting AGAP0O07280 recognised exactly the same target site and was inserted in identical fashion to the vasa-
CRISPR", through recombinase-mediated cassette exchange’. The larval output was determined for individual drive
heterozygotes crossed to wild type (left), and their progeny scored for the presence of DsRed linked to the construct
(right). The average progeny count and transmission rate is also shown (+ s.e.m.).
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Supplementary Figure 5

Maternal or paternal inheritance of the dsxF°™*"*" driving allele affect fecundity and transmission bias in heterozygotes

Male and female dsxF*“"" heterozygotes (dsxF* " /+)

that had inherited a maternal or paternal copy of the driving
allele were crossed to wild type and assessed for inheritance bias of the construct (a) and reproductive phenotype (b). (a)
Progeny from single crosses (n>15) were screened for the fraction that inherited DsRed marker gene linked to the
dsxFFPR driving allele (e.g. G13->G, 9 represents a heterozygous female that received the drive allele from her father).
Levels of homing were similarly high in males and females whether the allele had been inherited maternally or paternally.
The dotted line indicates the expected Mendelian inheritance. Mean transmission rate (+ s.e.m.) is shown. (b) Counts of
hatched larvae for the individual crosses revealed a fertility cost in female dsxF**"*" heterozygotes that was stronger
when the allele was inherited paternally. Mean progeny count (x s.e.m.) is shown. (***, p<0.001;****, p<0.0001; Kruskal-
Wallis test).
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Supplementary Figure 6

Probability of stochastic loss of the drive as a function of initial number of male drive heterozygotes

To calculate the probability of stochastic loss of the drive in the cage experiment setup, for each initial number (h0) of
male drive heterozygous individuals, out of 1000 simulations of the stochastic cage model (described in Supp Info), we
recorded the number of times the drive was not present at 40 generations (and consequently population elimination did
not occur). Each data point represents 1000 individual simulations of the stochastic cage model.
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Supplementary Figure 7

Frequency plots of variants and indels in target sequence

Pooled amplicon sequencing of the target site from 4 generations of the cage experiment (generations 2, 3, 4 and 5)
revealed a range of very low frequency indels at the target site (a), none of which showed any sign of positive selection.
Insertion, deletion and substitution frequencies per nucleotide position were calculated, as a fraction of all non-drive
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alleles, from the deep sequencing analysis for both cages. Distribution of insertions and deletions (b) in the amplicon is
shown for each cage. Contribution of insertions and deletions arising from different generations is displayed with the
frequency in each generation represented by a different colour. Significant change (p<0.01) in the overall indel frequency
was observed in the region around the cut-site (dotted area + 20 bp) for both cages. No significant changes were
observed in the substitution frequency (c) around the cut-site (shaded area + 20 bp) when compared with the rest of the
amplicon, confirming that the gene drive did not generate any substitution activity at the target locus and that the
laboratory colony is devoid of any standing variation in the form of SNPs within the entire amplicon.

Nature Biotechnology: doi:10.1038/nbt.4245



Intron 4
- Exon 5 CDS UTR

A.gambiae: CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GEG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.coluzzii+ CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.merus: CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.arabiensis: CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.quadriannulatus: CCTTTCCATTCATTTAT! ACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.melas: CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG i AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.christyi+ CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG 11 GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.epiroticus+ CCTTTCCATTCATTTATGTTCAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG ! GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.minimus+ CCTTTCCATTCATTTATGTTECAACACAG GT CAA BACG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG . GAT GGC GTG GAG TTH CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.culicifacies+ CCTTTCCATTCATTTATGTTCAACACAG GT CAA ACG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG € GAT GGC GTG GAG # CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A. funestus* CCTTTCCATTCATTTATGTTCAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA BGA TTG CAT AAT CTG AAC ATG . GAT GGC GTG GAG A CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.stephensi+ CCTTTCCATTCATTTATGTTCAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG } GAT GGC GTG GAG TTH CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.maculatus+ CCTTACCATGCATTTATGTTCAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG GGC GTG GAG A CGC £ ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.farauti+ CCTTTCCATTCATTTATGTTCAACACAG GT CAA GCG GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG . GAT GGC GEG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC
A.dirus+ CCTTTCCATTCATTTATGTTCAACACAG GT GTG GTC AAC GAA TAC TCA CGA TTG CAT AAT CTG AAC ATG TTE GAT GGC GEG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC

@
=
=

fo)
=
=
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A.gambiae: CCTTTCCATTCATTTATGTTTAACACAG GT CAA GCA GIG GTC AAC GAA TAT TCA CGA TTG CAT AAT CTG AAC ATG TTT GAT GGC GTG GAG TTG CGC AAT ACC ACC CGT CAG AGT GGA TGATAAACTTTC

Supplementary Figure 8

Sequence comparison of the dsx female-specific exon 5 across members of the Anopheles genus and SNP data obtained
from A. gambiae mosquitoes in Africa.

(a) Sequence comparison of the dsx intron 4-exon 5 boundary and the dsx female-specific exon 5 within the 16
anopheline species’™. The sequence of the intron 4-exon 5 boundary is completely conserved within the six species that
form the Anopheles gambiae species complex (noted in bold). The gRNA used to target the gene is underlined and the
PAM is highlighted in blue. Changes in the DNA sequence are shaded grey and codon silent and missense substitutions are
noted in blue and red respectively. (b) SNP frequencies obtained from 765 Anopheles gambiae mosquitoes captured
across Africa’’. Across the dsx female-specific Exon 5 there are only 2 SNP variants (noted in yellow) with frequencies of
2.9% (the SNP in the gRNA-complementary sequence) and 0.07%.
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Cas9 + sgRNA (wt)

GTTTAACACAGGTCAAGCGGTGG  GTTTAACACAGGTCAAGCAGTGG GTTTAACACAGGTCAAGCGG
WT SNP No PAM

Supplementary Figure 9

In vitro cleavage assay testing the efficiency of the gRNA in the dsxF*P"" gene drive to cleave the dsx exon 5 target site
with the SNP found in wild populations in Africa

An in vitro cleavage assay using an RNP complex of Cas9 enzyme and the gRNA used in this study was performed against
linearised plasmids containing either wild-type (WT) target site in dsx exon 5 or the same site containing the single SNP
found in wild caught populations (SNP). Products of the in vitro cleavage assay were purified and analysed on a gel. Both
the WT and SNP-containing target sites are susceptible to the cleavage activity of the RNP complex as shown by the
diminished high molecular band and the presence of the two cleavage products of the expected size. A dsx exon 5 target
site containing the WT sequence complementary to the gRNA but without the PAM sequence was used as a control (‘no
PAM’).
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Supplementary Figure 10

Modeling the effect of unforeseen additional fithess reduction encountered by heterozygous gene drive females

Time dynamics of drive allele frequency as predicted by the deterministic model, with different coloured lines
representing additional percentage reductions from zero to 100% in the baseline fertility of females, mimicking an
ecologically more realistic scenario in which there were more severe fitness effects associated with the gene drive than in
the laboratory. The reduction in fitness is assumed to affect the overall reproductive success (i.e mating success,
longevity, fertility etc.). The baseline fertility values relative to the wild type are those reported in Supplementary Table S4
(0.65 for females with transgenic mothers, and 0.217 for females with transgenic fathers), that describes these and all
other parameters estimated from experiment. Fitness reductions of up to 40% are predicted to crash the population. The
spread of the drive is computed using the deterministic model in Figure 5.
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SUPPLEMENTARY TABLES

Supp Table S1 Comparison of performance of gene drive and conventional genetic control approaches in terms of fitness and generation of resistance

Insect Genetic Intended Field/semi | Homing Resistance Selection | Population | Study
Species modification control -field rate rate of suppressio
measure fitness resistance | n
in cage
Drosophila tra"“HE targeting | Gene Drive Not tested 56% males Male germline: yes no KaramiNeja
melanogaster | the transformer 0% females 28%r2,14%rl dRanjbar et
gene al. 2018
Drosophila D-white(2-gRNA) | Gene Drive Not tested 76% males Male germline: Not tested Not tested Champer et
melanogaster | targeting the X- 0% females 23%r2,0%r1; (not designed | al. 2018
linked white Embryonic for
gene, two 77%r2,0% rl suppression)
separate gRNAs
Drosophila D-cinnabar Gene Drive Not tested 38% males; Male germline: Not tested Not tested Champer et
melanogaster | targeting the 54% females | 62%r2, 0% rl (not designed | al. 2018
cinnabar gene Female for
germline: suppression)
46% r2, 0%r1l
Embryonic:
100% r2
Anopheles AsSMCRkh2 Gene Drive Not tested 97% males Germline: not Not tested Not tested Gantz et al.
stephensi targeting the 99%females | determined; (not designed | 2015
kynurenine embryonic: for
hydroxylase detected due to suppression)
carrying a single maternal
chain antibody deposition
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Anopheles vasa-CRISPR" Gene Drive Not tested | 99% males males: yes no Hammond
gambiae targeting the 95% females | 0.28% r2, 0.14% et al. 2016;
autosomal gene rl Hammond
nudel embryonic due etal. 2017
(AGAP007280) to maternal
deposition: 80%
Anopheles zpg-CRISPR" Gene Drive Not tested 92% males *male: no yes This study
gambiae targeting female 99% females | 4.6% r2, 0% rl
dsx exon 5
(AGAP004050)
Aedes OX513A, a RIDL SIT 0.56 n.a n.a n.a n.a AF Harris et
aegypti construct al. 2011
causing
dominant
lethality
Aedes 0X3604C a RIDL SIT 0.03 n.a n.a n.a n.a Facchinelli
aegypti construct etal. 2013
causing a female-
specific flightless
phenotype

*Among the rare offspring of males that did not contain the drive allele (8 %) we sequenced 27 individuals, 12 of which had the wild-type allele and 15 of
which had a putative non-functional resistant (r2) allele - either an out of frame 11bp deletion consistent with microhomology-mediated end joining, or a
partial homing event.
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Supp Table S2 | Ratio of larvae recovered by intercrossing heterozygous dsx ¢$C31-knock-in mosquitoes

GFP strong (dsxF”") GFP weak (dsxF”*) no GFP (+/+) Total

262 (24.9%) 523 (49.7%) 268 (25.5%) 1053

Supp Table S2 | Heterozygous and homozygous individuals for the dsxF allele were separated based on the intensity of fluorescence afforded by the GFP
transcription unit within the knockout allele. Homozygous mutants were distinguishable as recovered in the expected Mendelian ratio of 1:2:1 suggesting
that the disruption of the female-specific isoform of Agdsx is not lethal at the L1 larval stage.
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Supp Table S3 | Genetic females homozygous for the insertion carry male-specific
characteristics

Genetic Males Genetic Females
Characteristic dsxF*/* dsxF*/- dsxF’- dsxF*/* dsxF*/- dsxF’-
Pupal genital male male male female female male
lobe
Claspers v M v X X v
Cercus X X X N v X
Spermatheca X X X N v X
MAGs v v v X X v
Feed on blood X X X N 4 X
Can lay eggs X X X v v X
Plumose
antennae v v v X X v
Pilose antennae X X X N v X

Supp Table S3 Phenotypic characteristics observed on adult mosquitoes taken from the dsxF crosses. Female mosquitoes of the dsxF”" class present a
profile of characteristics that matches the male sex rather than the female.
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Supp Table S4 | Primers used in this study

dsxgRNA-F TGCTGTTTAACACAGGTCAAGCGG

dsxgRNA-R AAACCCGCTTGACCTGTGTTAAAC

dsx$p31L-F GCTCGAATTAACCATTGTGGACCGGTCTTGTGTTTAGCAGGCAGGGGA
dsx$31L-R CACCAAGACAGTTAACGTATCCGTTACCTTGACCTGTGTTAAACATAAAT
dsx$p31R-F GGTGGTAGTGCCACACAGAGAGCTTCGCGGTGGTCAACGAATACTCACG
dsx$31R-R TCCACCTCACCCATGGGACCCACGCGTGGTGCGGGTCACCGAGATGTTC

zpgprCRISPR-F

GCTCGAATTAACCATTGTGGACCGGTCAGCGCTGGCGGTGGGGA

zpgprCRISPR-R

TCGTGGTCCTTATAGTCCATCTCGAGCTCGATGCTGTATTTGTTGT

zpgteCRISPR-F

AGGCAAAAAAGAAAAAGTAATTAATTAAGAGGACGGCGAGAAGTAATCAT

zpgteCRISPR-R

TTCAAGCGCACGCATACAAAGGCGCGCCTCGCATAATGAACGAACCAAAGG

dsxin3-F GGCCCTTCAACCCGAAGAAT
GFP-F GCCCTGAGCAAAGACCCCAA
dsxex4-F GCACACCAGCGGATCGACGAAG
dsxex5-R CCCACATACAAAGATACGGACAG
dsxex6-R GAATTTGGTGTCAAGGTTCAGG
3xP3 TATACTCCGGCGGTCGAGGGTT
hCas9-F CCAAGAGAGTGATCCTGGCCGA
dsxex5-R1 CTTATCGGCATCAGTTGCGCAC

Nature Biotechnology: doi:10.1038/nbt.4245




dsxin4-F GGTGTTATGCCACGTTCACTGA

RFP-R CAAGTGGGAGCGCGTGATGAAC

t Dsx-original- TAGGGTTTAACACAGGTCAAGCGGTGG
target-F

T Dsx-original- AAACCCACCGCTTGACCTGTGTTAAAC
target-R

t Dsx-SNP-target-F | TAGGGTTTAACACAGGTCAAGCAGTGG

T Dsx-SNP-target- | AAACCCACTGCTTGACCTGTGTTAAAC

R

+ Dsx-noPAM- TAGGTTTAACACAGGTCAAGCGG
target-F

t Dsx-noPAM- AAACCCGCTTGACCTGTGTTAAA
target-R

Supp Table S4 Table listing the primers used in this study. Gibson assembly and Golden Gate cloning overhangs are underlined with a single and a double
line respectively. T Primers used to create the target sequences for the in vitro RNP cleavage assay.
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Supp Table S5 | Parameters for stochastic cage model

Parameter

Estimate

Method of estimation

Mating probability

0.85 for heterozygotes; 0 for D/D, D/R and R/R
homozygotes

Estimated from
Hammond et al. 2017

Egg production from
wild-type female
(no parental nuclease)

Mean 137.4. Sampling with replacement of
observed values

(10, 61, 96, 98, 111, 111, 113,127, 128, 129, 132,
132, 134, 135, 137, 138, 138, 139, 142, 142, 146,
146, 149, 152, 152, 152, 158, 160, 162, 164, 170,
179, 186, 189, 191)

From assays of mated
females

Egg production from
W/D heterozygote
female (nuclease from
?)

Mean 118.96. Sampling with replacement of
observed values (12, 31, 76, 90, 96, 100, 106, 106,
107,113, 117, 118, 119, 130, 133, 136, 136, 136,
137,138, 139, 142, 143, 145, 146, 148, 157, 174)

From assays of mated
females

Egg production from
W/D heterozygote
female (nuclease from

d)

Mean 59.67. Sampling with replacement of
observed values

(0,0,0,0,0, 34,47, 50, 65,105, 113, 115, 115,
125, 126)

From assays of mated
females

Hatching probability, 0.941 From assays of mated
wild-type female females

(no parental nuclease)

Hatching probability, 0.707 From assays of mated
W/D heterozygote females

female (nuclease from

?)

Hatching probability, 0.47 From assays of mated

females
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W/D heterozygote
female (nuclease from
d)

(fraction non-drive
alleles that are
resistant)

Probability of 0.8708 Average of
emergence from pupa observations over all
(survival from larva) generations and both
cage experiments
Drive in 0.9985 Observed fraction
W/D females transgenic from assays
Drive in 0.9635 Observed fraction
W/D males transgenic from assays
Meiotic EJ parameter 0.4685 Estimated from

Hammond et al. 2016

Supp Table S5 | Parameters for stochastic cage model

We assume that parental effects on fitness (egg production and hatching rates) for non-drive (W/W, W/R) females with nuclease from one or both parents
are the same as observed values for drive heterozygote (W/D) females with parental effects. For combined maternal and paternal effects (nuclease from both
parents), the minimum of the observed values for maternal and paternal effect is assumed.
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Supp Table S6 | Summary of values obtained from the cage trials
Cage Trial 1 Cage Trial 2
Generatio | Transgeni | Hatching Egg Repr. Transgeni | Hatching Egg Repr.
n c Rate (%) | Rate (%) | Outpu | Load (%) | cRate (%) | Rate (%) | Output | Load (%)
t (N) (N)
GO 25 - 27462 - 25 - 26895 -
(150/600) (150/600)
G1 49.65 88.62 17405 36.62 50 86.15 16578 38.36
(286/576) | (576/650) (280/560) | (560/650)
G2 62.01 74.92 14957 45.54 61.79 80.92 15565 42.13
(302/487) | (487/650) (325/526) | (526/650)
G3 68.94 76.77 11249 59.04 68.05 74.15 9376 65.14
(344/499) | (499/650) (328/482) | (482/650)
G4 67.67 71.85 9170 66.61 85.41 71.69 6514 75.78
(316/467) | (467/650) (398/466) | (466/650)
G5 58.67 69.23 11364 58.62 86.5 61.54 4805 82.13
(264/450) | (450/650) (346/400) | (400/650)
G6 63.3 70 7727 71.86 90.09 52.77 4210 84.35
(288/455) | (455/650) (309/343) | (343/650)
G7 69.47 78.62 7785 71.65 100 55.85 1668 93.8
(355/511) | (511/650) (363/363) | (363/650)
G8 70.07 70.92 6293 77.08 100 42.77 0 100
(323/461) | (461/650) (278/278) | (278/650)
G9 75.58 66.15 4107 85.04 - - - -
(325/430) | (430/650)
G10 95.71 57.38 4146 84.90
(357/373) | (373/650)
G11 100 57.54 2645 90.37
(374/374) | (374/650)
G12 100 38.92 0 100
(253/253) | (253/650)

Supp Table S6 | Summary of values obtained from the cage trials

Transgenic rate, hatching rate, egg output and reproductive load at each generation during the cage

experiment. The reproductive load indicates the suppression of egg production at each generation

compared to the first generation.
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Abstract

Gene drives have enormous potential for the control of insect populations of medical and
agricultural relevance. By preferentially biasing their own inheritance, gene drives can rap-
idly introduce genetic traits even if these confer a negative fitness effect on the population.
We have recently developed gene drives based on CRISPR nuclease constructs that are
designed to disrupt key genes essential for female fertility in the malaria mosquito. The con-
struct copies itself and the associated genetic disruption from one homologous chromosome
to another during gamete formation, a process called homing that ensures the majority of
offspring inherit the drive. Such drives have the potential to cause long-lasting, sustainable
population suppression, though they are also expected to impose a large selection pressure
for resistance in the mosquito. One of these population suppression gene drives showed
rapid invasion of a caged population over 4 generations, establishing proof of principle for
this technology. In order to assess the potential for the emergence of resistance to the gene
drive in this population we allowed it to run for 25 generations and monitored the frequency
of the gene drive over time. Following the initial increase of the gene drive we observed a
gradual decrease in its frequency that was accompanied by the spread of small, nuclease-
induced mutations at the target gene that are resistant to further cleavage and restore its
functionality. Such mutations showed rates of increase consistent with positive selection in
the face of the gene drive. Our findings represent the first documented example of selection
for resistance to a synthetic gene drive and lead to important design recommendations and
considerations in order to mitigate for resistance in future gene drive applications.
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Author summary

Gene drives are selfish genetic elements that are able to bias their own inheritance among
offspring. Starting from very low frequencies they can rapidly invade a population in just
a few generations, even when imposing a fitness cost. Gene drives based on the precise
DNA cutting enzyme CRISPR have been shown recently to be highly efficient at copying
themselves from one chromosome to the other during the process of gamete formation in
mosquitoes, resulting in transmission to 99% of offspring instead of the 50% expected for
a single gene copy. One proposed use for CRISPR-based gene drives is in the control of
mosquitoes by designing the gene drive to target mosquito genes involved in fertility,
thereby reducing their overall reproductive output and leading to population suppression.
Like any intervention designed to suppress a population these gene drives are expected to
select for mutations in the mosquito that are resistant to the drive and restore fertility to
mosquitoes. We have analyzed the origin and selection of resistant alleles in caged popula-
tions of mosquitoes initiated with a gene drive construct targeting a female fertility gene.
We find the selected alleles are in-frame insertions and deletions that are resistant to
cleavage and restore female fertility. Our findings allow us to improve predictions on gene
drive behaviour and to make concrete recommendations on how to improve future gene
drive designs by decreasing the likelihood that they generate resistance.

Introduction

Naturally occurring gene drives—selfish genetic elements that are able to bias their own inheri-
tance and rapidly invade a population, even starting from very low frequencies—have inspired
proposals to harness their power to spread into a population of insect disease vectors traits that
manipulate their biology in ways that could suppress or eliminate disease transmission [1-4].
In particular for malaria, transmitted exclusively by mosquitoes of the Anopheles genus, histor-
ical gains in reducing the disease burden have been largely achieved by the correct implemen-
tation of vector control measures (residual insecticides and bed nets) [5]. Though these
measures have been instrumental in substantially reducing malaria transmission, they are
insufficient by themselves to eradicate the disease in the near future at the current level of
investment [6]. Gene drive technology could help in developing a self-sustaining, species-spe-
cific and affordable vector control measure much needed to achieve disease eradication in the
future.

Gene drives based on the activity of DNA nucleases able to recognise specific target
sequences were first proposed over a decade ago and have received much attention recently
due to the advent of new, easily programmable nucleases such as CRISPR-Cas9 that have
allowed us and others to build functioning gene drives that show rates of inheritance from a
heterozygous parent close to 100%, compared to the expected Mendelian inheritance of 50%
[1, 7-9]. The principle behind the technology is to re-program a nuclease to cleave a specific
site of interest in the genome and to insert the nuclease within this recognition site. The gene
drive is designed to be active in the germline, so that in diploid organisms heterozygous for the
gene drive the nuclease causes a double stranded break (DSB) at the target site on the homolo-
gous chromosome not containing the gene drive. The DSB can be repaired either by simple
end-joining (EJ) of the broken strands or via homology-directed repair (HDR) where the DSB
is resected and the intact chromosome used as a template to synthesise the intervening
sequence. In the case of a gene drive, repair via HDR thus leads to a copying of the drive from
one chromosome to another and the conversion of a heterozygote into a homozygote. Hence
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the force of gene drive is determined by a combination of the rate of cleavage of the nuclease
in the germline, and the propensity for the cell machinery to repair the broken chromosome
by HDR.

We and others have shown that in germline cells the rates of HDR following a nuclease-
induced DSB can be almost two orders of magnitude greater than EJ, a fact which explains the
extraordinarily high rates of gene drive inheritance observed (7, 8, 10, 11]. On the other hand
EJ repair can lead to the creation of small insertions or deletions at the target site that, although
occurring initially at low frequency, might be expected to be selected for in the target organism
if they prevent the gene drive nuclease acting and there is a negative fitness cost associated
with the gene drive [1, 7, 11-13]. This possibility has been recognised since the first proposal
of this type of gene drive [1], with much theory being dedicated to it recently [13, 14] and
recent empirical evidence of its occurrence in Drosophila[10]. To lower the likelihood of resis-
tance arising there are several potential mitigation strategies including, but not limited to, the
targeting of conserved sequences that are less tolerant of mutations and the targeting of multi-
ple sequences, akin to combination therapy [1, 12].

We previously developed a gene drive designed to spread into a mosquito population and
at the same time reduce its reproductive potential by disrupting a gene essential for female fer-
tility, thus imposing a strong fitness load on the population [11]. To investigate the long term
dynamics of the emergence of resistance to a gene drive imposing such a load we continued to
monitor the frequency of this gene drive over generations and analysed the target locus for evi-
dence of mutagenic activity that could lead to the development of resistant alleles that block
gene drive activity and restore gene functionality. Our findings show that a range of different
resistant alleles can be generated and some of these are subsequently selected for and show
dynamics consistent with our modelling predictions. These results provide a quantitative
framework for understanding the dynamics of resistance in a multi-generational setting and
allow us to make recommendations for the improvement of future gene drive constructs that
relate to choice of target site and regulation of nuclease expression in order to retard the emer-
gence of resistance.

Results

Long term dynamics of spread of a population suppression gene drive in
a caged mosquito population

A proof-of-principle CRISPR-based gene drive designed for population suppression was previ-
ously developed in our laboratory (Fig 1A). This gene drive disrupted a haplosufficient gene
(AGAP007280, the putative mosquito ortholog of nudel [15]) required in the soma and essen-
tial for female fertility [11]. The gene drive also contained an RFP marker gene for the visual
detection of individuals inheriting the drive. In our experiments individuals heterozygous for
the gene drive transmitted the drive, regardless of their sex, to more than 99% of their oft-
spring. We observed in these mosquitoes a marked reduction in fertility (~90%) in females
heterozygous for the drive, due to ectopic expression of the nuclease under control of the
germline vasa2 promoter that resulted in conversion to the null phenotype in somatic cells. In
spite of this fitness disadvantage experimental data showed that the gene drive could increase
rapidly in frequency in a caged population due to the exceptionally high rates of inheritance
bias. From a starting population (Go) in two duplicate cages of 600 individuals with a 1:1 ratio
of transgenic heterozygotes and wild type individuals, the gene drive progressively increased
in frequency to 72-77% by G,. This rate of increase was slightly higher than predicted by a
deterministic model but within the limits of stochastic variation expected [11]. Due to a com-
bination of the partial dominance of the sterility phenotype in heterozygous females and the
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Fig 1. Dynamics of a population suppression gene drive construct over 25 generations. (A) Design of
the CRISPR-based gene drive construct and the relevant position of its target site within AGAP007280; (B)
The proportion of individuals containing at least one copy of the gene drive in two replicate cages, monitored
each generation for 25 generations. Black lines represent the observed frequencies in each of the two cage
trials (CT1 and CT2), red line represents the predicted frequency according to the previous deterministic
model that did not take into account target site resistance [11]. Samples were taken for pooled PCR and
sequencing analysis of the gene drive target site at G, and at G1,, whereby frequency of target site indels
(shown figuratively as red bars) were revealed by their relative representation among the sequenced reads.

https://doi.org/10.1371/journal.pgen.1007039.g001

previously documented generation of target site mutations conferring resistance to the gene
drive [11], this first gene drive was not expected to maintain high levels of invasion. Nonethe-
less it represented a useful experimental model to investigate the long term dynamics of the de
novo generation of target site mutations and their selection at the expense of a gene drive
imposing a large reproductive load. We therefore maintained this cage experiment for 25 gen-
erations and used the presence of the RFP marker in the gene drive construct as a proxy to esti-
mate the frequency of individuals containing it. The frequency of gene drive progressively
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increased in both cages, peaking at around generation 6, and thereafter we observed a gradual
and continuing decrease such that by G,s the frequency of individuals with the gene drive was
less than 20%.

Sequencing the gene drive target site revealed nuclease-induced
mutations

To investigate whether the gradual decline in the gene drive frequency observed in the cage
experiment was due to the selection of pre-existing variant target sites in the population or the
generation and selection of nuclease-resistant indels, we used deep sequencing of a PCR ampli-
con comprising sequences flanking the target site on pooled samples of mosquitoes from early
(G,) and late (G,) generational time points (Fig 1B). The expected amplified region from the
original wild type sequence was 320bp long, with the putative cleavage point within the target
site residing after nucleotide 208 (Fig 2A). Ultra-deep sequencing of PCR reactions were per-
formed on pooled DNA under non-saturating conditions so that the number of reads corre-
sponding to a particular allele at the target site is proportional to its representation in the pool.
We developed a computational method to analyse the sequences edited by the CRISPR-based
gene drive close to the nuclease target site. In the colony of mosquitoes that we used there are a
number of pre-existing single nucleotide polymorphisms (SNPs) within the amplicon that do
not overlap the nuclease target site and are present at varying frequencies (S1 Fig). Our method
identified small insertions and deletions introduced by the repair system and used the presence
of surrounding SNPs to characterize the haplotypes on which they arose. Because the PCR
only amplifies the non-drive allele, the frequencies reported below refer to their frequency
within this class, rather than within the population as a whole.

Mapping amplicon sequences reconstructed from the sequenced against the Anopheles
gambiae reference genome (PEST strain, AgamP4, Vectorbase) we observed a large repertoire
of deletions already in the G, generation, with a wide range of sizes and centred around the
predicted nuclease cleavage site after nucleotide 208 (Fig 2A—one cage trial shown as a repre-
sentative example), and a lower proportion of small insertions, consistent with the known
mutational activity of the nuclease. By contrast, ten generations later we observed a much
reduced diversity of indels. We then considered all alleles that reached a frequency of at least
1% in any sample, classified these as to whether the indel caused a frameshift in the coding
sequence of the target gene or was in-frame, and analysed their frequency over time (Fig 2B).
The predominant target allele in the G, was still the reference (non-mutated) allele at 63% and
48% in cages 1 and 2, respectively (Fig 2B and S1 Table), while the second major class (at least
15% in each replicate) was represented by a wide range of non-reference alleles, each present
at low frequency (<1%), consistent with the stochastic generation of a broad range of indels.
Thus at a time when the gene drive was still increasing in frequency there was a significant
accumulation of mutations at the target site that would likely render it refractory to the hom-
ing mechanism of copying. Of note, three separate indels causing in-frame deletions of 3- or
6bp (202-TGAGGA, 203-GAGGAG, 203-GAG; where 203 refers to the starting site of the
indel in the reference amplicon and “-’means deletion) were present among a large number of
indels at low but appreciable frequencies in the G,. Such short in-frame deletions may result in
only minimal disruption to the final encoded protein while at the same time proving resistant
to the gene drive. Indeed these three deletions, plus a 6bp in frame insertion (207+AAAGTC),
had increased significantly in frequency to make up the 4 most abundant non-drive alleles in
the G1,, almost to the exclusion of the reference allele (present at 6% and 0.4%; S1 Table). At
the same time, a wide range of frameshift indels that were present in G, had fallen in frequency
in Gy, to either below the 1% threshold or were not detected at all (Fig 2B and S1 Table). The
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https://doi.org/10.1371/journal.pgen.1007039.9002

most parsimonious explanation for these results is that a wide range of frameshift and in-
frame indels was created by the gene drive, yet only short in-frame indels were selected for
because they restore functionality to the target gene while protecting the sequence from gene
drive activity. These ‘restorative’ mutations are likely to be most strongly selected when the
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frequency of the gene drive is high in the population—when the majority of individuals are
homozygous for the driver, the relative gain in viable offspring from an individual with a gene
drive balanced by a resistant restorative mutation is that much higher.

Small in-frame deletions can arise by either classical non-homologous end-joining (NHEJ),
or an alternative form of end-joining (microhomology-mediated end-joining, MME]) that
relies on alignment of small regions of microhomology, as little as 2 base pairs, on either side
of the DSB, resulting in loss of the intervening sequence [16]. Consistent with this latter possi-
bility, at least three of the most frequent alleles in the G;, generation can be explained by
MME] via 3bp repeats (Fig 2C).

To investigate whether the most common indels at G;, had single or multiple origins, we
used the naturally occurring SNPs in the sequences flanking the recognition sequence. In cage
1 the deletion 203-GAGGAG was present on 10 separate haplotypes in Gi,, with each haplo-
type being present at ratios broadly similar to their ratios in the starting population (S1 Fig),
suggesting that the same deletion was generated at least 10 times independently and that there
was no detectable selective advantage to any particular haplotype surrounding the deletion. In
cage 2 the predominant allele was 202-TGAGGA (68% of all non-reference alleles), an end-
joining deletion that shows no apparent features of a MME] event, and was found on 5 sepa-
rate haplotypes.

Positively selected target site mutations restore function to the target
gene and are resistant to gene drive activity

The progressive increase in frequency of specific mutations at the target site, concomitant with
a decrease of gene drive activity, strongly suggested that they conferred resistance to cleavage
while still ensuring a normal functional activity of nudel. To confirm this hypothesis we
crossed individual RFP+ females from G, with wild type males and assessed both their fertility
and the transmission rate of the drive. We also sequenced the target site of each parental
female to characterize allelic variants at the target locus. This analysis failed to detect wild type
sequence at the target site (Fig 3A) among 70 individuals tested; instead every individual
showed an indel, indicating that each female tested was heterozygous for the gene drive and
balanced by a mutated target site. In cage 1 the 203-GAGGAG 6bp deletion was the predomi-
nant allele (23/31 individuals) while in cage 2 another 6bp deletion (202-TGAGGA) was pre-
dominant (37/39 individuals). The relative frequency of each allele was consistent with the
results obtained using pooled amplicon sequencing performed on the G, individuals.

Of those heterozygous females that could be confirmed as having mated, the vast majority
(56/58) generated viable progeny (average clutch size 119 +/- 35.9 eggs, average hatching rate
78.5% +/- 19.9%; Fig 3B and S2 Table) at rates significantly higher than those previously
observed in females heterozygous for the gene drive and a wild type allele (90.7% overall reduc-
tion in fecundity) [11], suggesting that the mutations detected at the target site substantially
restored the functionality of nudel. There was no obvious difference in fertility associated with
the 5 indels sampled in this assay (Fig 3B). The two major indels across the two cages result in
relatively conservative changes to the overall amino acid sequence of the final gene product—
two glutamate residues missing (203-GAGGAG) or two glutamates missing and a conversion
of a serine to arginine (202-TGAGGA). Finally, the offspring of these individuals showed a
non-biased inheritance of the gene drive (50.82% mean +/-5.96% standard error; total RFP
+ offspring 50.85%), consistent with normal Mendelian segregation (Fig 3B). Thus, as well as
restoring nudel function, the mutated sequences were also resistant to the gene drive.
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Fig 3. Target site mutations under positive selection are resistant to gene drive activity and restore function to
the target female fertility gene. (A) Individual females containing at least one copy of the gene drive (RFP+) were
selected from the G generation and the nature of the target allele was determined by PCR and sequencing. Each class
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generations are marked in red. T Of 58 mated females one (with deletion 207+AAAGTC) failed to produce eggs while
another (202-TGAGGA) produced eggs that failed to hatch.

https://doi.org/10.1371/journal.pgen.1007039.9003

End-joining repair in the embryo by maternally deposited Cas9 nuclease
dramatically increases the generation rate of drive resistant alleles

Conceivably a breakdown in the nuclease component (e.g. mutation in the Cas9 coding
sequence, or the gRNA sequence) could be an additional explanation for the Mendelian trans-
mission of the gene drive element and restored fertility in heterozygous females that we
observed. To assess this possibility we took the male offspring (‘sons’) of the above crosses that
inherited the construct and crossed them in turn to wild type females. We assumed that if the
gene drive construct was still functional it should show a biased inheritance when the resistant
target site allele had been replaced with a wild type one. Indeed, in these sons we saw a signifi-
cant increase in the transmission of the gene drive to their progeny, but the observed rate
(mean 60.13% +/- 13.9% S.E.; total RFP+ progeny 59.6%) was much lower than that previously
observed (~99% inheritance) [11]. A similar phenomenon of reduced homing has been
observed in the offspring of another mosquito species [8], and more recently in Drosophila
[10], when the drive construct was inherited from the mother and when the same vasa germ-
line promoter was used to transcribe the Cas9 nuclease. The reduced gene drive activity in the
immediate offspring of heterozygous mothers was attributed to the persistence of maternally-
deposited Cas9 in fertilized embryos, leading to double stranded DNA breaks being repaired
preferentially by end-joining mechanisms in the early zygote possibly before paternal and
maternal homologous chromosomes are aligned. Consistent with this explanation, males in
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the subsequent generation (‘grandsons’) that had received only a paternal copy of the gene
drive had exceptionally high homing rates, with 97.5% of progeny inheriting the gene drive
(Fig 3C). The drop in homing seen in sons receiving a maternal dose of Cas9 (59.6% transmis-
sion vs. 97.5% in grandsons) allows us to estimate an ‘embryonic end-joining’ rate of 79.6% of
wild type alleles being converted to cleavage-resistant alleles. This rate of embryonic end-join-
ing is much higher than that observed in the germline at or just prior to meiosis (~1% [11])
and is predicted to reduce the rate of spread of the gene drive, due to a reduced frequency of
cleavable alleles [17], and increase the rate at which restorative resistant alleles can arise and be
selected.

Cleavage due to maternally deposited Cas9 could potentially be followed by HDR instead of
end-joining, effectively leading to ‘embryonic homing’, where the cleaved allele is converted to
the non-cleaved allele. In the case of a resistant allele this could lead to an individual heterozy-
gous for the allele being converted into a homozygote in the early zygote, thereby further accel-
erating the spread of the resistant allele in the population. One signature of embryonic homing
of a resistant allele would be novel hybrid haplotypes due to partial conversion of the haplotype
surrounding the wild type allele where the DSB was generated to the haplotype surrounding
the resistant allele. Looking in detail at the most abundant resistant allele in each cage, we
failed to observe such a signature, and all resistant haplotypes were already pre-existing in the
population (S1 Fig), suggesting that if this phenomenon is occurring then the resection follow-
ing cleavage and resultant conversion encompasses a section longer than the ~300bp covered
in our sequenced amplicon.

Incorporating experimental rates of resistance generation into a
population model

The key qualitative results from the cage experiments—that a gene drive can increase in fre-
quency in a susceptible population even if it reduces individual fitness, and that the spread of a
gene drive can in turn lead to the spread of mutants that are resistant to cleavage and restore
individual fitness—are fully consistent with expectations from population genetic models [13,
18, 19]. To investigate how well such models can account for the quantitative details of the
cage experiments, we extended the model of Deredec et al. [18] to incorporate our observa-
tions of embryonic cleavage by maternally derived nuclease (which is independent of inheri-
tance of the gene drive), and have two classes of resistant allele (in-frame functional and
frame-shift non-functional; see S1 Text and S1 File). Due to the sex-specific fitness effects

of our construct, the model also has a separate treatment of females and males. Using this
model and the baseline parameter values from the single-generation crosses, we generated the
expected allele frequency dynamics over the 25 generations of the experiment (Fig 4). Again,
the qualitative fit to the observed dynamics is good, but there are quantitative differences. For
example, the model predicts that at G, the original wild type allele will be 9.3% of all non-
drive alleles, while our observed rates were 6% and 0.4% in cages 1 and 2, respectively (Fig 2B,
S1 Table). The model also recapitulates the observation that while non-functional resistant
alleles initially outnumber the functional ones, because they are produced more frequently, by
the end of the experiment it is the functional ones that predominate. Importantly, for the gene
drive itself, the model captures the essential aspects of the observed dynamics, showing an
initial increase in frequency followed by an eventual loss, though in earlier generations our
observed frequencies exceeded the predicted frequencies (Fig 4B). To investigate what might
explain this discrepancy, we examined the effect of varying each of the different parameter val-
ues individually in the model, and found that small variations in the fertility of females hetero-
zygous for the gene drive had the largest effect in increasing the match between observations
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Fig 4. Comparison of observed data with model predicting frequencies of gene drive and resistance
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four following target site alleles: wild type (w), CRISPR" gene drive (h), resistant and in-frame (r1), resistant
and out of frame (r2). We used our best experimental estimates of the considered parameters: homing rate (e)
as 0.984, the dominance of the fertility effect due to leaky somatic expression in females heterozygous (w/h)
for the gene drive as 0.907, meiotic end-joining rate (ym) as 0.01, embryonic end-joining rate (ye) as 0.796. (B)
Our observed gene drive frequencies were compared against model predictions using our best experimental
estimates (solid black line) and using the best-fit value (0.70 cf 0.907) for dominance of the heterozygous
fertility effect in females (dashed black line).

https://doi.org/10.1371/journal.pgen.1007039.g004

and expectations. Keeping the experimental estimates of all other parameters unchanged, the
least squares best fit occurred at a dominance coefficient of 0.70 (Fig 4B and S1 File), compared
to our previous direct estimate of 0.9, with lower confidence limit of 0.86 [11]. We also used
our model to investigate the potential impact of HDR after embryonic cleavage caused by
maternal deposition of Cas9, and found this parameter has little effect on the expected rate of
resistance emergence when the rates of meiotic homing are as high as we observe.

Discussion

We have analyzed the dynamics of a gene drive deliberately designed to impose a fitness load
on a population, and characterized the resistant or compensatory mutations which it generated
and selected for. As with any control approach aimed at suppressing an organism, ‘push back’
from the target organism is to be expected. One of the advantages of the modular gene drives
investigated here is that contingency in planning for and overcoming resistance can be fore-
seen and built into the system in a number of ways. First, the use of multiple gene drives target-
ing separate sequences has long been considered an essential pre-requisite for any gene drive
intended as a functional vector control tool [19] and the ease with which the guide RNA
expression constructs can be multiplexed lends CRISPR-based gene drives this flexibility [12,
20]. Second, it will be useful to target sites at which sequence changes are likely to destroy func-
tion. The nuclease target site in the gene AGAP007280 described in this report was not chosen
according to any prioritisation based on high levels of sequence conservation that would imply
functional constraint—a feature expected to mean that resistant mutations are less likely to
restore function of the gene. Clearly the choice of the target should be guided by the extensive
genomic data that is now available on sequence conservation both across different Anopheles
species [21] and within An. gambiae [22]. This data revealed a posteriori that for the target site
in AGAP007280 used here there is pre-existing variation in this species at at least 8 of the 20
nucleotides covered by the gRNA. Going forward low tolerance of sequence variation at the
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target site should be a key criterion for designing a gene drive. Third, our results show that one
of the key drivers in the generation of resistant alleles is the nuclease activity itself, followed by
end-joining, and a significant proportion of these alleles are created as a result of maternally
deposited nuclease in the early zygote where end-joining repair predominates over homology-
directed repair. We suggest this maternal effect may be suppressed either through the use of
more tightly regulated promoters to restrict nuclease expression to the early germline or
through the addition of destabilising modifications to the nuclease, either of which are
expected to reduce perdurance in the embryo. Fourth, an additional consideration in the
choice of target site may take into account the propensity for a particular double strand break
to be repaired more readily into a resistant, restorative (R2) allele, for example due to microho-
mology either side of the cleavage site that more readily re-creates an in-frame allele than a
frameshift allele. Where MME] is the predominant end-joining repair pathway, this feature
could be incorporated into target site choice to ensure the most likely end-joining repair event
is an out of frame allele and therefore not likely to be selected.

Our approach of pooled sequencing of a targeted region allowed us to reliably detect even
low frequency signatures of gene drive activity and reveal the complex dynamics of different
genotypes emerging over time. Certainly for the future improvement of gene drives it will be
important to have a faster method to triage for the most robust gene drives least prone to resis-
tance without a multi-generational cage experiment, a laborious and time consuming process
that should be reserved for more extensive evaluation of the best candidates. A simple way to
do this would be to apply the method of amplicon sequencing described here in a screen
where all generated mutant alleles are balanced against a known null allele to see if they restore
function to the target gene.

The potential for rapid emergence and spread of resistance highlights not only one of the
technical challenges associated with developing a gene drive, but also how intentionally releas-
ing a resistant allele in to a population could be a simple and effective means of reversing the
effects of a gene drive, if it fully restores function [23].

Methods
Gene drive multi-generation cage experiments

These experiments were essentially as described before in Hammond et al. [11] Briefly, in

the starting generation (Go) L1 mosquito larvae heterozygous for the CRISPR" allele at
AGAPO007280 were mixed within 12 hours of eclosion with an equal number of age-matched
wild-type larvae in rearing trays at a density of 200 per tray (in approx. 1L rearing water). The
mixed population was used to seed two starting cages with 600 adult mosquitoes each. For sub-
sequent generations, each cage was fed after 5 days of mating, and an egg bowl placed in the
cage 48h post bloodmeal to allow overnight oviposition. After allowing full eclosion a random
sample of offspring were scored under fluorescence microscopy for the presence or absence of
the REP-linked CRISPR" allele, then reared together in the same trays and 600 were used to
populate the next generation. After a generation had been allowed the opportunity to oviposit,
a minimum of 240 adults were removed and stored frozen for subsequent DNA analysis.

PCR of target site and deep sequencing library preparation

For the sequence analysis, a minimum of 240 adult mosquitoes taken at generations G, and
G, of the cage trial experiments were pooled and extracted en masse using the Wizard Geno-
mic DNA purification kit (Promega). A 332 bp locus containing the target site was amplified
from 40 ng of genomic material from each pooled sample using the KAPA HiFi HotStart
Ready Mix PCR kit (Kapa Biosystems), in 50 pl reactions. Specially designed primers that
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carried the Illumina Nextera Transposase Adapters (underlined), 7280-Illumina-F
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGAGAAGGTAAATGCGCCAC)
and 7280-Illumina-R (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGCTTCT
ACACTCGCTTCT) were used to tag the amplicon for subsequent library preparation and
sequencing. The annealing temperature and time were adjusted to 68°C for 20 seconds to min-

imize off-target amplification. In order to maintain the proportion of the reads corresponding
to particular alleles at the target site, the PCR reactions were performed under non-saturating
conditions and thus they were allowed to run for 20 cycles before 25 pl were removed and
stored at -20°C. The remnant 25 pl were run for an additional 20 cycles and used to verify the
amplification on an agarose gel. The non-saturated samples were used to prepare libraries
according to the Illumina 16S Metagenomic Sequencing Library Preparation protocol (Part #
15044223 Rev.A). Amplicons were then purified with AMPure XP beads (Beckman Coulter)
followed by a second PCR amplification step with dual indices and Illumina sequencing adapt-
ers using the Nextera XT Index Kit.

After PCR clean-up via AMPure XP beads and validation performed with Agilent Bioanaly-
zer 2100, the normalized libraries were pooled and loaded at a concentration of 10 pM on Illu-
mina Nano flowcell v2 and sequenced using the Illumina MiSeq instrument with a 2x250bp
paired-end run.

Deep sequencing analysis

Sequencing data of the amplified genomic region were analysed using available tools and
developed scripts in R v3.3.1. Raw reads were cleaned up for low quality and trimmed for the
presence of adapters using Trimmomatic v.0.36 [24].

Paired-end reads were merged together in order to reconstruct the whole amplicon
sequence using PEAR v0.9.10 [25]. Resulting assembled identical fragments were then clus-
tered using fastx_collapser module from the FASTX v0.0.13 suite (http://hannonlab.cshl.edu/
fastx_toolkit/) and aligned to the reference amplicon with vsearch tool v2.0.3 [26]which imple-
ments a global alignment based on the full dynamic programming Needleman-Wunsch algo-
rithm. We considered for downstream analysis only sequences represented by at least 100
reads in each dataset. The blast6 output files from the alignment phase were parsed by ad hoc
written R scripts to identify sequence variants containing insertions and/or deletions in the
target site. The quantification of each allelic variant was measured as relative alternative allele
frequency by summing up the reads representing that particular variant in the dataset. Finally,
for each identified variant, we examined the single nucleotide variants (SNVs) along the full
amplicon and selected the ones with a minimum alternative allele frequency of 2.5% for the
purposes of haplotype calling.

Haplotype estimation for A. gambiae G3 laboratory colony

As part of a sequencing effort one year prior to the start of this experiment 12 males and 12
females from our A. gambiae G3 laboratory colony were subjected to individual genome rese-
quencing. Mosquitoes were chosen randomly as pupae of differing ages from separate trays of
a large cohort of the colony population (census population size >2000) in order to minimise
biased sampling from a reduced number of founders. After emerging as adults whole mosqui-
toes were individually homogenised and genomic DNA was extracted with Promega Wizard
Genomic DNA extraction kit. Paired-end reads (2 x 100bp) obtained from the Illumina HiSeq
2000 sequencing were aligned to A. gambiae PEST reference genome assembly (AgamP4, Vec-
torBase) using BWA-MEM (Li and Durbin 2009, v0.7.15). Alignments were sorted using Sam-
tools (v1.5) and raw SNPs and indels were called using HaplotypeCaller tool from Genome
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Analysis Toolkit (GATK, v3.7) for each of the 24 samples in the same 320bp region around the
nuclease target site in AGAP007280 gene that was used for the pooled amplicon sequencing.
Raw SNPs were then merged using GATK GenotypeGVCFs tool. No indels were observed in
this step for the selected region. We used SHAPEIT?2 (Delaneau et al. 2013, v2) for the final
haplotype estimation from previously obtained unphased genotypes of 24 individuals. Raw
sequencing reads from the 24 individuals have been submited to NCBI Sequence Read Archive
(SRA) under project accession number PRINA397539.

Modelling

We use a discrete generation deterministic model to explore how the dynamics of gene-fre-
quencies depend on underlying parameters. We suppose there are four possible alleles: Wild-
type (W), driver allele (H), and two mutant alleles that are resistant to homing, R1 which is
fully functional and R2 which is recessive but non-functional (i.e., H/R2 and R2/R2 type
females are sterile). We assume alleles segregate at meiosis according to Mendelian inheritance
except in W/H males and females, where segregation may be distorted by cleavage followed by
either homing or non-homologous repair. Our model also allows for the possibility that eggs
from females with at least one H allele will contain the driver nuclease (regardless of the egg’s
own genotype), in which case cleavage and repair may occur in the embryo. The mathematical
details of the model are given in the SI Text, and model outputs from user-defined parameters
values can be seen using a computable document format (Wolfram CDF Player) available as a
file(S1 File). Baseline parameter values for the model are provided in the legend accompanying
Fig 4.

Individual assays of mosquito fertility and transmission of gene drive

Individual females containing at least one copy of the RFP-linked CRISPR" gene drive were
selected as virgins from the G,, generation and allowed to mate with 5 wild type male mosqui-
toes, essentially as in Hammond et al. [11]. The fecundity of females and transmission of the
gene drive was measured by counting larval offspring positive for the RFP marker. To check
mating status of females, spermathecae were dissected and examined for the presence of
sperm. Unmated females were censored from the fertility assay.

Sons of each gene drive mother from the G,, generation were kept together and allowed to
mate in groups of approximately 5 males with an equal number of wild type females and
assessed for rates of transmission of the gene drive. The male offspring of these sons (grand-
sons) inheriting the drive from their fathers were in turn assessed in the same way, keeping lin-
eages separate.

Supporting information

S1 Fig. Resistant target site alleles showing selection are formed independently on a wide
range of haplotype backgrounds. The presence of polymorphic SNPs surrounding the target
site and circulating at various frequencies in the laboratory wild type colony allowed us the res-
olution to identify a variety of haplotypes on which target site indels may have been formed.
The most prominent target site indel in each cage replicate in the G, generation was analysed
and the number of haplotypes containing the respective indel and the frequency of each haplo-
type was calculated. A measure of the diversity of pre-existing reference haplotypes present in
the colony was obtained by examining the nature and frequency of known haplotypes in the
original wild type colony based on resequencing of 24 individuals (48 haplotypes) and the hap-
lotypes surrounding the wild type target site allele in the early G, generation of the cage experi-
ment. In both replicates there were no unique haplotypes containing the indel that were not
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already pre-existing in the starting population. The relative frequency of haplotypes surround-
ing a given target site allele are also displayed.
(TIF)

S1 Table. Target site allele frequencies at G, and G, generations.
(XLSX)

$2 Table. Gene drive transmission in offspring of CRISPR"/R receiving a maternal copy of
gene drive, and subsequent paternal copies. Individual females containing at least one copy
of the RFP-linked CRISPR" gene drive were selected from the G, generation and allowed to
mate with 5 wild type male mosquitoes. Offspring were kept as separate lineages and sons and
grandsons were usually mated as groups of at least 5 with wild type females. Transmission of
the gene drive was monitored by screening for the presence of the linked RFP gene. The target
site allele present in the initial G20 female founder of each lineage is also displayed. Summary
data is shown on the left, data for each cage shown on the right.

(XLSX)

S1 Text. Mathematical details of the model used to predict gene drive dynamics.
(PDF)

S1 File. Computable document format (Wolfram) allowing user-entered values of parame-
ters that may affect gene drive performance.
(CDF)
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