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Sebald Verkuijl

0.2 Abstract

When humans and insects come into conflict, this can lead to significant ecological
and public health challenges. Traditional pest control methods often rely on chemical
insecticides, which can adversely affect the environment and non-target species. Genetic
biocontrol through the use of gene drive may offer a radically more efficient and species-
specific method of addressing pest harm. Synthetic homing gene drives, particularly
those based on the CRISPR-Cas9 system, have been the focus of intensive research in
recent years. However, there is much we do not understand about the fundamental
nuclease processes that mediate gene drive functioning and how these are affected
by transgene design. Here, we investigate through computational modelling how
unintended nuclease processes affect gene drive performance. We find that certain
complex self-limited gene drive designs (daisy-chain gene drives) are especially sensitive
to effects that cause separate gene drive elements to segregate prematurely. Through
a meta-analysis of experimental gene drive crosses, we evaluate the effect of sex and
deposition on different gene drive outcomes. We developed a companion web tool that
allows users to find the highest-quality data evaluating specific aspects of gene drive
designs and experimental conditions. Lastly, we analyse Aedes aegypti gene drive
performance with different nuclease expression patterns. This shows that identical

homing gene drives can vary in their underlying mechanism of inheritance bias.
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Chapter 1

Introduction

Around 80% of all known living animal species are arthropods, which includes insects®.
They are generally small, have short generation times, and have large reproductive
capacities. Unfortunately, the flourishing of certain species of insects and humans
can be in conflict, which can present challenges in agriculture, infrastructure, public
health, and conservation. More than half of the annual production of many crops is
lost to arthropod pests before and after harvest, resulting in losses of almost half a
trillion US-dollars™. Invasive species such as the fire ant (Solenopsis invicta) can
be a major source of infrastructure damage by building nests under pavements and
building foundations™”. In public health, mosquitoes are the most harmful insects,
with the Anopheles species complex and Aedes aegypti mosquito being responsible
for over half a million deaths each year**2. In addition to directly affecting humans,
insect pests have contributed to the decline of many native species. For example,
human introduction of invasive mosquito species that vector avian malaria has severely

affected native bird populations in Hawaii®?.

Chemical pesticides are currently the most important tool for preventing and mitigating
the harms of insect pests. However, pesticides are increasingly being regulated in terms
of which chemicals can be used and under what circumstances™®. These restrictions
are in response to pesticide resistance, harmful effects on human health, and off-target
effects on non-pest species®®. Alternative approaches with higher efficacy and a more

favourable safety profile are severely needed.

Biological control is an alternative to the use of chemical pesticides that aims to
introduce predators, parasites, pathogens, or other biological agents into an ecosystem
to suppress the population of a pest. One class of strategies aims to suppress wild

populations by releasing sterile individuals of the same species as the pest (genetic



biocontrol'®). TIf enough sterile individuals are released, they can compete with
fertile wild individuals and reduce the number of mating events that lead to viable
offspring. Genetic biocontrol has been shown to be an effective, fully biodegradable,

and species-specific way to suppress wild pest populations™*,

Sterility is most commonly achieved by exposing laboratory-bred pests to irradiation,
referred to as the sterile insect technique (SIT). The irradiation dose should be high
enough to result in reproductive sterility but not too high that it causes other fitness
defects™. However, a loss of mating competitiveness is often unavoidable. Releasing
exclusively males, as opposed to a mixture of males and females, has been shown to
increase the effectiveness of SIT several fold"#L, SIT has had high-impact successes,
such as the eradication of the screwworm fly (Cochliomyia hominivoraz) from North
America®. However, it has not become a universally adopted pest control tool
due to technical challenges in making the technique cost-effective at scale?s. These
challenges include fitness deficits caused by irradiation and mass-rearing methods,
the labour required for sex sorting, and the cost of the biomass released. Potentially
as important is that, in almost all cases, the approach is radically different from
existing approaches, making adoption difficult and necessitating extensive stakeholder

education and engagement to be able to present the merits of the approach.

Genetic biocontrol has significant potential benefits, and many researchers are actively
working to address the technical challenges associated with this approach. Mecha-
nisation is one of those strategies. For example, robot-assisted automatic rearing
systems have been developed to aid in the rearing of A. aegypti, which is augmented
by machine vision approaches to remove the need for manual sex sorting??. Complex
parametric analyser and sorter (COPAS) flow cytometry machines are expensive
but relatively standard laboratory equipment that can also eliminate the need for
manual sex sorting“?. However, such approaches require sex-linked fluorescent markers
to be engineered into the genetic-biocontrol strain. Post-rearing, unmanned aerial
vehicles (drones) are being used by the World Mosquito Programme to aid in mosquito
dispersal®”<® These approaches can make currently marginally cost-effective genetic
biocontrol applications viable and scalable, representing a substantial impact (partic-
ularly with A. aegypti). However, it is unlikely that these approaches will radically

expand the applicability of genetic biocontrol to most pest species.

Several strain modification approaches have been developed to improve the efficacy
and feasibility of genetic biocontrol. These modifications substantially alter how

genetic biocontrol insects can be reared and their mechanism of action. As mentioned



above, sex-specific fluorescent markers can make highly efficient mechanical sex sorting
approaches possible*” and, in some cases, can eliminate the need for sex sorting

altogether through sex-specific lethality or flightlessness*.

Approaches have been developed to complement or replace irradiation as the effector
of sterility. One such approach is the use of cytoplasmic incompatibility through
Wolbachia-infection, which causes embryonic death in the offspring of infected males
and uninfected females®®. Another approach is drug-repressible lethality, where
insects are engineered to depend on a specific supplement provided in the rearing
facility?. When released, males that received the supplement can mate with wild
females, but their offspring do not mature. This strategy can be further enhanced
by making the transgene lethal only to females®". This sex-specific lethality provides
a multigenerational effect in which males who inherit the transgene can pass it on
and kill their daughters, increasing the impact per released male. The above strain
modification approaches may be more practical and leave the released males fitter

compared to irradiation*¥%: however, in some cases, the actual experimental evidence

for this is lacking.

The impact per individual released can be further increased by systems such as auto-
somal X-Shredders and Y-linked editors that carry molecular machinery to generate

3334 Despite the considerable number of

DNA damage in subsequent generations
proof-of-concept genetic biocontrol strategies published®*% actual field trials and
real-world use of genetically modified insects have so far been limited®*3%4% The
cost-effectiveness of transgenic methods*' may, in many cases, still not be sufficient
for the market or face additional challenges that are hard to overcome (e.g., higher

regulatory requirements®? and public scepticism).

A potentially radically more efficient implementation of genetic biocontrol lies in the
use of gene drive technologies. Gene drives are genetic elements that increase their
frequency in populations without a proportional benefit to fitness. Compared to the
strategies listed above, gene drive organisms can have a much greater impact per
released individual, making rearing challenges far less meaningful. Although they may
be more powerful, regulatory, ethical and public concerns are substantially greater for

any genetic engineering implementation that includes gene drive technology3 42,

Gene drives can achieve inheritance bias through many different mechanisms, and
synthetic homing endonuclease gene drives have seen the most rapid adoption. Homing

drives are based on molecular tools and processes for site-specific genetic modification



that have been intensively studied and developed for decades?®. Site-specific genetic
modification generally relies on the generation of targeted DNA damage and the
provision of an exogenous repair template in the form of plasmid DNA. Then, endoge-
nous and well-conserved homology-directed repair processes will, with some frequency,
repair the site of the DNA break to match the supplied repair template. Homing
drives function through the same process but are designed so that the homologous
chromosome that contains the gene drive is used as the repair template. Any full copy
of the gene drive also carries the necessary nuclease genes to induce DNA damage,

allowing the process to repeat itself in subsequent generations (self-perpetuating).

A gene drive can spread any of a number of effector modifications that result in the,
for humans, useful change in the target pest species. A commonly pursued approach
is the spread of a modification (usually the drive insertion itself) that results in
female-specific recessive sterility or death®®L, If engineered correctly, the trait only
affects females that inherit the effector modification from both parents. This allows
the gene drive to spread to a high frequency and maximises the genetic load imposed
on the target population. Other effector modifications, such as making vector insects

refractory to certain diseases, are also being pursued®%°,

The non-profit Target Malaria is the most prominent initiative that is evaluating
the potential to release a self-perpetuating gene drive®®. However, for all but a few
cases, such as malaria mosquitoes, affecting populations beyond the release site is
not necessary or desirable®®. Insect pests are only harmful in places where they come
into contact with humans. Specific drive implementations have been proposed as a
middle ground, allowing for increased impact per individual released but with a limited
ability to replicate (self-limiting drives) or confinement through threshold-dependent
effects (confined drives). Many such drive systems with different attributes have been
proposed and computationally modelled®®™? but only a few different designs have

been implemented in proof-of-principle studies®’ 2

. Most research on synthetic gene
drives has focused on overcoming the basic technical challenges of achieving efficient

and robust inheritance bias rates->.

A class of self-limiting drive systems that have received particular attention in scientific
and public discourse are daisy-chain gene drives®”. Daisy-chain gene drives function
by linking multiple independent gene drive elements in an ordered open "chain". For
example, gene drive element A has its inheritance biased by element B, and element B,
in turn, is biased by element C. This results in copies of the gene drive system being

imperfect and progressively failing to amplify the bottom-most element. An effector



modification housed on element A will experience multiple generations of exponential

amplification but then replicate at a much slower rate.

Daisy-chain gene drives are a compelling self-limiting approach because they simply
extend the basic inheritance biasing mechanism used in a self-perpetuating gene drive.
As such, it may be expected that if we can engineer an efficient self-perpetuating gene
drive, we can do the same for a daisy-chain. However, inefficiencies in the inheritance
biasing process also increase in importance, and separate elements create emergent
design constraints. As such, daisy-chain gene drives provide an interesting test case
for probing the interaction of how homing gene drives actually function in practice

and how we should accommodate these limitations in their design.

This thesis will focus on understanding how the fundamental nuclease process of homing
gene drives can lead to unintended outcomes. Through computational modelling,
we will evaluate how unintended outcomes interact with gene drive design. We will
then investigate how to systematically use experimental data to inform computational
modelling and how sex can influence gene drive performance. We end with an analysis
of new experimental data that shows that the fundamental mechanism of homing gene

drive inheritance bias is not fixed.

1.1 Thesis outline

Chapter 2 sets the foundation for this thesis. We introduce the history of research on
synthetic-homing endonuclease gene drives and highlight the challenges facing their de-
velopment. We highlight experimental results consisting of synthetic self-perpetuating
and split-drive designs. We focus on unintended outcomes and how they interact with
certain characteristics of transgene design. We also highlight strategies that have been
implemented to mitigate unintended repair outcomes, including targeting genes with

a high fitness cost.

In chapter 3, we perform computational modelling to analyse the population-scale
effect of the molecular inefficiencies identified in chapter 2. Specifically, we explore
how factors such as cut-rate, DNA repair, and deposition interact with daisy-chain
gene drives. We highlight a phenomenon we term "phantom-cutting", in which a
multi-element gene drive attempts to bias another element that has already segregated
away. We show that inefficiencies such as a reduced cut-rate and the formation of
non-lethal resistance alleles disproportionately affect the standard daisy-chain gene

drive design but less so for a modified design. We perform extensive parameter sweep



simulations, testing the complete range of values that the parameters may take when

experimentally measured.

In chapter 4, we develop a meta-analytic database and analysis pipeline to carry
out a systematic investigation of published gene drive crosses. We also develop a
companion web tool to allow users to find relevant experimental data to parameterise
computational models and inform the molecular design of new gene drives. We perform
a systematic literature search and data extraction on a subset of relevant publications.
We apply this toolset to investigate the effect of sex on two gene drive outcomes, gene

drive inheritance, and somatic phenotype rates.

In chapter 5, we analyse a set of previously published experiments and new experiments
performed by a collaborator based on observations made in chapter 4. We study the
efficiency and mechanisms of three Cas9 regulatory variants with a drive element that
targets the white gene in A. aegypti mosquitoes. We find that each nuclease expression
variant causes increased inheritance of the gene drive element. Using the fact that
the sex-determining locus is linked to white gene allows us to determine that, in our
crosses, the mechanism of inheritance bias is homing. This contrasts with previous

work that found inheritance bias through meiotic drive with the same transgenic lines.

In chapter 6, we critically discuss the impact of this thesis and the developments

within the gene drive field as a whole.



1.2 Glossary

Gene drive: Gene drive refers to both the process by which a genetic element
biases its own inheritance, and the genetic element itself®s. Frequently shortened to
just ’drive’ for either meaning. A gene drive can be composed of multiple distinct

genetic elements.

Homing endonuclease gene (HEG) drive: A form of gene drive that functions
through the cleaving of a specific genomic locus followed by homology-directed repair
(HDR) using the homologous chromosome as the template. Inheritance of the drive
allele is increased when the non-drive allele is converted to a drive allele in the
germline lineage of an individual heterozygous for the drive. HEG-based drives are

also commonly referred to as "homing drives”.

Nuclease: An enzyme that can catalyse the cleavage of nucleic acids. For HEGs,

sequence-specific endonucleases are used.

CRISPR-Cas9: Clustered Regularly Interspaced Short Palindromic Repeats Associ-
ated Protein 9. An endonuclease protein that can be programmed to specifically cut a
DNA sequence through a guide RNA (gRNA). Cleavage requires an additional three
base-pair protospacer adjacent motif ('NGG’) specified by interactions of the Cas9
protein with the target DNA.

gRNA: A ~100 nucleotide RNA that complexes with the Cas9 protein and specifies
a ~20 nucleotide long target sequence to be cut by RNA:DNA base-pairing.

Gene drive allele/element: Genetic components that contain all or a subset of the
genetic parts needed to induce gene drive. Gene drive mechanisms rely on endogenous
pathways (such as DNA repair), but these are not considered part of the gene drive
itself.

Target allele: The target, often wild-type, allele that the HEG can cut and convert.
It can also be a ’synthetic’ target site specifically introduced to contain the HEG’s
recognition sequence. In research contexts, the target is often a (haplosufficient) gene

that, when disrupted, gives a phenotypic readout.

Donor and Recipient chromosome: In a heterozygous individual, the HEG is
designed to copy itself from the ’donor’ chromosome to the 'recipient’ chromosome. In

some studies, the homologous chromosomes can be differentiated by a marker separate



from the drive allele. This allows the original donor alleles to be distinguished from

the newly created drive alleles on the recipient chromosome.

Homing/Drive conversion rate: Conversion of a target allele to a drive allele
through interchromosomal HDR. Commonly measured as the fraction of target alleles
that have been converted to a drive allele in the germline lineage of a drive allele
heterozygote. If either the target or the drive allele have a tightly linked marker, this
can be calculated very precisely. If not, it is estimated from the inheritance of the
drive compensated for the 50% expected inheritance from a heterozygote through

non-drive Mendelian inheritance.

Type-1 resistance mutations: A functional classification of mutations in the HEG
target gene that leave the target gene’s function intact. This is target-dependent, and
the same sequence changes can result in different functional outcomes for different

genes and different sites within the same gene.

Type-2 resistance mutations: Mutations in the HEG target gene that disrupt the

gene’s normal function.

Unconverted target alleles: Target alleles that have not been mutated or con-
verted by the HEG. It is possible that the unconverted target alleles were cut, but
DNA repair did not introduce any mutations. For many crosses, without additional
molecular assays, intact target alleles cannot be phenotypically differentiated from

type-1 resistance mutations.

Deposition: HEG nuclease protein, mRNA, or gRNA that has been expressed in
the parent and carried over to the progeny. Deposition does not require the progeny
to have inherited the gene that expressed those HEG components in their parent(s).

However, the inheritance of a HEG allele can influence the outcome of deposition.

Shadow drive: Biasing of a particular allele that occurs as a result of deposited

HEG components.

Somatic phenotype: HEGs are commonly tested by targeting a gene that gives a
somatic phenotype when disrupted, such as a yellow body or white eyes in insects.
For many experimentally tested HEGs, heterozygous individuals do not present with
a somatic phenotype unless nuclease activity has caused the wild-type target allele
to be replaced by the drive allele or a type-2 resistance mutation in a substantial

proportion of somatic cells.



Knock-out phenotype: Uniform phenotype which is consistent with the target gene

having been disrupted in most or all cells of that tissue (e.g., completely white eyes).

Mosaic phenotype: An intermediate phenotype between wild-type and the knock-
out phenotype consistent with some cells within the organism retaining function of

the target gene and the target gene having been disrupted in other cells.

Somatic nuclease/drive activity: Activity of the HEG nuclease in somatic tissues.

In almost all cases, this is not intended.

Germline restricted nuclease/drive activity: Activity of the HEG nuclease in
cells of the germline. Characterised by changes to the gamete frequencies without

generating a somatic phenotype.

Embryonic nuclease/drive activity: Activity of the drive in the early embryo. Of-
ten characterised by both (error-prone) germline and somatic drive activity. Associated

with individuals who have experienced parental deposition.



Chapter 2

The challenges in developing efficient
and robust synthetic homing
endonuclease gene drives

Sebald A. N. Verkuijl'?, Joshua X. D. Ang??, Luke Alphey??, Michael B. Bonsall',
Michelle A. E. Anderson??3

1: Mathematical Ecology Research Group, Department of Biology, University of Oxford, 11a
Mansfield Road, Oxford, OX13SZ, U.K.

2: Arthropod Genetics, The Pirbright Institute, Ash Road, Pirbright GU24 ONF, U.K.

3: Current Address- The Department of Biology, University of York, York, U.K.

2.1 Abstract

Making discrete and precise genetic changes to wild populations has been proposed
as a means of addressing some of the world’s most pressing ecological and public
health challenges caused by insect pests. Technologies that would allow this, such as
synthetic gene drives, have been under development for many decades. Recently, a
new generation of programmable nucleases has dramatically accelerated technological
development. CRISPR~Cas9 has improved the efficiency of genetic engineering and has
been used as the principal effector nuclease in different gene drive inheritance biasing
mechanisms. Of these nuclease-based gene drives, homing endonuclease gene drives
have been the subject of the bulk of research efforts (particularly in insects), with
many different iterations having been developed upon similar core designs. We chart
the history of homing gene drive development, highlighting the emergence of challenges
such as unintended repair outcomes, 'leaky’ expression, and parental deposition. We
conclude by discussing the progress made in developing strategies to increase the
efficiency of homing endonuclease gene drives and mitigate or prevent unintended
outcomes.
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2.2 Introduction

Gene drive is the ability of a genetic element to bias its own inheritance. This allows
gene drive elements to spread a genetic change through a population even while
having a fitness disadvantage (’selfish-DNA’). Genetic engineering at scale through
engineered /synthetic gene drives may allow many currently intractable public health
challenges caused by pest species to be addressed. In particular, insect pests such
as mosquitoes have life-history traits (e.g., sexual reproduction and short generation
times) that may make them amenable to gene drive interventions. The feasibility
of using gene drives to fix a particular trait (population replacement) or suppress
wild populations are both being investigated for addressing the harm caused by insect
pests, in some cases with the same ultimate goal (e.g., eradication of malaria).

There are many examples of gene drives occurring in nature, acting through many
different mechanisms®. Some types of gene drive rely on the action of sequence-
specific DNA nucleases (enzymes that create DNA breaks). These have recently
received a lot of attention by researchers following the discovery and characterisation
of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) systems®.
The programmable CRISPR nucleases, of which CRISPR-associated protein 9 (Cas9)
is the most widely used, have provided researchers with powerful new tools to both
facilitate genetic engineering and as constituent parts of gene drive mechanisms.
Nonetheless, many important fundamental insights into building synthetic gene drive
systems were gained before the use of CRISPR nucleases.

Double-stranded DNA breaks are a common occurrence in cells, and a range of
mechanisms exist to resolve them. Under specific conditions, cells can use a homologous
DNA template to prevent the loss of genetic information. This can be from an identical
sister chromatid that is present during the S and G2 phases of the cell cycle, or the near-
identical homologous chromosome. Generally, in diploid organisms, each chromosome
in a homologous pair is contributed by a different parent and contains the same content
with minor sequence variation (sex chromosomes often are an exception). Therefore,
interchromosomal repair within a homologous pair will result in loss of heterozygosity,
but under most circumstances, results in the genomic region retaining its function
after repair.

Homing endonuclease gene drives (HEGs) can induce their own switch from a heterozy-
gote to a homozygote state by creating a DNA break in the 'recipient’ homologous
chromosome corresponding to the locus of the HEG genetic material on the ’donor’
homologous chromosome (Figl2.1]A). In effect, the coding sequence for the HEG may
then be identified as missing from the cut chromosome and the HEG and linked
sequences are copied over during repair of the DNA break (Fig). If the trans-
formed cell is part of the organism’s germline lineage, the gene drive element will be
propagated to the next generation with a higher frequency than would be expected
from normal Mendelian inheritance. This copying or ‘homing’ process can repeat itself
in subsequent generations and allows the HEG element to increase in frequency in a
population, along with any associated genetic modifications that affect the desired
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Figure 2.1: Illustration of the Cas9:gRNA homing endonuclease gene drive inheritance biasing
mechanism and potential DNA repair outcomes. A. The drive expresses Cas9 and a gRNA which
together form a complex that finds and cleaves the target allele. B. DNA breaks can be resolved by
a range of different repair outcomes. Conversion occurs when HDR uses the homologous chromosome
carrying the drive allele as a repair template. The star indicates the 'recipient’ chromosome, and allows
the original drive allele to be distinguished from a drive allele produced by homing. Alleles that are cut
and repaired perfectly, as well as uncut alleles, remain unconverted. In addition to conversion, DNA repair
can also result in mutations in the target gene. If the specific mutation(s) do not disrupt the function of
the target gene they are classified as type-1. If the mutations do prevent normal function of the target
gene they are classified as type-2. C. A component essential to the inheritance biasing process such as the
gRNA or Cas9 gene can be located on a separate element producing a ’split-drive’ configuration. The
gRNA target sequence in the endogenous target gene is indicated by a yellow colouring. The target gene
is shaded grey, unless disrupted by the drive or type-2 mutations at which point it is shaded white to
indicate its loss of function. Type-1 mutations lose the gRNA target sequence (indicated by a vertical bar
in the yellow target site) but remain functional.

In general, the HEG drives we describe here are designed and optimised for the homing
inheritance bias mechanism. However, there are a number of ways through which
nuclease-based drives have been described to bias their inheritance with seemingly
subtle changes underlying the difference in mechanism. For almost all HEG studies,
there is limited evidence on the actual underlying mechanism(s) giving rise to any
observed inheritance bias and recent evidence suggests the mechanisms may be more
heterogeneous than previously understood. An important hallmark of the homing
process is the copying of the drive element onto the recipient chromosome. Many other
nuclease drive mechanisms instead operate through decreasing the inheritance of the
non-drive recipient chromosome. We will use the term inheritance bias or estimated
homing when the specific experimental set-up was not strictly able to distinguish
between inheritance bias through copying (homing) or exclusion of the chromosome
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not carrying the drive allele.

Synthetic HEGs have, in almost all cases, been inserted into and targeted the sequence
of an endogenous gene or targeted a separately inserted synthetic target gene (e.g.,
GFP). A principal reason for this is DNA sequence constraints. Many simultaneous
DNA breaks in the genome may result in DNA damage-induced cell stress® and
chromosomal rearrangement®”. As such, synthetic HEGs are designed to only cut their
specific target site and those targets are chosen to be unique within the genome. In
addition, for HDR to occur, the region surrounding the DNA break must be (relatively)
uniquely matched with the homologous chromosome, as homologous loci elsewhere in
the genome may compete as evidenced by homing from non-paired sites®*%?, Lastly,
for the drive to affect a significant proportion of a population, its target must also be
present in most individuals of the target population. These sequence constraints are
generally only found in the (coding sequence) of highly conserved genes.

Beyond the sequence constraint, there are additional benefits that may come from
placing HEGs in an endogenous gene. The ’effector’ function of synthetic HEGs
(e.g., female recessive sterility) may be most readily achieved by disrupting a specific
endogenous gene directly with the drive element™. In research contexts, the target
is often a gene that provides a phenotypic readout when disrupted. In addition,
the chromatin environment associated with an endogenous (expressed) gene may be
more permissive to the expression of the inserted transgenes™ ™ and an endogenous
gene’s promoter may even be directly used to express the drive genes™%. The target
gene’s chromatin context may also influence Cas9 cutting efficiency and DNA repair.
Lastly, targeting highly conserved essential genes is one of the most important tools
for addressing unintended repair outcomes which will be discussed more later.

Generally, the ability of a synthetic HEG to spread will depend on whether its efficiency
at biasing its own inheritance can overcome its associated fitness costs. These costs
depend on a number of factors: the particular application will matter, as population
modification with a 'neutral’ modification such as insecticide susceptibility or pathogen
resistance will likely impose a far lower fitness cost than a modification designed to
suppress the target population (cause a population decline). The actions of the drive
machinery itself will also apply some fitness cost, and characteristics of the target
species and population, such as size, density, gene flow, and density dependence
will all factor into the drive requirements. More complex HEG designs required
for ’self-limiting’ drives® may also place higher requirements on the drive efficiency.
Moreover, the HEG efficiency will also influence the required release frequencies, and
the logistical costs and feasibility associated with the use of that particular system.
As such, understanding and improving gene drive inheritance biasing efficiency and
fidelity may allow for application in currently refractory species, and possibly decrease
the cost of already feasible interventions.

To our knowledge, by the end of 2022 synthetic HEGs have, with varying inheritance
biasing efficiencies (in some cases none), been reported in 9 species: Saccharomyces
cerevisiae, Candida albicans, Arabidopsis thaliana, Drosophila melanogaster, Plutella
xylostella, Anopheles gambiae, Anopheles stephensi, Aedes aegypti, and Mus musculus.
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The research field has learnt much about the factors influencing HEG outcomes and
explored different strategies for optimisation. However, much remains unknown, such
as what specifically constitutes an efficient HEG, and what underlies the different
outcomes observed with different drive designs. We will first present an overview of
the field and the milestones achieved in the development of synthetic HEGs so far.
Then we will discuss in detail specific technical challenges in developing efficient HEGs
and end with potential solutions.

2.3 Milestones in the development of synthetic HEGs

Transferring a natural homing endonuclease gene drive

Natural HEGs were first identified in unicellular eukaryotes, fungi, and plants®* and it
was initially unknown if HEG based inheritance biasing mechanisms would function in
animals. S. cerevisiae has a natural gene drive that relies on the I-Scel meganuclease,
which in its endogenous context cuts the large rRNA sub-unit of the biparentally
inherited mitochondria™. Chan et al. integrated the I-Scel nuclease into a synthetic
docking site in D. melanogaster and separately inserted a fluorescent protein into
the docking site to function as a recipient chromosome®. They for the first time
demonstrated that a synthetic HEG could bias its own inheritance in animals. In that,
and a follow-up study, they performed extensive tests of the I-Scel drive with different
regulatory sequences upstream (promoter and 5’UTR) and downstream (3’'UTR) of
the I-Scel nuclease coding sequence® ™. The best-performing drive used the promoter
of the Red-1r gene and the S-Tub56D 3’UTR aiming for spermatogenesis-specific
expression. This drive converted 23% of the target alleles located on the recipient
chromosome, achieving an overall inheritance of ~62% (~50% from donor chromosome
+ ~12% converted recipients). The majority (63%) of target alleles on the recipient
chromosome appeared to remain unmodified, likely uncut.

While a substantial number of promoter/3’UTR combinations achieved higher cut-rates
than Red-1r/8-Tub56D, they resulted in lower or even no HEG conversion. Instead of
copying the HEG element through HDR, alternative DNA repair pathways created
mutations at the site of DNA cleavage. These results indicated that simply creating a
DNA break was not enough for efficient homing, the timing of nuclease expression
was seemingly essential for efficient conversion. In addition to potentially competing
with the homing process, these mutations create cut-resistant alleles that are inherited
by the next generation. Mathematical modelling and cage trials have indicated that
these cut-resistant alleles can prevent a drive from reaching fixation, or even spreading
effectively in real-world applications™ 4,

Work by Windbichler et al. demonstrated that the I-Scel HEG could also function in
the disease-relevant A. gambiae mosquito®™. Expressed from a male-specific promoter,
the HEG reached inheritance rates of 86%. Moreover, they showed using small-scale
cage experiments the first evidence that a synthetic HEG could spread within a recep-
tive population. Despite similar, and many additional promoter/3’UTR combinations
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having been tested in D. melanogaster, the inheritance bias achieved with the A.
gambiae drive was higher. This was the first suggestion that some organisms are more
receptive to HEG based inheritance biasing than others. Yet, even in A. gambiae
the inheritance bias was likely too low for most applications. Moreover, these HEGs
would not function outside of a specifically modified lab strain: both D. melanogaster
and A. gambiae do not naturally contain the I-Scel target sequence and in each case,
a synthetic target allele had to be created for the drives to function.

The cost of retargeting

To address the targeting limitations, Chan et al. used site-directed mutagenesis of
the I-Onul meganuclease to change its recognition sequence to allow it to target a
closely related sequence naturally found in Anopheles mosquitoes®®. They placed this
Anopheles target in a GFP reporter and tested the inheritance bias in D. melanogaster
males using the Red-1r promoter and S-Tub56D 3’UTR. While two I-Onul variants
biased their inheritance to the same degree as the I-Scel drive®®, they only did this
with far higher overall cut-rates (therefore generating more mutations). Moreover,
there were indications that a mutation introduced into the I-Onul catalytic site to
achieve these higher cut-rates was causing reduced fertility, possibly due to sequence
promiscuity. Furthermore, the Anopheles gene that the modified I-Onul could target
happened to relatively closely match the natural I-Onul targeting sequence. Clearly,
the creation of synthetic HEGs would greatly benefit from more programmable, yet
specific, nucleases.

The first and second generations of programmable nucleases came in the form of zinc-
finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS).
The only reported use of ZFNs and TALENs in a HEG system was by Simoni et
al.®” with the Red-1r promoter and 3-Tub56D 3'UTR in D. melanogaster. In males,
ZFN and TALEN-based HEGs achieved homing rates of 34% and 49%, respectively.
These homing rates were higher than with I-Scel, but with equivalent or worse cut-to-
homing ratios. While the TALEN HEGs had overall higher homing rates and better
cut-to-homing efficiency than the ZEFN HEGs, only the ZFN HEGs were able to spread
significantly within small cage trials. It became apparent that the programmability of
these nucleases came at a cost: repetitive genetic sequences. ZFNs and particularly
TALENSs are composed of large repeating DNA binding 'units’ in which only a few
amino acids are changed to specify the target sequence. This resulted in repetitive
drive constructs, which in turn were found to make the drive unstable, losing function
at a high rate due to internal recombination and/or partial homing. Only 40% of the
TALEN and 75% of the ZFN inheriting progeny resulting from (partial) homing in
the first generation could themselves home in the next generation.

Together, the above work demonstrated that the HEG mechanism could indeed work in
animals and spread in small cage populations. However, the difficulty in programming
meganucleases, and the shortcomings of ZFNs and TALENs meant that with the
available tools it would be a momentous task to create an effective HEG drive system
that would spread in non-ideal conditions. That is, until the discovery of the CRISPR
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nucleases.

Programmable RNA guided gene drives

Starting in 2012, a new generation of molecular tools greatly accelerated our ability
to perform gene editing. Central to this revolution has been the discovery of new
easily programmable nucleases, the best-known version being Cas9 from the type-II
CRISPR system of Streptococcus pyogenes®. Cas9 can, with few limitations, be
targeted to almost any DNA sequence by straightforward RNA to DNA base pairing
through a short ‘guide” RNA (gRNA). If a sufficient match is found (not necessarily
perfect), Cas9 will then create a double-stranded break. In a very short time-frame,
CRISPR-based synthetic HEGs were reported in S. cerevisiae®, D. melanogaster®,
A. stephensi®®, and A. gambiae?’.

The first CRISPR HEG reported in yeast demonstrated near perfect (>99%) in-
heritance over multiple generations, and in multiple strains®. Moreover, this work
demonstrated the feasibility of using HEGs with more advanced modifications which
had been previously proposed™®?. This included carrying a cut-resistant, but func-
tional version of the target gene on the HEG allele, reversing the changes of one
drive with another, and split-drives. In a split-drive, one component essential to the
drive mechanism is housed on a separate locus, generally by separating Cas9 from its
gRNA (FigP2.1/C). This allows the HEG that carries the gRNA to be safely tested,
as it will only behave like a HEG in a lab strain that already expresses Cas9 and
will not spread in wild populations. The synthetic target sites needed for earlier
nucleases provided similar protection against unintended spread beyond the laboratory.
The publication of CRISPR HEGs in yeast demonstrated that CRISPR gene drives
are capable of extremely high conversion efficiencies and gave an initial indication
that the CRISPR drives do not suffer from the same genetic instability issues seen
with previous programmable nucleases. While these results were encouraging, the
natural I-Scel HEG also worked extremely well in yeast but failed to reach similar
efficiencies in animals. Fortunately, the first CRISPR HEGs in D. melanogaster®®,
A. stephensi® and A. gambiae*’, each using a vasa regulatory element, reported
inheritance rates over 90%, a massive improvement over the non-CRISPR HEGs.
However, each publication also laid bare challenges that could prevent the effective

spread of CRISPR HEGs.

Gantz et al. reported the first CRISPR HEG in D. melanogaster®™. The HEG was
inserted in and disrupted the X-linked yellow gene, limiting drive to XX females only.
Gantz observed loss of function of the yellow gene target in almost all progeny (97%)
of gene drive heterozygous mothers. This also occurred in female progeny suggesting
that the maternally inherited drive converted the paternally contributed functional
yellow allele in the early embryo. However, later publications found substantially lower
inheritance rates (76-85%) with a near-identical constructs but including a fluorescent
marker® L Tt is probable that part of the seemingly super-Mendelian inheritance of
the HEG observed in the earlier study™ was due to the maternal ’deposition’ of the
Cas9:gRNA complex without inheritance of the drive expressing allele itself*Y. The
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deposited nuclease and gRNA could cause the disruption of the yellow target gene in
the absence of inheritance of the HEG itself. This could be problematic, as even with
high rates of HDR the (repeated) cutting in individuals that did not inherit the drive
allele will lead to mutations in the target gene. Moreover, the first HEG reported in A.
stephenst showed that even when the drive is inherited to serve as an HDR template,
deposition can have a negative effect.

Gantz and Jasinskiene et al. reported the development of a synthetic CRISPR HEG
in A. stephensi®®. Drive inheritance was scored separately in the progeny of males and
females that inherited the drive allele from their father, and in the progeny of males
and females that inherited the drive allele from their mother. Heterozygous parents
of either sex passed along the drive element to 98-99% of their own progeny when
that parent inherited the drive allele via the paternal line (drive-carrying grandfather).
However, strikingly, the maternal contribution of the drive allele (and accompanying
maternal deposition) caused germline conversion rates to sharply drop, with only
56% of progeny from males and 62% of progeny from females having inherited the
drive element. Moreover, unlike autonomous expression from the drive allele, the
maternally deposited nuclease also affected somatic tissues. Maternal deposition
was seemingly resulting in nuclease activity early in the embryo when HDR was
not favoured, converting the target alleles to resistant alleles that could no longer
be converted when expression occurs in the germline and HDR is favoured. Even if
deposition-based conversion had been efficient, somatic drive activity has the possibility
to cause its own issues. This was most strikingly highlighted by the first A. gambiae
CRISPR HEG targeting candidate population suppression genes.

Hammond et al. identified three genes that, when disrupted, confer a recessive female
sterility phenotype in A. gambiae™*’. They created Cas9 HEGs in each gene and
demonstrated extremely high inheritance rates in both females and males (99%).
However, the HEG heterozygous females unexpectedly produced only 0-9% of the
number of larvae wild-type females did - a sterility effect that was intended to be
limited to the drive homozygotes. They showed that vasa2-Cas9 expression was not
fully germline restricted, and the nuclease was being expressed in somatic tissues.
This lead to nuclease activity in some somatic cells, causing the remaining functional
copy of the target gene to be lost, and the recessive phenotype to present in (initially)
heterozygote individuals. Additionally, they identified mutations in the female fertility
genes that, while preventing Cas9 cleavage, did not disrupt the normal function of
the genes. They proposed that depending on the reproductive load of the drive, these
functional resistant mutations could prevent the collapse of the target population and
demonstrated this in a follow-up publication®?.

Together, this initial set of studies demonstrated that maximising inheritance bias,
while minimising unintended fitness costs and the creation of inheritable resistance
mutations, remains a challenge with Cas9 based HEGs. Moreover, subsequent studies
with HEGs in M. musculus™3%% A qeqypti®20 - P gylostella®, and Arabidopsis
thaliana® have generally proved less efficient than in Drosophila and the Anopheles
mosquitoes. Unintended DNA repair outcomes, inopportune drive expression, and
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deposition have emerged as the most important impediments to developing efficient
HEGs.

2.4 The main technical challenges facing synthetic
HEGs

Unintended DNA repair outcomes

In most cases, the highest possible inheritance biasing rate is desired when developing
a HEG. However, target alleles that remain uncut may be converted in the following
generations, whereas cut-resistant mutations cannot. As such, the ratio between drive
conversion events and unintended outcomes can often be more important than the
inheritance biasing rate alone. HEGs may be more susceptible to resistance than other
gene drives because DNA damage and repair are directly involved in their inheritance
biasing mechanisms. This means a HEG can directly create resistance to itself that
was not already present in the target population. This 'induced’ resistance is in the
form of sequence changes to the target allele by unintended DNA repair pathways,
often collectively described as non-homologous end joining repair (NHEJ), that prevent
further cutting by the nuclease. Problematically, this resistance, if arising anywhere
in the germline lineage, can, in addition to lowering the inheritance biasing efficiency
of the drive, also be inherited and contribute a new resistant allele to the population’s
gene pool.

The consequence of the mutation depends both on the target gene and the nature
of the DNA lesion. With ’type-1’ resistance mutations preventing cutting by the
nuclease, but otherwise leaving the function of the target gene intact, and type-2’
mutations preventing cutting by the nuclease as well as preventing regular function of
the gene™. Generally, type-1 resistance mutations are substitutions or small in-frame
(n-3bp) insertions or deletions in the exons of protein-coding genes. Type-2 resistance
mutations are more likely with mutations causing a frame-shift in the exons of protein-
coding genes and large insertions and deletions. The importance of the amount and
type of resistance mutations produced depends much on the particular application of
the HEG. For a drive targeting a neutral locus, the distinction between type-1 and
type-2 resistance will have no practical significance. In contrast, for a population
suppression drive that aims to disrupt a particular (essential) gene, the ratio of type-1
and type-2 resistance alleles produced can be far more important than the overall
amount of resistance alleles. Type-2 resistance alleles may slow the spread of the
HEG, but they ultimately still contribute to the HEG effector function (disruption
of the target gene). In contrast, even extremely rare type-1 alleles may allow for a
population to quickly rebound or even be largely unaffected by a suppression HEG®2,

In addition to non-HDR outcomes, incomplete or internal HDR may also be a significant
source of mutations. Alleles carrying parts, but not the whole drive element, have
been reported in a number of publications studying CRISPR-Cas9 HEGg#r48:8 158250199
In some cases, this can be explained due to internal recombination similar to what
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occurred with the repetitive ZFN and TALEN HEGs discussed earlier®”. Oberhofer et
al. tested a HEG with four gRNAs and found that the repetitive sequences introduced
with multiple gRNAs likely caused the drive construct to internally recombine®
(Fig). It is not clear if internal recombination is fully independent of the homing
mechanism or if a significant fraction of the incomplete drive alleles are created
through partial HDR from an otherwise intact donor allele. In some cases, the
recovered incomplete drive alleles more strongly suggest they emerged due to partial

copying.

In contrast to I-Scel, ZFN or TALENs, Cas9 identifies its target through Watson-
Crick base pairing of ~20 nucleotides of the gRNA with the genomic DNA. Some
publications have specifically identified partial drive alleles that are consistent with the
gRNA gene target sequence having been used as one of the homology ’arms’ during
the homing process®*Y. This results in only part of the drive allele being identified as
‘missing’ from the recipient chromosome, generating a partial copy (Fig). However,
different repair processes may give the same ultimate product (Fig). Internal
recombination and partial homing may be more common than is currently recognised.
In almost all cases, inheritance rates are determined by scoring the presence of a
dominant fluorescent gene linked to the HEG which may also be a partial drive allele“®.
While in most cases incomplete HDR should result in a type-2 resistance mutation,
these partial homing events may pose a problem for drives with distinct cargo genes
or sequence changes. Of particular importance, HEGs have been developed that carry
sequences that rescue the function of the gene that they disrupt and partial homing
of only these rescue sequences may create type-1 resistance alleles.

There may be a set of DNA repair outcomes, such as mitotic recombination and meiotic
drive, that are underappreciated because they do not leave a distinct mutational
signature. With mitotic recombination, DNA repair causes a dividing cell to produce
daughter cells, where one daughter cell has two copies of a paternal chromosome
region, and the other has two copies of the maternal chromosome region (Fig[2.2D).
The production of individual cells homozygous for a particular parental gene resembles
the outcome of homing, however, mitotic recombination does not directly bias the
inheritance of any allele as reciprocal cells homozygous for the other allele are also
created. However, in one study, D. melanogaster females carrying a single copy of the
dominant female sterility inducing ovo”! transgene could nonetheless produce viable
offspring due to mitotic recombination induced by nos-Cas9*". Mitotic recombination
can seemingly be a substantial outcome of DNA damage, and may be relevant in a
HEG with a dominant acting effector such as sex-conversion. Mitotic recombination
is most commonly studied by targeting both homologous chromosomes 0 however
it has been demonstrated to occur when only one homolog can be cut*’4,

Finally, if DNA repair fails altogether, the cut recipient chromosome may instead
be lost (Fig). Loss of haploid cells or fertilised embryos carrying the recipient
chromosome will in effect increase the relative inheritance of the donor chromosome,
providing a potential separate mechanism of inheritance bias for HEG drives. If the
recipient chromosome is marked, inheritance bias through homing or through the
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Figure 2.2: Illustration of DNA repair outcomes that may be associated with a HEG A.
Repetitive sequences within the HEG may lead to internal recombination. The gRNA promoter and the
constant gRNA "backbone’ sequence in multiplexing drives may be particularly susceptible to internal
recombination. B. Partial homing by means of the gRNA target sequence located on the drive allele. The
gRNA gene contains sequence homology to its target. This may allow for partial homing. C. Recombination
of the gRNA target sequence with a partial target sequence adjacent to the drive element. If the resulting
allele homes it may resemble the product of partial homing even if a chromosome marker is present. D.
Cas9-induced DNA breaks have been reported to lead to mitotic recombination. This can produce two
daughter cells that have loss of heterozygosity. Daughter cells generated by mitotic recombination can
under some circumstances resemble products of homing. E. In some cases, a DNA break can lead to the
loss of the target/recipient chromosome. This can result in inheritance bias through meiotic drive.

loss of the recipient chromosome can be distinguished. An under-representation of
the recipient chromosome marker has been reported in multiple publications with an
element otherwise expected to function through homing®%"% <ith in some cases
meiotic drive seemingly exclusively mediating the observed inheritance bias®. In
one study, under-representation of a restriction enzyme site nearby the I-Scel cut site
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on the recipient chromosome was suggested to be due to DNA repair after homing
also replacing the nearby marker (termed ’co-conversion’ or 'copy-grafting’)®. All the
pre-CRISPR HEG studies we discussed performed crosses with marked chromosomes.
However, for CRISPR HEGs only a small minority of studies have used a marked
recipient chromosome, making it difficult to judge the extent of this phenomenon.

Maximising the efficiency of HDR after a Cas9-induced DNA break is a major topic of
research because of its broad applicability to biological and medical sciences'™. Most
research into site-specific HDR has been with an exogenously supplied repair template,
and less is known if or what the specific dependencies are for efficient interchromosomal
HDR. In addition, many of the interventions that may be used to boost HDR may not
be suitable for a gene drive context. Below we will discuss some specific alterations
to HEG design that have been investigated in an attempt to steer the number of
resistance alleles, the ratio between type-1 and type-2 alleles, and mitigate their effect
once they do emerge. The most important of these has been to limit HEG expression
to when HDR is more likely, which has a number of additional benefits. However,
actually limiting drive activity to this 'ideal’ window has been challenging.

Spatial and temporal restricted drive expression

For a drive to function as a mechanism for super Mendelian inheritance, homing
need only occur in the relatively small number of cells that make up the germline
lineage (Fig). Editing in any other cell lineage forming somatic tissues does not
contribute to the drive inheritance biasing rate and in most cases not its effector
function. Indeed, 'somatic’ cutting can be a significant source of additional fitness costs.
In the most direct sense, many proposed population suppression drives will perform
best when homing is tissue-restricted. These drives rely on heterozygote individuals
being unaffected by a particular modification (e.g., disruption of a haplosufficent
essential gene), yet passing the drive along at increased rates. This is achieved by
restricting homing (and therefore induced homozygosity) to the germline. The effector
modification remains heterozygous in tissues where it is required for normal function.
An example of this is the doublesex targeting A. gambiae drive®. More generally, for
any drive, the unnecessary activity of the drive in somatic cell lineages may contribute
to an additional fitness cost of the drive such as from off-target effects'®®. This is
compounded by the fact that the ability to perform HDR varies strongly by cell type
and on-target resistance mutations that carry a significant fitness cost may be more
likely to emerge in cells of somatic lineages.
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Figure 2.3: Illustration of the interaction of spatial and temporal restricted drive expression.
A. Drive activity in the early embryo can simultaneously affect cells of the somatic and germline lineages.
Drive activity later in development can independently affect the germline and somatic cells. The funnel
represents the cells that compose an individual as it develops from a zygote to an adult (left-to-right).
Early in development, cells are simultaneously part of both the germline and somatic cell lineages. Only
later in development do the germline and somatic cell lineages diverge. The pattern of somatic mosaicism
in adult tissue can under certain circumstances be indicative of the timing of cutting, here indicated by
different patterns of loss of pigment in the eye. In these cases, the later in development the somatic gene
is disrupted, the more fine-grained the mosaic pattern. B. Cas9 is commonly engineered to mimic the
expression of endogenous germline-restricted genes. This is commonly approached by use of the promoter,
5’and 3’ UTR of a germline-restricted gene. The 5’ and 3’'UTR can be identified from mRNA transcripts.
Generally, a few Kb of sequence upstream of the 5’UTR are taken to capture the putative promoter.
We have indicated additional speculative cis-regulatory interactions important for germline-restricted
expression that are not captured by this approach. C. The Cas9 gene with the germline regulatory
elements is inserted into the target gene’s locus. Cas9’s expression may be affected by cis-regulatory
interactions with the target gene and with other drive components. We speculate that this may result in
the Cas9 gene taking on an intermediate expression pattern resulting from the combination of different
cis-regulatory interactions. D. The target gene commonly has a somatic expression pattern that may not
be conducive to homing. For B. C. and D., the proposed expression pattern of the respective allele is
indicated by a black overlay on the funnels.

A prominent hypothesis is that interchromosomal HDR after a DNA break is most
likely if the DNA break coincides with meiosis [4#0UREREIMIHEITEIICLIN - Dyring
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this time chromosomal homologs exchange information through crossing-over events.
The alignment of the homologs in the cell and activation of particular DNA repair
machinery™ ™3 may make this timing more suited for interchromosomal copying of
the HEG. As such, almost all synthetic HEGs have been designed to be active in the
germline by flanking the nuclease transgene with the putative promoter, 5’UTR, and
3’UTR sequences of an endogenous germline-specific gene (Fig). The most widely
tested have been sequences from the nanos and vasa genes.

There are a number of examples where the locus from which the HEG components
are expressed seems to affect otherwise identical drive elements #3904 LS compared
t0%0 One potential major challenge of achieving restricted expression is that a
HEG inserted into an endogenous gene may be influenced by that gene’s cis-regulatory
elements and broader chromatin context (Figl2.3C and [2.3D), which under normal
circumstances facilitate the specific expression pattern of the target gene. Ironically,
for drives inserted into essential genes these regulatory elements may prime the HEG
to express in the cells that drive activity would be most undesirable. This in effect, can
make that locus one of the worst possible places for the HEG to be inserted to prevent
'leaky’ expression coinciding and interfering with the target gene’s activity. Split-drives,
where the Cas9 is expressed at an unrelated locus, can avoid this regulatory element
mismatch, but this may also cause them to be behave differently if reconstituted
to a single element drive®. The challenge of avoiding leaky expression is further
compounded by some enhancers and other regulatory elements being located in the
coding region of genes™?. The presence of such elements in the target gene, and the
absence of those elements from the germline genes, could alter the expression of Cas9
away from the germline-restricted expression pattern the HEG is trying to recapitulate.
Finally, the regulatory components of other drive components (e.g., fluorescent marker
or cargo genes) may also interfere with the intended expression pattern of the nuclease
and gRNA genes.

Somatic cutting, in the absence of maternal deposition, has been reported for many
Cas9 expression regulatory elements®*#¢1958 = Ag described above, this is generally
detrimental, however, there are a limited set of cases where somatic conversion can be
an intended part of the drive effector mechanism. (Carrami et al. aimed to develop a
sex-conversion drive disrupting the autosomal transformer (tra) gene”. By deliberately
selecting promoters that would be active in somatic tissues, homozygous disruption
of tra by the drive and somatic mutations would, in the medfly, convert XX females
into fertile males*?. They performed their experiments in D melanogaster in which
tra disruption leads XX individuals to develop into infertile pseudo males. However,
in practice, the XX individuals displayed an intermediate intersex phenotype (and
were infertile). Males were unaffected by the somatic disruption of ¢ra and displayed
modest estimated homing rates (=56%) in their germline. This work highlights that
even in cases where somatic activity is desired, achieving a uniform disruption of
the target gene in all cells can be a challenge. The outcome of such intermediate
conversion, with some cells converted and others not, is called mosaicism and in many
reports, this is how somatic HEG activity presents.
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While theoretically somatic and germline activity can be fully distinct processes, in
some cases, the drive activity that gave rise to the somatic conversion did not necessarily
(only) happen in the wrong cell lineages, but also at the wrong developmental time
(Fig). Drive activity in the early embryo can convert cells that go on to give rise
to both the germline and somatic tissue, producing the associated somatic phenotype
later in development. In these cases, preventing leaky expression early in development
may simultaneously lower the production of resistance alleles (if HDR is indeed not
favoured) and decrease disruption of the target gene in somatic tissues.

Another potential source of resistance mutations occurs at the other end of differentia-
tion, post-meiosis. Any recipient chromosomes that escaped cutting in the germline
will be separated from the donor chromosome once meiosis has occurred. If transcribed
or translated drive components persist, cutting may occur after this point, resulting in
repair by interchromosomal HDR being impossible. DNA damage near or post-meiosis
may therefore be a source for resistance alleles®®H2,

It is currently not clear if significant cutting occurs after meiosis. However, that
expressed /translated HEG components persist into haploid cells that do not contain
the HEG genes has been established for many drives. This is because the HEG
components can go on to affect the fertilised zygote. This is the phenomenon of
deposition we introduced earlier, and it has similar consequences to that of early
embryonic leaky expression. However, there are important differences between the
two processes.

Parental effects (Deposition)

Many publications studying HEGs have noted that genetically identical individuals
will show different somatic phenotypes and inheritance biasing efficiencies depending
on which parent contributed the Cas9 and gRNA genes#88EOUORI0HIS - Thege types
of parental effects have even been observed in individuals that did not inherit any
genetic components of the drive, indicating the deposition of already expressed drive
components. In almost all cases, an exclusive maternal effect is observed, where a
female carrying the HEG transgene(s) is thought to contribute the gRNA and/or
nuclease protein/mRNA to her haploid eggs. While these parental effects are commonly
referred to as deposition, it is important to note that for some HEGs an alternative or
additional mechanism such as imprinting has not necessarily been excluded.

A key difference between ’leaky’ embryonic expression and embryonic cutting by
deposition is that in the case of deposition, cutting can occur in the absence of
inheritance of the drive. As such, even if interchromosomal HDR were favoured,
deposition may result in the target allele being cut when not paired with a HEG allele.
In addition, the activity of the deposited drive components may be expected to be
early in development, affecting both the somatic and germline cell lineages. Cas9
protein half-life in cells and embryos has been estimated to be (substantially) less than
24 hours™%12U Tn Drosophila, the first meiotic divisions occur in third instar larvae
(>2-days) in males, and early pupal stages (>3-days) in females'®4. This suggests
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that if Cas9 protein stability is limited to hours, it would not persist long enough
to overlap with meiosis I in many species. Moreover, even if Cas9 protein persists
to when meiotic divisions occur, most target alleles may already have been cleaved
earlier in development. The activity window of deposited Cas9 mRNA is harder to
predict. The mRNA’s translation in the embryo would likely delay and extend Cas9’s
window of activity, while 5> and 3’UTR sequences in the Cas9 mRNA copied from a
germline gene may specifically limit the timing and location of translation. Moreover,
it is possible that if mRNA deposition were to occur, the translated Cas9 would only
become active in progeny that inherited the gRNA-expressing gene, as the gRNA is
highly unstable when not in complex with Cas9 protein’23129,

In general, deposition can be a substantial issue for effective homing, but it should
be noted that the fitness costs associated with deposition-induced drive activity may
be less detrimental than that of equivalent leaky expression drive activity®#®. This
is because deposition affects the progeny independently of if they have inherited the
drive or not. In contrast, the fitness cost of leaky expression is limited to those
individuals carrying the drive element. However, the possibility of creating inheritable
(type-1) resistance mutations in non-drive inheriting progeny may still make deposition
substantially more problematic.

Isolating and quantifying the resistance allele contribution of deposition can be
difficult. Maternal deposition is most readily identified by disruption of the paternally
contributed allele in the absence of inheritance of the drive allele. However, the
maternally contributed allele may have been disrupted at the same time, or instead
at any point in the mother’s development. As such, it is not possible to directly
distinguish between germline resistance mutations and those that arise in the early
embryo due to deposition; but there are two key pieces of evidence that may suggest
a particular timing.

Firstly, particular DNA lesions have been found repeatedly in multiple offspring from
the same parent®HUH%EUA - This can suggest that the specific mutation arose in the
HEG drive parent’s germline, was replicated by cell divisions, and was passed along to
multiple offspring. Interestingly, the fraction of offspring inheriting the same mutation
may provide evidence for when it occurred in the parent’s germline™*. However, it
should be noted that while NHEJ mutations are variable, their scope can be heavily
influenced by the sequence context of the DNA break increasing the likelihood of
identical mutations arising independently?*®<8 Nonetheless, statistical analyses can
detect if particular mutations co-occurred more in progeny of the same parent than
between individuals with different parents®t.

The second observation is mosaicism. If there is a mix of mutant alleles found within an
individual progeny, this indicates they arose after the first genome replication and did
not arise in the parent’s germline. However, this analysis only works if the experiment
is performed in such a way that the paternally contributed allele is cut-resistant and
cannot in itself generate a mosaic outcome. As a caveat to this, |Chan et al| has
suggested that a mosaic phenotype observed in progeny that did not inherit their
I-Scel HEG allele was due to the inheritance and replication of an unrepaired DNA
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break instead of parental deposition®. However, this was not further investigated.

Champer et al.| reported that for a single drive element (comprising both nanos-Cas9
and a gRNA), the degree of embryonic cutting they saw in progeny subjected to
maternal deposition and inheriting the drive was similar in the cases where the mother
was heterozygous or homozygous for the drive®™. They offered that this "implies
that most maternal Cas9 persisting to the [progeny’s| embryo stage was expressed
after drive conversion events" in the mother. This was further supported by evidence
that the rate of embryonic cleavage from deposition was lower when drive conversion
was less likely, such as when mothers carried mostly resistance alleles instead of an
additional wild-type target allele. Interestingly, in the progeny from these crosses the
fraction of progeny with a somatic phenotype was similar regardless of whether a drive
allele was inherited or not. This implied that most Cas9 persisted through to the
embryo after maternal expression in diploid cells, rather than being expressed after
meiosis and correlating with drive inheritance. These experiments provide some insight
into the complex ways in which deposition can manifest for a particular expression
pattern. However, it should be noted that deposition, or its interpretation, can be
context-dependent, as is well illustrated by the zpg-Cas9 A. gambiae drive. Crosses
with maternal®¥, paternal®', or no deposition®®’ have all been described for this same
drive. Moreover, in Drosophila it has been reported that the embryo resistance rates
can be strongly affected by the background genetics of crossed individualst?,

As introduced earlier, early embryonic nuclease activity associated with maternal
deposition can cause a drive to affect somatic tissues (with the accompanying issues
described above). While DNA repair associated with deposition-based cutting seems
to be more error-prone, interchromosomal HDR does occur. The use of split-drives
has allowed deposition to be investigated in more detail. Many HEGs have been
tested in the form of a split-drive, where the Cas9 is located at an unlinked locus.
Generally, this results in 50% of progeny inheriting the Cas9 gene independent of
inheritance of the main drive allele carrying the gRNA(s). A number of publications
have noted that individuals that only inherit the gRNA element can nonetheless
pass it along at increased rates and this has been termed ’shadow drive’ (homing
through deposited factors)S0I0 SIS (FigP ). The activity window of deposited
nuclease may be expected to be early in development with limited persistence. As
such, examples of efficient shadow drive may provide a counterpoint to the hypothesis
that homing is limited to meiotic cells that emerge later in development. Important
in this interpretation is that deposition patterns can seemingly differ for the nuclease,
gRNA, and Cas9:gRNA complex.

Kandul et al. created a split-drive in D. melanogaster targeting the white gene, and
carrying a gRNA targeting the yellow gene in trans®®¥. They tested four regulatory
elements expressing Cas9 from a separate locus, and mediated significant inheritance
bias with an average estimated homing rate of 73%. Interestingly, when the nuclease
was carried by the grandmother, the estimated homing rate in the parent’s germline
was roughly the same (69%), even when the Cas9 gene had not been inherited. Shadow
drive through maternal deposition with the four Cas9 regulatory elements they tested
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Figure 2.4: Illustration of maternal deposition and shadow drive in the context of a split-drive.
A. A female carrying a Cas9 split-drive element and depositing Cas9 protein into her eggs. B. A male
that carries the gRNA drive element and does not deposit the expressed gRNA. C. Progeny of either sex
that inherited the two transgenes from each parent separately. Expression of the Cas9 and gRNA genes
can allow for inheritance bias. D. Progeny of either sex that inherited the gRNA gene from their father
but not the Cas9 gene carried by their mother. Maternal deposition can nonetheless provide a source
of Cas9 that can complex with the expressed gRNA and mediate inheritance bias of the gRNA drive
element. This is termed shadow drive. The recipient chromosome marker (star symbol) is used to indicate
the target alleles that have been replaced by the drive element. Inheritance biasing mechanism of drive
expression and/or deposition could operate through a non-copying mechanism. The arrows indicate a
relative increase (upward arrow) or decrease (downward arrow) of the particular allele. While mosquitoes
are illustrated315132 these results have primarily been documented in Drosophila.

was seemingly just as efficient at biasing the inheritance of the gRNA HEG element as
germline expression of the nuclease was. However, in these first crosses the gRNA gene
was contributed by the grandfather, providing no opportunity for the Cas9:gRNA to
complex before being deposited. In a subsequent cross with the grandmother carrying
both the Cas9 and gRNA genes, the estimated homing rate dropped sharply to 9.2%
in trans-heterozygotes (gRNA + Cas9) and to 6% in heterozygotes (gRNA only).
When both Cas9 and gRNA were maternally deposited, cleavage could occur in the
early embryo, forming resistance alleles, which then prevented drive conversion at a
more opportune stage. This did not occur with maternal deposition of only Cas9 (not
gRNA) into an individual that can nonetheless express the gRNA. gRNA expression,
thought to be constitutive, and subsequent complex formation with the deposited
Cas9 protein seemingly limited cutting to a more opportune stage for inheritance
bias even in the absence of Cas9 expression. A similar result was reported by Lopez
Del Amo et al.| with Cas9 and gRNA carrying mothers having a detrimental effect on
inheritance bias by their progeny while contribution of the gRNA from the father and
Cas9 from the mother did not™#.
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2.5 What strategies do we have to combat these
challenges?

Achieving restricted nuclease expression

Restricting nuclease activity to cells and developmental stages where HDR is expected
to be favoured and somatic tissues are unaffected is an optimisation strategy commonly
pursued within the field. This is especially important in population suppression drive
systems which rely heavily on the fitness of drive-carrying heterozygous (female)
individuals®#120:345130 To achieve this restricted activity, the field has largely relied
on identifying and testing multiple genes which are predicted to have the desired
expression/activity profile. The putative regulatory sequences of these genes are
then isolated and used to express Cas9. This strategy has shown success such
as the improvements achieved by zpg expressed Cas9 in A. gambiae compared to
Cas9 expressed with vasa2, nanos, or ezu"®®. This change of expression resulted in
the reduction of both somatic drive activity and deposition of the nuclease while
maintaining the inheritance biasing efficiency. While this trial-and-error approach
has yielded improved HEGs in multiple species, insights into what underlies any
improvement in performance are very limited as many changes are made simultaneously
that cannot be deconvoluted.

The future design of HEGs may be aided by studying the effect of ’stacking’ multiple
limited regulatory mechanisms. In addition to the use of promoter/5’'UTR and
3'UTR sequences, other endogenous regulation mechanisms can be included, such
as tissue-specific splicing™#“4#¥ modulation of protein degradation’*”, sub-cellular
localisation™!, and inclusion of miRNA binding sites'#4. Ideally, each regulatory
system should make as limited and well-defined a change as possible. Decoupling
of expression timing from expression levels may be a useful first candidate as the
stacking of regulatory mechanisms may be expected to cause a cumulative decrease in
activity levels due to imperfect removal of inhibition. Grunwald et al. demonstrated
this principle with a HEG by using a strong and constitutive promoter to express
Cas9 that could only be translated once a stop codon had been excised by separate
and germline-restricted expression of a recombinase®. An important downside of
Grunwald’s approach was that once activated, the Cas9 could no longer be shut-off. A
similar approach, but using a transcription factor intermediate such as the GAL4-UAS
system would allow for reversible activation**. Such a system may particularly benefit
‘integral’ gene drives.

Integral gene drives make direct use of an endogenous gene for their expression™.

Hoermann et al.| demonstrated, in three different genomic loci of A. gambiae, that
an artificial intron can be used to express both an effector protein and the host gene
product?®, A gRNA targeting the unmodified locus was also included, which allowed
for efficient inheritance bias of the whole element with a separately expressed Cas9.
Inclusion of the large Cas9 gene (>4Kb) in an integral gene drive context has been
recently demonstrated in mice, where Cas9 was integrated at the very end of the
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coding region of the Spo11 gene™. This design resulted in Cas9 being co-translated
with the endogenous gene, with the aim of restricting Cas9’s activity to match that of
Spol1 which is involved in meiotic recombination. Using this approach, Weitzel et
al. demonstrated for the first time homing in male mice despite earlier efforts with
other regulatory systems™J However, the majority of target alleles remained uncut,
indicating that improvements in regulating the timing of Cas9 activity came at the
cost of its activity level. An intermediate amplifier of expression may address these
expression issues and, if smaller than Cas9, interfere less with the endogenous gene’s
function (the endogenous Spo11 gene was impaired by the Cas9 insertion).

Finally, there may be specific interventions that can address the effect of Cas9
deposition. In a study in A. gambiae, the I- Ppol homing endonuclease was expressed
by the testis-specific promoter S-tubulin to establish a synthetic sex ratio distortion
system by shredding the X chromosome in the paternal germline’®®. However, no
viable embryos were produced because paternally deposited I- Ppol also shredded the
maternally contributed X chromosome in the zygote. A subsequent study was carried
out to reduce the half-life of the endonuclease by systematically introducing point
mutations into the protein®®. Strains with high levels (95-97.4%) of male-biased sex
distortion and fertility rates similar to controls were eventually generated using this
approach. Interestingly, the modified I- Ppol was recently combined with a HEG drive
system into a ’sex-distorter gene drive’4”. When tested at three new loci, expressed
with the identical g-tubulin promoter, male sterility was reestablished to varying
degrees, presumably due to locus-dependent changes in expression of the I-Ppol
endonuclease, causing sufficient protein to persist into the embryo. By introducing
a 100-bp GC-rich DNA sequences into positions -271, -244, and -355 upstream of
the start codon, respectively, transcriptional activity of the g-tubulin promoter was
reduced to 0.5%, 8.1%, and 16.2%. The promoter variant with 8.1% transcriptional
activity, coupled with a destabilised I- Ppol, was inserted into the dsx locus and was
found to have no detectable sterility in drive heterozygous males. Similar approaches
may also address deposition of Cas9 in a HEG context.

Multiplexing

The targeting of multiple sequences ('multiplexing’) has been proposed as a means
of addressing one of the most significant impediments to HEG drives - resistance®”.
If an initial attempt at homing fails and induces a mutation, multiplexing may still
allow for homing through cleavage at an alternate cut site. Moreover, multiplexing
would also allow the HEG to drive in individuals that have preexisting sequence
variation in a subset of cut sites. Another benefit, specifically when targeting high-
fitness cost genes, is that for complete resistance (resistance at all target sites) more
extensive sequence changes would need to occur and this reduces the likelihood of
the formation of type-1 resistance mutations. In terms of feasibility, multiplexing is
particularly convenient with CRISPR-Cas9 nuclease as it only requires expressing
additional gRNAs. Under these assumptions, computational modelling has indicated
multiplexing to be an effective strategy to reduce the formation and accumulation of
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resistant allelesT#80IOIASIAI  However, some practical challenges have emerged with
this ’classical’” multiplexing approach.

Classical multiplexing Separate drive multiplexing
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Figure 2.5: Differences between classical multiplexing and separate drive multiplexing. A.
Classical multiplexing construct targeting adjacent sequences within a single gene. Four gRNAs are
encoded from a single construct. B. When the outermost gRNAs do not cleave the recipient chromosome
simultaneously, the cut caused by any one of the gRNAs will inevitably result in a region of extraneous
sequence on the recipient chromosome which is ‘unmatched’ to the donor chromosome. As further 5’-3’
and 3’-5’ resections have to occur prior to HDR, this might reduce HDR efliciency and favour NHEJ. C.
Four separate drive elements targeting adjacent sequences within a single gene. These are independent
modifications of the same target gene and are not present in the same individual. Alternatively, separate
drive constructs could be used to target multiple loci at distinct sites within the genome. D. The cut caused
by the gRNA on the recipient chromosome is repaired by using the ‘matched’ homology arm on the donor
chromosome as its template. The separate drive elements can include recoded target sequences for the
other gRNAs to prevent cutting between elements. It is unclear if and how these types of sequence changes
would affect homing efficiency. In A, one gRNA target is shown to be cut in the opposite orientation to
the others. The different orientation is to do with the asymmetrical position of the cut site within the
standard 20bp gRNA binding site (17bp//3bp). After a cut with a single gRNA, one end of DNA break
will have at least 17bp of homology with the gRNA gene, and the other end will have at least 3bp. With a
multiplex design, the outermost gRNAs can be oriented opposite to each other such that both DNA ends
carry either the smaller or the larger region of homology to the gRNA gene. A DNA end with only 3bp of
homology to the gRNA gene will presumably minimise the risk of partial homing/internal recombination.
In contrast, if resection after a single cut (see B) is to be minimised, the opposite gRNA orientation
may be desirable. For gRNA target sites that are not in the outermost position, there may be no overall
‘optimal’ orientation as it varies with the particular combination of gRNA targets that have been cut.
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In the classical approach to multiplexing, multiple gRNAs targeting closely linked
adjacent sequences of a single gene are expressed in a single drive transgene (Fig).
Additional sequences need to be removed or replaced on the donor chromosome to
prevent the HEG from cutting itself at these additional sites. For a single target
HEG, the ends of the cut site can be perfectly homologous to the donor chromosome.
However, in a multiplexing system, any individual cut site can no longer generate
two DNA strands that are perfectly homologous to the donor chromosome (Fig.).
There are indications that these extraneous, 'unmatched’ sequences could reduce the
homing efficiency®#* ¥4 presumably due to the additional resection that would not
need to occur prior to HDR with a perfectly homologous repair template®V. |Lopez
Del Amo et al.|introduced 20bp truncations in the homology arms either side of a D.
melanogaster HEG™M4, These truncations result in 20bp of unpaired sequences on the
recipient chromosome that would normally be homologous to the sequence directly
adjacent to the HEG. The inheritance biasing rate of the HEG was significantly
reduced with truncation on both sides of the HEG. Consistent with this, two HEGs,
each with four gRNAs, targeting sites spread over a large region (>2Kb)“® performed
worse than similar drives with one gRNA®Y or two gRNAs targeting a smaller region®L,
Moreover, additional gRNAs may compete to complex with a limited amount of
Cas9 protein lowering the cut-rate at any one site”. These results indicate that any
individual cut site in classical multiplexing may be less efficient than a drive element
optimised for only one cut site. Nonetheless, additional studies have indicated that
multiplexing can increase the overall efficiency of a HEG, albeit in some cases with
diminishing returns for additional gRNAg®HHELL and1o2 compared tol=2,

A novel challenge introduced by multiplexing is expressing different gRNAs simulta-
neously at similar concentrations without introducing repetitive sequences. Multiple
strategies have been proposed to achieve this, many of which involve the excising of
individual gRNA from a single long transcript such as with tRNAs™#1%5 However,
these excising approaches are frequently not perfectly efficient or leave scars in the
form of additional nucleotides attached to the gRNA that can reduce their activity.
A separate approach that may be effective is for each gRNA using a set of different
(minimal) promoters that have been characterised to have similar expression levels*.
Using different experimentally validated 'backbones’ for the non-targeting sequences
of the gRNA may further reduce the likelihood of internal recombination®.

Cas9 is known to remain bound to its target even after making a double-strand break®>”,
and DNA repair occurs more slowly than with other sources of DNA damage®®. This
may provide an opportunity for DNA breaks to occur at different sites before DNA
repair is completed, leading to frequent deletions between independent target sites®®,
as has been observed for some multiplexing HEGs#®#*#0 Tn addition, CRISPR-Cas9
has been found to frequently induce large deletions (>250) at single cut sites®#14H9,
Large deletions, or simultaneous cutting of at least the outermost target sites of
a multiplex drive, could remove all unmatched sequences from a HEG recipient
chromosome, potentially restoring homing efficiency to the level of a single target
drive. However, this would also negate some of the benefits of multiplexing, as it
may cause the simultaneous loss of all gRNA recognition sites on the chromosome.
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Recently, a separate drive or multi-locus multiplex strategy has been proposed that
may avoid some of the diminishing returns of classical multiplexing.

Multi-locus multiplexing consists of multiple 'parallel’ single-target HEGs generated
as separate lines, each targeting an adjacent site in the target gene (Figures and
2.5D)%4%. Compared to the classical multiplexing strategy, the separate drive approach
will be logistically more onerous but benefits from not being able to generate deletions
of all target sites by simultaneous cutting. However, experimental validation of this
approach has yet to be reported.

Targeting essential genes

The targeting of essential genes with HEGs has been reported in many studies, but
depending on the goal of the system (i.e., suppression or modification), the approaches
may diverge. For a suppression drive, the goal is generally to disrupt the essential gene
in individuals of the target population. To achieve this, a functionally constrained
sequence can be targeted such that few, if any, cut-resistant mutations generated will
have a fitness advantage over the drive allele. In A. gambiae, an ultra-conserved region
of a female-specific isoform of the doubleser gene was targeted to impede formation
of resistant alleles®. HEG drives based on this target site in three cage trials were
able to cause a complete population crash, and no type-1 resistance alleles were
recovered 4000 A gimilar drive, targeting an ultra-conserved exon in a different
gene did lead to the emergence of resistance to the HEG in the form of a single
nucleotide silent mutation®. The target site to which no resistance emerged was
located at an intron-exon junction, potentially making mutations liable to disrupt
crucial mRNA secondary structures.

Targeting an essential gene can also be used for non-suppression drives as a general
approach for lowering the viability of mutations ("home-and-rescue’/rescue HEG).
By providing a rescue copy within the HEG drive construct (Fig2.6/A), resistance
can be mitigated as the HEG drive will now have a fitness advantage over type-2
resistance alleles. The role of the rescue sequence is well illustrated by the first HEG
drive developed in A. stephensi. This drive was inserted into an eye pigmentation
gene, kmo®3, which was later found to have a recessive fitness cost in females®?.
This reduced fitness, coupled with a reduction in inheritance biasing efficiency in
individuals experiencing maternal deposition caused the drive to fail to reach fixation
when released at a 1:10 drive:wild-type ratio and even performed poorly at a 1:1
ratio®. A new version of the HEG was developed that included recoded parts of the
kmo gene resulting in the drive allele no longer disrupting its function. A subsequent
cage trial demonstrated this improved version of the HEG could effectively spread
and reach fixation®®. In addition to biasing its inheritance by cutting target alleles,
the improved HEG could also increase in frequency by positive selection when the
frequency of type-2 alleles accumulated in the population.

The most common approach for rescuing the function of the target gene is providing a
'recoded’ version of the sequence the drive allele is disrupting (Fig{2.6B). Like type-1
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Figure 2.6: Rescue HEG targeting an essential gene. A. In addition to the nuclease components
(Cas9 and gRNA), the drive element carries an effector/cargo gene and a ’rescue’ sequence that restores
the function of the gene the HEG is disrupting. The rescue sequence allows the drive element to be more
fit than type-2 resistance alleles. The effector function of the rescue HEG is mediated by a separate cargo
gene. In all other illustrations in this manuscript, the effector function of the drive is assumed to be
mediated by disruption of the target gene and the HEG does not carry a rescue. B. In this example, the
rescue is a recoded version of an endogenous gene. Synonymous codon changes have been made to prevent
partial homing (and recognition by the gRNA). C. The recoded gRNA target sequence is located at the
start of the rescue sequence. Partial homing by means of any part of the recoded sequence would generate
a type-1 resistance allele. The recoding and gRNA target sequence is taken from™26L.

33



resistance alleles, these are sequence changes (such as the swapping of synonymous
codons) that prevent recognition by the gRNA but leave the target gene functionally
intact. While in some cases a single nucleotide substitution can be sufficient to prevent
Cas9:gRNA binding, much more extensive recoding is performed to reduce the risk
of partial homing (Figl2.6C). Recoding is further complicated by the need to include
noncoding sequences such as the 3’UTR, for which no straightforward synonymous
sequence substitution rules exist. In the case of the kmo targeting A. stephensi drive,
the 3'UTR from the A. gambiae kmo gene was used in the rescue element®®L,

The manner in which positive selection is conferred to the recoded rescue allele is
similar to that expected in a Cas9-based toxin-antidote system where Cas9-induced
mutations cause lethality or sterility allowing a cut-resistant rescue/antidote gene
to spread in the population®*%?  Moreover, deposition can increase the effective
inheritance rate of the drive by culling individuals that have inherited a type-2 allele
from their drive-carrying mother and a functional target allele from their father.
Disruption of the paternally contributed target allele by maternally deposited nuclease
can make these individuals no longer viable. Progeny that inherited the drive allele
will be protected as they carry the (dominant acting) recoded antidote. However, these
drive-inheriting individuals will likely have severely reduced homing rates. These rescue
HEG systems have been reported in several studies targeting haplolethal (RpL35A1%9)
or haplosufficient (rabs, rabl1, spoll, prosalpha2, and PolG29%Y genes. All three of
these studies showed increased inheritance of the rescue alleles to varying degrees and
demonstrated this strategy to be successful in mitigating the negative effects of type-2
alleles to the drive system.

In the study by Champer et al| multiplexing (two gRNAs) was combined with
targeting the haplolethal RpL35A gene'®®. When the target gene is haplolethal
instead of haplosufficent, a single rescue gene may not be sufficient to protect from
the lethal effects of deposition. This makes deposition a much more substantial hurdle
for these types of systems. Shadow drive may theoretically be expected to create
viable progeny by homing an inherited rescue element or a type-1 resistance allele.
However, rescue through shadow drive may be very unlikely as deposition often results
in mosaic outcomes. Depending on the target gene, any individual progeny may have a
significant proportion of cells that have not been rescued by shadow drive and therefore
nonetheless become inviable ('lethal mosaicism’). Similarly, with a haplosufficient
target, individuals inheriting a maternally contributed type-2 resistance allele may
not be rescued by mosaic type-1 alleles produced by deposition-induced cutting.

2.6 Concluding remarks

Synthetic homing endonuclease gene drives have been actively researched for over a
decade. In this time, the field has developed and characterised a range of designs
and applied these to a diverse set of species. Insects, and specifically Drosophila
and the Anopheles mosquitoes, have so far proved substantially more amenable to
HEG-mediated inheritance bias than other animals and plants. Additional work will
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prove if the optimisation approaches developed in these insects can be successfully
applied in these other species. This effort may be aided by a more systematic and
high-throughput HEG test and design approach.

While efforts have been made to experimentally validate the intended transgene ex-
pression pattern®®HUSELS there are fewer cases where this has been done throughout
development®®®. The result of this is that any hypothesis about the ideal expres-
sion/activity pattern for HEGs is currently essentially unfalsifiable as any exception
to a proposed hypothesis can easily be explained away by the many ways a drive may
fail to recapitulate the intended expression pattern, at the needed expression level.
Improved methods to test different activity patterns (e.g., drug inducible Cas9*>#163)
and high-throughput methods to track HEG expression and nuclease activity (e.g.,
Cas9-based lineage tracing™®®) are sorely needed to validate our assumptions about
the underlying factors influencing interchromosomal HDR. This becomes increasingly
important as evidence emerges that interchromosomal HDR can occur before the
formation of the mature germlinetV®HALSIOT

Many approaches have been developed to control the expression and activity of
transgenes. However, the use of modular systems such as GAL4-UAS to enforce a new
HEG activity pattern will likely be more challenging than the current trial-and-error
approach of identifying and testing new promoter/5’UTR and 3'UTR regulatory
sequences. Yet, we expect that this type of modular approach will enable high-
throughput design-build-test cycles. The modularity gained with such an approach
will in turn improve our ability to draw conclusions about the underlying biology
affecting HEG efficiency and increase the robustness of new designs going forward.

While multiplexing may have diminished returns in improving homing efficiency with
standard approaches, it may nonetheless greatly diminish the likelihood of type-1
resistance alleles emerging. The targeting of highly conserved sequences in essential
genes has proved beneficial for reducing the impact of resistance alleles. If approved, we
expect that the current ’state-of-the-art’ HEGs in Anopheles mosquitoes may progress
on to field trials without substantial additional changes to their core design. If this is
the case, the complexity of a real-world release will be the ultimate test of the HEG
technology. Our constantly expanding genetic 'toolbox’ and optimisation strategies
provide hope that HEGs may be a highly effective tool for combating the harms caused
by a broader set of medically and agriculturally relevant (homing refractory) insect
pests.

This review has laid out the remaining challenges and open questions in the homing
gene drive field. In the next chapters, we will investigate these through the use of
computational modelling and analysis approaches. We will specifically revisit many
of the qualitative relationships we have highlighted here, and provide quantitative
measures of their importance. We will also critically evaluate the actual evidence base
for assumed relationships and transgene design effects.
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In the previous chapter, we reviewed the challenges facing the design of effective gene
drives: unintended repair outcomes, nuclease activity in the wrong place and time,
and deposition. This work has focused on data from self-perpetuating and split-drive
systems. We have drawn attention to many relationships and phenomena that affect
their performance. The question remains how they actually quantitatively affect gene
drive performance on the population scale and on metrics that matter for real-world
use. In addition, it is not clear how the challenges identified in the simpler gene drive
designs affect the more complex implementations. We will evaluate this in this chapter
and test how gene drive designs can be altered to reduce the impact of some of these
issues.

3.1 Abstract

The introgression of genetic traits through gene drive may serve as a powerful and
widely applicable method of biological control. However, for many applications, a
self-perpetuating gene drive that can spread beyond the specific target population
may be undesirable and preclude use. Daisy-chain gene drives have been proposed as
a means of tuning the invasiveness of a gene drive, allowing it to spread efficiently
into the target population, but be self-limiting beyond that. Daisy-chain gene drives
are made up of multiple independent drive elements, where each element, except
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one, biases the inheritance of another, forming a chain. Under ideal inheritance
biasing conditions, the released drive elements remain linked in the same configuration,
generating copies of most of their elements except for the last remaining link in the
chain. Through mathematical modelling of populations connected by migration, we
have evaluated the effect of resistance alleles, different fitness costs, reduction in the
cut-rate, and maternal deposition on two alternative daisy-chain gene drive designs.
We find that the self-limiting nature of daisy-chain gene drives makes their spread
highly dependent on the efficiency and fidelity of the inheritance biasing mechanism.
In particular, reductions in the cut-rate and the formation of non-lethal resistance
alleles can cause drive elements to lose their linked configuration. This severely reduces
the invasiveness of the drives and allows for phantom cutting, where an upstream
drive element cuts a downstream target locus despite the corresponding drive element
being absent, creating and biasing the inheritance of additional resistance alleles.
This phantom cutting can be mitigated by an alternative indirect daisy-chain design.
We further find that while dominant fitness costs and maternal deposition reduce
daisy-chain invasiveness, if overcome with an increased release frequency, they can
reduce the spread of the drive into a neighbouring population.

Author Summary

Reducing the harm of pest species by the introgression of traits into a wild population
is often limited by the difficulties of mass rearing and release of modified individuals.
Gene drives present an opportunity to substantially reduce the release frequencies
required to spread a particular modification. However, uniform modification of a
target species is, with a few specific exceptions, not necessary or desirable. Self-
limiting gene drives, such as daisy-chain gene drives, have been widely discussed as a
potential solution, allowing the invasiveness of a drive release to be tuned to the target
population. Here, we investigate through computational modelling how daisy-chain
gene drives perform when subjected to commonly observed inefficiencies associated
with CRISPR-~Cas9-based inheritance biasing. Compared to a self-perpetuating drive,
daisy-chain gene drives are sensitive to factors that cause their separate elements to
segregate prematurely. In particular, a reduction in the DNA cut-rate and an increase
in the formation of resistance alleles. We find that the effect of inefficiencies in the
drive mechanism is generally more pronounced when the drive is at low frequencies.
With low rates of migration, this substantially reduces daisy-chain gene drives spread
into a neighbouring non-target population.

3.2 Introduction

Synthetic gene drive methods are potentially powerful approaches in the management
of agricultural pests and disease vectors. However, for many applications, the uniform
modification of a species by a fully self-perpetuating drive is unnecessary and likely
undesirable®. From an ecological, regulatory, and public acceptance perspective, a
drive that is spatially and temporally limited may be more appropriate. Gene drives
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can be inherently self-limiting, but this is generally due to low inheritance biasing
efficiency, high fitness costs, or frequency-dependent effects, all of which can reduce
their practical use. Some self-limiting systems have been proposed that are restricted
in specific ways that maintain efficient but local transgene invasion'®®. These include
targeting specific DNA sequences found only in subpopulations®®, dependence on
supplementation with a synthetic inducer molecule®#%  and split-drive systems.

In a split-drive system, at least one genetic component essential for the gene drive
inheritance biasing mechanism is removed from the biased locus and is located elsewhere
in the genome®’. The split-drive will bias, or drive, a primary locus; however, those
copies cannot bias themselves in subsequent generations without the component(s)
from the unbiased (non-driving) secondary locus. As the split-drive spreads into a
large population, the lack of amplification of the secondary locus will limit the rate
of further amplification of the primary drive element. Compared to a cargo-only
release (inundative release), split-drives provide a modest reduction in the number of
modified individuals that need to be released to spread a trait among a wild population.
Researchers have sought to develop variations on the basic split-drive design with
increased invasiveness, but that can still be tuned to specific target populations and
applications.

For a meiotic drive system that biases chromosomal regions proportional to their
recombination distance, the split-drive elements can be located an intermediate
recombination distance from each other. This intermediate linkage causes most, but
crucially not all, progeny that inherit the main element to also inherit the secondary
element, increasing invasiveness, tunable by the recombination distance’®. However,
the most extensively studied gene drives are homing endonuclease gene drives (HEGS)
that, with poorly understood exceptions?, only bias a very limited genomic region.
Therefore, it is unlikely that the intermediate inheritance biasing of a separate split-
drive element can be incorporated in the same way. For HEGs, other split-drive
strategies have been proposed that would allow the spread to be tuned (and are also

applicable to a meiotic drive system); one of these is the daisy-chain gene drive®”.

Daisy-chain gene drives (DCDs) sequentially link drive elements to prolong inheritance
bias on a main effector modification, which is the final element in the chain. Each
element biases the inheritance of another element apart from the final element, and
each element is biased except for the first element. Sequentially reduced copies
(reduced by one element) of the released drive configuration will continue to bias an
effector modification until copies are produced where it is the only element remaining.
Increasing the number of elements in the chain prolongs the generations of inheritance
bias experienced by the main effector modification. DCDs are a seemingly safer
alternative to most applications for which a self-perpetuating drive would be considered.
However, the increased complexity of their design raises questions about the efficacy
of the molecular machinery required for practical implementation.

Engineered HEGs with varying inheritance biasing efficiencies have been reported in
various species?#0UOSISMISNIITELNN - 1ot commonly with the CRISPR-Cas9 nuclease.
CRISPR-Cas9 is a two-component endonuclease formed by the Cas9 protein and a
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guide RNA (gRNA) that specifies the sequence to be cut®. CRISPR-Cas9-based
homing split-drives can be engineered by moving either the gRNA gene(s) or the Cas9
nuclease gene, as both are essential for a cut to occur. DNA breaks that Cas9 makes
can, under specific circumstances, induce cellular repair pathways to copy a gene drive
from one homologous chromosome to another (homing). This results in the biased
genetic element converting itself from a heterozygous state to a homozygous state.

There are several ways in which the HEG inheritance biasing mechanism may not
work as intended. The most straightforward is a less-than-saturating cut-rate of
the target allele. A common optimisation strategy for HEGs is to test endogenous
regulatory sequences that limit nuclease expression to meiotic cells, which are expected
to perform homing more readily after a DNA break. There may be cases where
regulatory elements with the best expression window may not have the optimal
expression level. An example of this is the report that in mice, the cotranslation
of Cas9 with an endogenous gene resulted in a more favourable DNA repair profile
compared to previous efforts with an autonomously expressed Cas9”¥%%: however,
this improved DNA repair profile came at the cost of the overall cut-rate™. When
fitness costs are low, self-perpetuating drives are generally robust to lower cut-rates as
they can simply try again in a subsequent generation™™. However, for DCDs, their
self-limiting mechanism continues to operate, and the unbiased drive elements can
be expected to randomly segregate, leading to only a subset of progeny co-inheriting
all the drive elements. As such, even if the overall allele frequency in the population
remains unchanged, there will be less co-occurrence of the multiple drive elements
necessary for inheritance bias. Moreover, for DCDs, individuals may emerge with
one or more upstream elements without the corresponding downstream drive element.
Certain DCD designs will continue to cut and bias their downstream locus even when
the associated drive element is not present to serve as the repair template on the
homologous chromosome (phantom cutting).

The inheritance biasing of HEGs relies on homology-directed repair (HDR) to mediate
copying of the drive element(s). However, cells have multiple competing pathways
that can resolve a DNA break. Sequence changes made by alternative DNA repair
pathways (and specific undesired HDR events) can be grouped by their consequences
into two categories: type-1 and type-2 resistance mutations®’. Type-1 resistance
mutations (rl) are changes in DNA sequence that disrupt the gRNA binding site while
preserving the normal function of the target gene (silent mutations). Type-2 resistance
mutations (r2) also prevent the nuclease from cutting the site and, in addition, disrupt
the normal function of the target gene (nonsense/missense mutations). Generally,
target genes and specific target sites within those genes are chosen such that type-2
resistance alleles impose the same or higher fitness costs than the drive element.
Type-2 resistance alleles will be selected against and will not prevent the drive element
from approaching fixation. However, type-1 resistance mutations are expected to
impose no or substantially lower fitness costs than the drive element. Even if type-1
resistance alleles are produced only very rarely, positive selection can increase their
frequency and prevent the drive element from reaching the frequency needed for its
intended function”. The segregation of drive elements with downstream resistance
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alleles and additional biasing of these resistance alleles presents a unique challenge to
DCDs that has not been investigated.

Lastly, another common HEG attribute is deposition, which may also be expected to
have unique interactions with DCDs. Deposition is the phenomenon in which drive
components expressed or translated in a parent can persist into their offspring. This can
occur even if the offspring does not inherit the gene from which those components were
expressed in the parent. Deposition occurs almost exclusively from female drive carriers
(maternal deposition), with the expression pattern of the nuclease found to influence
the degree and pattern of deposition observed S8 BUS3EZINIZI LIS AT TSIZHIGIGHITZ
Deposition can result in nuclease activity at times when the inheritance biasing process
is not favoured and in individuals who do not carry the drive, generating additional
resistance mutations. Furthermore, nuclease activity early in development can cause
the conversion of somatic tissues creating (mosaic) individuals with additional fitness
costs. In contrast, if those genotypes with additional fitness costs are generated in the
germline by autonomous expression of the drive, these costs generally only manifest
in the next generation.

Although some modelling has been done of DCDs?## 354 Timited research has been
done on understanding their interaction with functional resistance alleles, recessive
and dominant fitness costs, reduced cut-rates, and maternal deposition. Here, we
investigate, through theoretical modelling, the performance of two alternative hom-
ing endonuclease DCD designs when subjected to the common drive imperfections
introduced above. In each case, we compare their performance to a self-perpetuating
single-element drive allowing us to highlight unique interactions that affect DCDs.
Furthermore, we evaluate the degree to which DCDs remain limited to the target pop-
ulation and do not spread substantially to a secondary population linked by migration.
We find that DCDs place much higher requirements on the fidelity and efficiency of
the drive mechanism for their spread. In addition, we find that phantom cutting can
severely increase the production of type-1 resistance alleles, but this can be partially
mitigated by using an indirect DCD design.

3.3 Results

3.3.1 Phantom cutting by DCDs can bias type-1 resistance
alleles

We simulate homing endonuclease gene drives in two populations with up to three
unlinked diploid loci designated by a subscript: A, B, or ¢. Briefly, a wild-type target
allele (T) can be cut by the combined product of a nuclease allele (N) and a gRNA. The
nuclease is target independent, whereas the gRNA always matches a specific wild-type
target allele. The presence of a gRNA gene in an allele is indicated by a superscript
of the locus to which it is targeted and can be together with a nuclease gene (N*) or
only a gRNA gene without the nuclease gene (G*). A drive element can also lack a
Cas9 or gRNA gene (E), being empty apart from the cargo gene/effector modification
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Figure 3.1: Drive nomenclature system and overview of simulation parameters. (a) Different
alleles considered in our computational simulations: Wild-type target (T), type-1 resistance (1), type-2
resistance (2), and drive alleles (E, G, and N: collectively D). (b) When a target allele, a gRNA targeting
that specific allele, and the nuclease are present in the same genotype, there is a certain likelihood that
a cut occurs (by default 100%). The cut allele can be repaired by interhomolog HDR, or to a type-1
resistance allele or type-2 resistance allele. (c¢) Default nuclease and fitness parameters. The A drive
allele has a fitness of 90% to account for general fitness costs (e.g., metabolic) and imperfect rescue of the
haploinsufficient target gene by the drive element. This is the only fitness cost of the self-perpetuating
gene drive. For DCDs, the B and C drive alleles have a fitness of 95%. Each fitness cost is dominant,
with no additional recessive cost unless specifically listed for that simulation. Individuals carrying one or
more of each different DCD allele are therefore assumed to have a fitness of 81% (90%-95%-95%). Type-2
resistance alleles at the A locus are assumed to be dominant lethal (fitness 0%). The B element is in a
neutral locus; as such, its resistance alleles are all neutral and classified as type-1. The C locus is never
cut, and resistance alleles are not generated at that locus. (d) Illustration of the two linked populations
for which we report the allele frequency. Drive individuals are released into population one at the start
of the simulation. Each generation, 1% of the surviving adults migrate to the neighbouring population.
Population one receives 1% of population two, while population two receives 0.5% of population one and
0.5% of exclusively wild-types. (e) Default release frequency and simulation length parameters. DCD:
Daisy-Chain Drive. SPD: Self-Perpetuating Drive.

that is being spread. The nomenclature system we use is further expanded in Fig

Nuclease deposition into the embryo, differences in fitness, and nuclease expression in
the germline can cause a change in the genotype frequency from one discrete generation
to the next (Figs and . The fitness and drive conversion rates for the many
unique combinations of alleles are extrapolated from a small set of parameters listed
in Fig The inheritance biasing parameters most closely resemble those of HEGs
developed in the Anopheles mosquito™#161 However, we assume that type-2 resistance
alleles are dominant lethal at the A locus (haplolethal target gene) and the drive
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elements at that locus carry a rescue element®® 68163 The creation of a rescue element
is generally achieved by including a recoded version (many synonymous codon swaps)
of the target site and downstream portions of the target gene. Essentially, engineering
the drive allele to carry extensive type-1 resistance mutations. As such, we assume
that a relatively high fraction of non-HDR repair results in type-1 resistance alleles
(10% of 5%) when compared to what has been achieved targeting a highly conserved
locus (for which creating a viable rescue element may not be possible )16,

For each simulation, we report the zygote genotype frequency before fitness, deposition,
and expression-mediated changes in genotype frequency occur in that generation. We
track genotype frequencies in two separate populations which have a 1% migration
rate, with population two receiving a constant migration of wildtypes from the general
population in addition to migration to and from population one (Fig[3.1d)). Alleles
for a particular population are indicated with an additional number in the subscript
(e.g., a1). Unless otherwise specified, our default release scenario for daisy-chain
drives is such that at the start of the simulation, 25% of males (12.5% overall allele
frequency) in population one are homozygous for all drive elements (Fig . The
self-perpetuating drive is initiated with a frequency of male drive carriers 100 times
lower (0.25%) compared to the release scenario for DCDs.

The three different HEG designs that we investigate are a single-element self-perpetuating
drive (AN*) shown in Fig and two different three-locus daisy-chain drives. For
each drive, the A drive element is inserted into and rescues a haploinsufficient endoge-
nous gene. For DCDs, the B and C elements are located at neutral sites. The first
DCD design we call a direct DCD (,E/gN*/cGB), shown in Fig and is the most
similar to the design modelled by Noble et al.*®. The C element (cG?) carries a gRNA
targeting gT. The B element (5N*) carries both a nuclease and a gRNA targeting 5T.
The drive element for A would, in practice, contain the desired effector modification,
but does not contain any components (gRNA or nuclease) that are directly involved
in inheritance biasing (denoted as A E without a superscript).

The second DCD design we consider is an indirect DCD (,G*/gN/cGE), shown in
Fig which has the gRNA targeting the A element expressed from the A element
itself (4G*). The chain structure is maintained as the A element will only function
in the presence of the nuclease expressed from the B element (g5N). The C element
is identical in both DCD designs. The indirect DCD has several practical benefits,
including that A and B element transgenic lines can be developed independently, while
for the direct DCD design, the A targeting gRNA(s) located on B limits interoperability.
A DCD design functionally similar to this (using orthogonal nucleases) was proposed
in Noble 2019 et al., but not explicitly investigated®?.

The allele dynamics of the self-perpetuating drive (4N*) shown in Fig represents
the maximally efficient implementation of an HEG, albeit with unlimited spread.
The A drive element (the only drive element) in population one (51D) reaches a
maximum allele frequency of 99.4% at generation 23. The fitter type-1 alleles slowly
outcompete the drive allele, but this process will take many generations, since at
generation 23 the type-1 resistance allele (a11) frequency is only 0.6%. The drive
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Figure 3.2: Illustration of drive designs, default behaviour, and performance when subjected to different
recessive and dominant oD fitness costs. Column 1. Self-Perpetuating Drive. Column 2. Direct Daisy-Chain
Drive. Column 3. Indirect Daisy-Chain Drive. Row 1 (a-c). Illustration of the molecular designs of the three drives
we simulate. Each design is shown as heterozygote, with on the right the product resulting from inheritance bias. Row 2
(d-f). A locus allele dynamics under the default conditions. The thin dashed line indicates a frequency of 90%. An allele at
locus A in population one is indicated by a1 (green lines), and a drive allele at locus A in population two is indicated by a2
(grey line). Type 1 and 2 resistance alleles are not shown for population two in these panels. The allele dynamics for all
loci are shown in Fig. Row 3 (g-i). Parameter sweep for different recessive and dominant fitness costs applied to
the AD ( ANA/AE/A GA) allele. The shading of the heat map indicates the maximum A D allele frequency in population
one reached within the 100 generations simulated. The maximum frequency of o1 alleles and outcomes for population two
are shown in m Fig. An immediate decline after release results in the maximum frequency being the release frequency.
Regions are boxed with coloured lines that indicate threshold values for the number of generations in which the oD allele
frequency was greater than 90%. The black lines on each axis indicate the default value for the parameter being varied.
Row 4 (j-1). Difference in the maximum A D allele frequency between population one and two. Regions boxed with a red
line are simulations in which the maximum allele frequency of population one or two was at generation 100 and the outcomes
may change if additional generations are simulated.
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element in population two reaches a maximum frequency of 98.8% at generation 24.
While the initial spread of the drive element into population two lags a few generations
behind that of population one, migration means that population one only reaches
its maximum drive frequency when population two is also (almost) at its maximum
drive frequency. The frequency of wild-type alleles in population two quickly drops
and stabilises at just over 0.55%. This is due to the 0.5% migration of wild-type
individuals from the general population each generation and the reduced fitness of
drive-carrying individuals (90% of wildtype).

While the allele frequency dynamics of the B and C alleles are almost identical for the
two DCD designs Fig), the A allele dynamics, especially the type-1 resistance
allele dynamics, differs substantially (Fig and [3.2f). The direct DCD reaches a
maximum 51 E frequency of 93.8% at generation 25, which coincides with a type-1
resistance allele frequency of 2.1%. The maximum asE frequency in population two is
10.6% at generation 35. The indirect DCD reaches a maximum ;G* frequency of
95.3% at generation 27, which coincides with a type-1 resistance allele frequency of
0.6%. The maximum 5,G* frequency in population two is 11% at generation 36.

The difference in performance between the two DCD designs occurs due to a phe-
nomenon we term phantom cutting, illustrated in Fig. This occurs when an
upstream element, such as the direct DCD B element(gN*), attempts to bias the
inheritance of the downstream A element, even when the downstream element is not
present. This is possible in our simulation as with a homing rate less than 100% the
B drive element is occasionally co-inherited with a resistance allele generated at the
A locus. Phantom cutting is only possible for the direct DCD as both the A gRNA
and the nuclease are on B (gN#) and it does not occur with the indirect DCD, as
the nuclease on the B element (gN) requires the gRNA expressed from the A element
drive allele (AG*).

We have assumed an HDR rate of 95% and a type-1 to type-2 resistance allele repair
ratio of 1:9 at the A locus, resulting in 0.5% of DNA breaks generating type-1 alleles.
In the indirect design, these type-1 resistance alleles persist and slowly outcompete
the drive alleles but are not otherwise biased in any way. In the direct DCD, these
type-1 resistance alleles can be biased in the same way that the A drive allele can
(e.g., A1T/gNAT— 511/gNAT), and therefore reach much higher frequencies. In our
simulations, type-2 resistance alleles at the A locus cannot be biased by phantom
cutting as even one copy is dominant lethal. Phantom cutting can only occur when
there are AT alleles remaining in the population. As the A drive and resistance alleles
replace the AT alleles, the frequency of phantom cutting events fades away.

The default single-sex drive frequency at release of 25% allows the daisy-chains to
spread to high frequencies in population one, but not in population two. As such, the
release frequency can be considered to be roughly tuned to the drive’s inheritance
biasing efficiency, fidelity, and fitness. The self-perpetuating drive cannot be tuned
and will spread to high frequencies in both populations. The A locus drive and type-1
allele frequency dynamics are shown for different HDR and migration rates in

and Figs, respectively.
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It is important to note that the differences between the two DCD designs depend on
the assumptions we have made compared to previous work. Using the parameters and
assumptions of Noble 2019 et al.®? (100% cut-rate, no type-1 alleles, and type-2 alleles
at A are dominant lethal), the direct and indirect DCD designs behave identically to
each other (53.6/Fig, columns one and two). Phantom cutting cannot occur because no
progeny survive in which the B element segregates away from the A element. Moreover,
the DCD designs that we evaluate differ from other models of DCDs®® in that they
only have a nuclease expressed by the B element, not by both the B and C element
(i.e., AE/BN*/cNB). With a nuclease on the C element, the direct design simulations
match those reported by Noble et al. Fig, columns three and four). For the
indirect DCD design, the nuclease expressed from the C element helps increase the
spread of ,G*, but also generates many more resistance alleles at the B locus due
to phantom cutting. All other simulations in this study use DCD designs without a
nuclease on the C element.

Fig|(3.2¢ show the maximum frequency of the A drive element, and the number
of generations it remains above a 90% allele frequency under different recessive and
dominant 5D fitness costs. The recessive fitness costs apply to individuals with two
copies of the drive, the dominant fitness costs apply equally to individuals with one or
two copies. Obviously, minimisation of the fitness costs is the most conducive to DCD
spread. However, with a constant release frequency, this also allows the drive allele to
spread beyond population one and reach high frequencies in population two (S3.7| Fig).
In Fig[3.2]§3.2] we contrast the two populations by subtracting the maximum drive
frequency in population two from the maximum drive frequency in population one.
This reveals a more narrow parameter space in which the DCDs can spread to high
frequencies in the target population, yet do not substantially invade population two.
We have highlighted cases where the maximum drive frequency in either population
coincides with the end of the simulation, indicating that simulating more generations
may change the outcomes.

With a fixed release frequency, dominant fitness costs appear to be more desirable
when evaluating the differential spread in the two populations. Unlike recessive fitness
costs, dominant fitness costs do not additionally penalise the drive for spreading to
a high frequency in population one and immediately apply to the drive alleles that
have migrated to population two, even when they are at low frequencies. Further-
more, dominant fitness costs can apply to heterozygous individuals carrying a type-1
resistance allele. Individuals with a type-1 allele are never affected by a drive with
an exclusively recessive fitness cost, increasing the relative benefit for an individual
carrying such a functional resistance allele.

The relatively low default fitness costs of the A drive rescue element make these
simulations representative of low fitness cost population modification drives (e.g.,
spreading an antibody gene in a vector of human disease). Another class of drives is
aimed at population suppression, with the goal of reducing a target species’s population

density. We have performed simulations at different release frequencies for a recessive
lethal (S3.8|Fig), and a sex-specific recessive lethal (S3.9[Fig) A element target gene. In
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both cases, the A element does not contain a rescue gene and imposes the same fitness
cost as a type-2 resistance allele (i.e., disrupts the target gene as it homes). As may
be expected, the self-perpetuating drive approaches fixation under the broadest set of
conditions, largely independent of the release frequency. All drives rapidly decrease
in frequency after reaching their maximum, with type-1 resistance alleles driven to
near-fixation by the self-perpetuating drive (type-1 alleles would reach fixation were it
not for the low levels of migration of wildtypes from the general population). The
DCDs only approach a maximum drive frequencies similar to the self-perpetuating
drive with upward of 70% of males carrying the DCD at the start of the simulation.
In all cases, the indirect design is burdened by fewer type-1 mutations and spreads to
higher frequencies.

Together, these results show that even low rates of type-1 resistance allele generation
cause the two DCDs to perform differently from each other. Furthermore, the maximum
frequency achieved by a DCD is highly dependent on its fitness profile, with dominant
fitness costs providing the largest difference between the spread in population one and
two.

3.3.2 DCDs are severely impacted by reductions in cut-rate

Like the generation of type-1 resistance alleles, Cas9:gRNA cut-rates that are less
than saturating (<100%) have been reported for multiple HEGg #3405 IS0 Ty
Fig we show A allele dynamics of simulations with a cut-rate of 85%, with the
allele dynamics of all loci shown in Fig. The spread of the self-perpetuating
drive is delayed, but otherwise largely unaffected by a lowering of the cut-rate as each
element can simply try again in the next generation (Fig[3.3a). With a cut-rate of
85% the two DCDs reach maximum A element frequencies of 79.7% and 92% for the
direct DCD and indirect DCD, respectively (Fig and [3.3d). Interestingly, despite
the lowered cut-rate, type-1 alleles are still produced in large numbers with the direct
DCD design, even exceeding the drive allele frequency by the end of the simulation.
Simulations of a range of cut-rates are presented in Figs [3.3dl3.31 and [S3.11]

With a reduction in the cut-rate the DCD B element can now be passed along together
with an uncut AT allele (as opposed to necessarily a drive element or a resistance
allele when the cut-rate is 100%). This expands the possible genotypes under which
phantom cutting can occur to include genotypes like ,\TT/gNAT and creates the
possibility of simultaneous cleavage of homozygous target alleles at the A locus. This
complicates the nuclease conversion scheme as HDR could, in principle, recursively
regenerate a T allele from the homologous T allele, opening up the opportunity of
repeated and simultaneous cutting events. The simulation presented in Fig were
performed under the assumption that HDR does not occur when a TT genotype is
cleaved, instead, additional resistance alleles are generated. In Fig we present
simulations with various cut-rates assuming HDR is possible, and individual T alleles
in a TT genotype are cut sequentially. Regardless of the approach taken, the indirect
DCD is more invasive than direct DCD at equivalent cut-rates and produces fewer
type-1 resistance alleles.
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Figure 3.3: Daisy-chain gene drive element prematurely segregate with reduced cut-rates. Column 1.
Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive. Row 1 (a-c).
Individual allele dynamics with a cut-rate of 85%. The thin dashed line indicates a frequency of 90%. An allele at locus A in
population one is indicated by a1 (green lines), and a drive allele at locus A in population two is indicated by a2 (grey line).
Type 1 and 2 resistance alleles are not shown for population two in these panels. The allele dynamics for all loci are shown
in Fig. Row 2 (d-f). A element drive allele dynamics for population one with different cut-rates. Allele dynamics of
the A locus drive allele in population two, and type-1 resistance alleles for both populations are shown inm Fig. Row 3
(g-i). Parameter sweep for the male drive frequency at release and germline cut-rate. The shading of the heat map indicates
the maximum A D allele frequency in population one reached within the 100 generations simulated. The maximum frequency
of A1 alleles and outcomes for population two are shown in Fig. An immediate decline after release results in the
maximum frequency being the release frequency. Regions are boxed with coloured lines that indicate threshold values for
the number of generations in which the 41D allele frequency was greater than 90%. The black lines on each axis indicate
the default value for the parameter being varied. Row 4 (j-1). Difference in the maximum oD allele frequency between
population one and two. Regions boxed with a red line are simulations in which the maximum allele frequency of population
one or two was at generation 100 and the outcomes may change if additional generations are simulated.
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The most straightforward way to compensate for a reduction in invasiveness may be
to increase the drive frequency at release. However, for the self-perpetuating drive,
this has a very limited effect when the reduction in invasiveness is due to an extremely
low cut-rate. Under these conditions (cut-rates lower thana15%) the drive element
remains unable to overcome its fitness costs independent of the drive frequency at
release (Fig . In contrast, any reduction in cut-rate affects the DCD much earlier
through the loss of co-inheritance of the different drive elements (Fig[3.3h}{3.31). For
these conditions, an increased release frequency can allow DCDs to reach frequencies
where orphaned drive elements are likely to be reacquainted by random mating. For
DCDs, the frequency-dependent consequence of a reduction in cut-rate limits the
DCDs ability to invade population two when the cut-rate is reduced Fig). This
frequency-dependent effect does not apply to the self-perpetuating drive as only a
single-element needs to be inherited to affect a cutting reaction at the target locus.
Fig shows this consequently provides a broad range of cut-rate and release
frequency parameter combinations under which the DCDs spread to high frequencies
in population one, but not population two.

The production of type-1 resistance alleles through phantom cutting from isolated B
elements causes the direct DCD to be more severely affected by reductions in cut-rates
compared to indirect DCD. In addition to failing to spread with low cut-rates, the
type-1 resistance alleles produced by DCDs may persist and theoretically impact a
future release of an otherwise appropriately tuned drive release targeting the same
locus. Next, we set out to determine how deposition would affect DCDs and potentially
reveal additional differences between the drive designs.

3.3.3 Maternal deposition can aid daisy-chain containment

The inclusion of deposition greatly expands the genotypes that can be exposed to
cutting by the drive. We assume exclusively maternal deposition without any paternal
deposition, and deposition occurs uniformly into each progeny, with the deposition
cut-rate determining the fraction of target alleles that are cut in each progeny. The
most straightforward deposition scenario is the simultaneous deposition of the Cas9
protein and gRNA as a complex. However, gRNAs in CRISPR HEGs are generally
expressed from (putatively) constitutive pol IIT promoters. In line with experimental
data”POFLELS iy our simulations embryonic cutting can also occur when the Cas9
protein is deposited into an individual that has inherited a gRNA expressing transgene
from their father. In contrast, due to the reduced stability of the isolated gRNA%23123
we assume that the pre-complexing of Cas9 and a gRNA in the mother is necessary for
the gRNA to be deposited. Generally, cutting by the deposited nuclease is thought to
occur much earlier in development, when HDR rates are much lower and HDR may in
some cases be impossible due to physical isolation of homologous chromosomes 2?5570,
As such, we assume that HDR repair does not occur in the early embryo and all cuts
result in resistance alleles.

In Fig we show the A locus allele dynamics of simulations with a maternal

deposition cut-rate of 25%. In contrast to the outcomes when the cut-rate is changed,
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maternal deposition affects the two DCDs very similarly. The two DCDs reach
maximum ;D element frequencies of 64.5% and 66.6% for the direct DCD and
indirect DCD, respectively. For both DCDs, the B drive element carrying the nuclease
drops in frequency rapidly due to its association with deposition-induced fitness costs

at the A locus (S3.14| Fig).

In the previous simulations, the fitness cost of type-2 alleles were only experienced
by those individuals that inherited it, not the individual in whose germline it was
generated. To account for somatic genotype conversion by embryonic cutting, fitness
costs are applied after maternal deposition-based gene conversion occurs (but before
expression-based conversion in the germline). Any individual in which its AT alleles
are cut due to deposition has its fitness lowered in proportion to the combined fitness
of the individual genotypes of the now mosaic individual. Although cutting of g T
alleles can occur due to deposition, resistance mutations are neutral at this locus.
However, deposition still reduces the proportion of uncut target alleles available for
subsequent homing in the germline. It is important to note that despite the A drive
element being a rescue, the drive-inheriting individual are fully affected by resistance
alleles that emerge from deposition as the target gene is haplolethal.

Fig show the 1D allele dynamics for different maternal deposition rates.
The 22D and A1 allele dynamics are shown in Fig. The same simulations were
performed without the possibility of gRNA deposition. Restricting deposition in such
a way may, on the face of it, be expected to aid the drives. However, it actually
makes the fitness costs associated with deposition exclusively tied to inheritance of a
gRNA-expressing drive element, favouring individuals that do not inherit the gRNA-
expressing drive element. There may be more complex interactions with nuclease-only
deposition for the two DCD designs; however, we find no substantial differences in the

overall outcomes (S3.16| Fig).

There have been several reports of high rates of inheritance bias from maternally
deposited nuclease (shadow drive)?UUSEE - This appears to be observed mainly in
cases where Cas9 is provided by the mother and the gRNA gene from the father?.
Fig shows simulations of different maternal deposition rates with the possibility
of shadow drive. We find that this specific scenario is so rare (and impossible for the
self-perpetuating drive) that it has a negligible impact on the drive outcomes.

Finally, we tested how the drive frequency can be adapted to compensate for increasing
rates of maternal deposition (Figs [3.4gr3.41| and [S3.18). This shows that major
changes in the deposition rate can be compensated for with relatively minor changes
in the release frequency. This is in contrast to the same analysis described for
changes to the germline-based cutting rate, which displayed a much more linear
relationship. Strikingly, spread into population two was much more limited for DCD
with maternal deposition, even at high release frequencies Fig). This provides
a large parameter space with substantially higher drive spread into population one
compared to population two (Fig for the DCDs. The explanation for this is
that once all target alleles have been cut, deposition ceases to have any consequence.
However, at low frequencies, such as with the migration of drive-carrying individuals
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to a population of mostly wild-types, the deposition-induced fitness costs still occur
and limit the drive’s ability to spread.

3.4 Discussion

Here we have investigated the effect of drive element fitness, type-1 resistance alleles,
cut-rate, and maternal deposition on two alternative daisy-chain gene drives (DCDs).
The DCDs that we model are the direct DCD (,E/gN*/cGB), and indirect DCD
(AGA /BN /cGB), each composed of three elements (downstream to upstream: A, B, C).
In each case, we have contrasted our results with the behaviour of a self-perpetuating
drive (4N#) for which more experimental and other computational results have been
reported on the effect of fitness costs™* ™ resistance alleles™120LA " cyt-rate ™ and
depositiont?35 Despite using the same underlying inheritance biasing mechanism,
we find that the performance of the DCDs can differ from a single-element self-
perpetuating drive in important ways.

There are important limitations to our model and the approach taken. Foremost among
them is that we capture very little of the complexity of the life-history traits of the
target species. Furthermore, our deterministic simulations of panmictic populations
with simple migration will not adequately reflect any real-world populations. However,
we expect that the broader relationships we have highlighted will remain true and can
inform the design and optimisation of split and daisy-chain gene drives.

We find that the exponential nature of drive replication has different implications
for the self-perpetuating drive and daisy-chain gene drives. In our simulations of
replacement drives, the self-perpetuating drive generally has binary outcomes. When
the drive can replicate itself faster than the drive is lost by fitness defects, the
exponential replication of the drive will allow it to spread to high frequencies in both
populations. If the drive is extremely inefficient, it will not spread at all. There is only
a narrow set of parameters where the replication of the drive element is closely matched
by the loss of drive elements, and the drive does spread but is substantially slowed.
While the drive is spreading, more drive carriers are lost due to generational fitness
effects, requiring more copying events (and therefore cutting) to reach equivalent
frequencies compared to a faster spreading drive. The increased number of cutting
events results in the generation of more resistance alleles. Whereas a self-perpetuating
drive gains independence from the starting conditions and nuclease efficiencies from
its sustained exponential spread, the daisy-chain gene drive is affected in the opposite
way. The limited window of exponential replication experienced by DCDs causes
their maximum frequency to be highly dependent on the starting conditions. Minor
increases or decreases in efficiency will compound generation upon generation and can
substantially alter the maximum frequency the drive can achieve, and its potential to
spread beyond the target population. In our simulations, this compounding difference
in efficiency is most apparent with changes to the drive allele fitness. However, type-1
resistance alleles, cut-rate, and maternal deposition also affect the balance of drive
allele generation to loss and additionally have more specific interactions with the DCD

02



design.

The spread of DCDs is substantially impacted by factors that can increase the effective
linkage disequilibrium between different elements. Under ideal conditions, upstream
daisy-chain elements are always inherited together with their downstream drive element
(A for B and B for C) because those upstream elements cause the downstream element
to switch from a heterozygous to homozygous state. However, reductions in cut-rate
and the generation of resistance alleles in the germline or in the early embryo through
deposition can cause upstream elements to be inherited without the corresponding
downstream element. In addition to lowering the inheritance biasing rate, this also
lowers the probability that in a subsequent generation, the DCD elements are in a
configuration that allows for inheritance biasing to occur at all. For a self-perpetuating
drive, all drive components are housed on the same element and cannot segregate
away from each other.

The downside of linkage disequilibrium between daisy-chain elements can be further
exacerbated by phantom cutting. This occurs with the direct daisy-chain B element
(N#), which can cut a wild-type A locus even when the B and A drive elements
have segregated away from each other, generating additional resistance alleles. In our
simulations, the production of additional dominant lethal type-2 resistance alleles at
the A locus by phantom cutting, and the loss of B elements by association, has only a
limited impact. This is because while an indirect DCD B element isolated from its
A element cannot phantom cut, it also no longer contributes to the spread of the A
element unless it is reunited with an A element by random mating. Reunification of
B and A elements is only common if the drive is already at a high frequency, and by
then additional B elements have been created, reducing the significance of the direct
DCD B elements that have been lost. However, the effect of phantom cutting on the
type-1 resistance allele frequency is more problematic. The additional production
and biasing of type-1 resistance alleles by direct DCD phantom cutting substantially
increase their frequency compared to the indirect DCD and self-perpetuating drive.

Throughout this study, we have exclusively discussed three-element DCDs. Incor-
porating additional DCD elements can increase invasiveness, as has been shown by
modelling by others®1%. This can be achieved by adding upstream gRNA elements
(e.g., pG®), however, this now provides additional opportunities for phantom cut-
ting (e.g., sN/cT/pGC€). Upstream drive element may be expected to reach lower
maximum frequencies than downstream elements, limiting the impact of resistance
alleles generated by phantom cutting at these sites. Nonetheless, relatively complex
additional modifications (e.g., orthogonal nucleases) would likely be required to avoid
phantom cutting with longer DCDs.

The default release frequency was chosen to allow for high-frequency spread of the
two DCDs, and should be considered roughly tuned to our chosen drive efficiency and
fidelity parameters. As a consequence, it is not a surprise that additional inefficiencies
in the drive mechanism immediately affect the DCDs ability to approach fixation.
Nevertheless, we show that the DCDs spread can be severely impacted by relatively
minor changes to the drive efficiency. For a real-world release, the efficiency of the
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drive must be known to a high degree of precision to be able to tune a DCD release to
the intended application. Relatively small errors in estimation or differences between
laboratory and field conditions may allow the daisy-chain drive to spread substantially
less or more than predicted. As we have shown, higher release frequencies can buffer
the DCD against additional inefficiencies, but this may be undesirable if spread beyond
the intended population is to be minimised. However, for many applications, there
may be a large difference between the minimal release frequency needed and a release
frequency that could allow for unacceptable spread beyond the target population. For
those cases, the minimal required DCD release frequency can be safely exceeded to
buffer against shortcomings in the drive efficiency. In addition, the risk of undesired
additional spread by a DCD may also be mitigated by a slow ramp-up of release
frequencies and continuous monitoring of spread. Nonetheless, our results indicate
that high inheritance biasing efficiency and fidelity will be required for a DCD to
achieve the design’s potential as useful middle ground between a self-perpetuating
drive and non-drive inundative releases.

One possible way to address the increased nuclease efficiency and fidelity sensitivity
we have found with DCDs is to tightly link individual elements by reducing their
recombination distance. The elements should be close enough on the same chromosome,
so segregation by meiotic recombination is rare but far enough that the homing events
at each locus are still independent. This would negate the issues we find of premature
dissociation of drive elements and phantom cutting; upstream elements should very
rarely segregate away from downstream elements, even with low inheritance biasing
efficiency and fidelity. However, there are a number of reports of drives designed to
function through homing, also affecting the inheritance of a separate sequence located
on the same or homologous chromosome®*¥eRI05%I03 - Thig collateral inheritance bias
could, in a daisy-chain with tightly linked elements, cause two or more elements
to bias themselves (more) like a self-perpetuating drivel®. Daisy-chain drives in
such a configuration may require higher safety assessments to ensure that it remains
self-limiting in phased trials from the laboratory to the field.

An important consequence of DCD design that we have not considered in our simu-
lations, that may be addressed in future work, is the potential interference between
different drives. Cutting by the direct DCD A element is dependent on nuclease
expression from another element for its function. However, the nuclease could be
supplied by a different drive altogether. A rogue Cas9-based self-perpetuating drive
could cause an indirect DCD drive A element to piggyback on the Cas9 expression and
spread together with the self-perpetuating drive. This is similar to the behaviour of
some reversal drives’™. This piggybacking behaviour is not possible for the otherwise
inferior direct DCD.

To date, inheritance biasing efficiency and fidelity exceeding our default parameters
(cut-rate of 100%, HDR rate of 95%) has been achieved in Anopheles gambiae mosquitos
in a single-element construction®. These results are encouraging for developing a
DCD in the same species; however, it is unclear how the results with a single-
element extend to a DCD. Multiple simultaneous DNA breaks have been reported to
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cause additional cellular stress® and interchromosomal abnormalities™™®182 While
some drives that bias multiple loci simultaneously have been reported™#83 to our
knowledge, no multigenerational assessment of a DCD has been published. It remains
to be demonstrated that a DCD can achieve similar efficiency and fidelity as a single-
element drive. Furthermore, to date, drive efficiencies have been low in other potential
target species such as Aedes aegypti® 2 and Mus musculus™34 or high, but
severely affected by maternal deposition, in Anopheles stephensi*®Y. We expect that
substantial improvements need to be made to allow HEGs in these species to function
effectively with a DCD design.

It is important to note that there are many ways in which deposition can manifest (e.g.,
paternal vs. maternal deposition rates, deposition patterns for the gRNA, Cas9, and
Cas9;gRNA complex, mRNA or protein deposition, and deposition rates from drive
homozygous or heterozygous parents, repair rates through development) and many
factors that influence the consequences of deposition (e.g., recessive and dominant
fitness costs, life stage of fitness cost manifestation, threshold dependence of somatic
conversion). As such, the deposition simulations performed here necessarily present a
small subset of possible conditions and highlight that the consequence of deposition is
context- and design-dependent. As more experimental data become available, further
work can specifically test the deposition conditions observed for daisy-chain gene
drives.

The work we have presented here demonstrates a complex interplay between gene
drive design and sensitivity to molecular inefficiencies. This shows that to guide
gene drive design, we need to have a robust understanding of the actual values that
certain parameters take on in practice. In the next chapter, we will systematically
investigate the experimental performance of published homing gene drives. We use
this to better understand the role of sex in gene drive performance and develop a web
tool to investigate the influence of individual design characteristics.

3.5 Methods

Overview

The model we present here is capable of tracking the frequency of different geno-
types through discrete life stages and generations. To facilitate that, we devised a
nomenclature system capable of defining the range of possible genotypes and parental
deposition states that individuals can take on for daisy-chain gene drives (the most
complex case we consider). This is required to model a range of possible different
drive designs and the many different individual states that a single drive can give rise
to during its spread. During the embryonic and germline life stages, drive-induced
genotype conversion occurs, changing the relative frequency of the genotypes. We
use non-overlapping discrete-generation recursion equations for genotype frequencies,
treating males and females separately. This method is applied in a simple deterministic
allele frequency simulation of a single release of gene drive individuals into a population
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of all wildtypes.

Stages and genotype nomenclature

The model tracks the frequency of different genotypes through different life stages.
Each discrete generation (t), the same stages are repeated. The stages and their
corresponding frequency vectors are: zygote (z), embryonic (e), germline (g), and
gamete (p) stages. All vectors apart from the zygote vector are sex-specific, and male
versions are indicated with a bar below the symbol (e.g., p). The overall genome
frequency may vary through these stages; however, each generation the frequency is
normalised to 1. For the particular drive system we are considering, d is the number
of unique diploid genotypes, while h is the number of possible haploid genotypes. As

such, z; is the frequency of the i*® zygotic genotype, with i ranging from 1 to d.

Throughout each stage, the genomes maintain their genotype unless they are exposed
to a gRNA:muclease complex and contain a target allele (T) that can be cut. The
other alleles we consider are type-1 (1), functional, and type-2 (2) non-functional
resistance mutations and drive alleles. The symbol for the drive alleles is distinguished
by whether that allele contains a nuclease (N), no nuclease but a gRNA (G), or neither
(E). The N allele can carry a gRNA, but does not necessarily have to. None of the
alleles except T can be cut but, if present, can influence the repair outcome of the
T allele on the homologous chromosome. The drive elements can, depending on the
specifics of the drive, provide the components necessary for a cut to occur at another
locus but do not influence the repair outcomes at that other locus.

To model daisy-chain drives, we must further distinguish genotypes at different
genomic loci. The defining feature of the persistence of inheritance bias for a daisy-
chain element is its priority in the chain®”. Sequentially going from A, B, C, etc. To aid
in interpretation, each element’s genotype (diploid combinations of: T/N/G/1/2) has
a letter subscript that denotes its order in the daisy-chain (e.g., ATT). Any genotype
with a different letter subscript will be at a different genomic locus. For drive elements
that carry a gRNA, a superscript indicates which T allele locus they target (e.g., AN*
or ¢GB). Table lists the genotype notation of the drives studied in this publication
and the two-element split-drive.

Genotype Name
ANAT Self-Perpetuating Drive
AGAT/gNT Split-drive

AET/gNAT/cNBT  Noble Daisy-Chain Drive
AET/gNAT/cGBT  Direct Daisy-Chain Drive
AGAT/gNT/cGBT  Indirect Daisy-Chain Drive

Table 3.1: Genotype specification of drive designs. Drives are listed in their heterozygote
state.
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Haploid to Diploid stage

Each discrete generation, the current genotype frequencies can change due to the action
of the drive and fitness effects Fig). For generations 2-100, this process starts by
combining the haploid genotype frequencies of the previous generation from the male
(p'™') and female (p*~!) individuals to form the frequency vector of the zygotes (z')
(equation . For generations 2-100, there is a single vector z, since, in our model,
sex effects manifest only at the embryonic stage. However, for the first generation,
the embryonic frequency is calculated separately for males and females according to
the release frequencies. As such, released individuals are reduced according to their

fitness before their opportunity to mate.

The model tracks the deposition of drive components from one generation to another.
For Cas9 deposition, we differentiate each allele received by the zygote by a sex-specific
Cas9 deposition factor (o or ). We do not differentiate whether the deposition comes
from a nuclease element heterozygote, or homozygote parent. For example, a haploid
T} allele has come from a non-Cas9 carrying diploid parent (e.g., T'T), while a T},
must have come from a nuclease carrying parent (e.g., TN). In the diploid genomes,
these notations are combined, with the drive status of the male parent listed first
(e.g., }o*) and then female parent (e.g., }+). Equation illustrates the combining
of p'~! and p'~! to form z’. Note, that many genotypes are functionally equivalent
and will be summed when reporting the outcomes of the drive (e.g., {T1}oo = {1T }0o,
{pi/P}too = {Pj/Pitoo; {Pi/P;}11 = {pj/Piti1, {Pi/P;}10 # {P;/Pi}or). Deposition
of the gRNA is tracked in a similar way. The haploid genotypes are differentiated by
the gRNAs that have been expressed in the diploid parent, and this is used in the
calculation of deposition-based cutting in the diploid embryos.

Zt — Btfl . ptfl (31)
T}Q N}l *}* Pn
Tho [({TT}oo {TN}tor {T*}o- {TPn}o-
Npi| {NT}o (NN} {Nx}i. {Npn}w ¢ -1

whe | 6Tho N} b opnde | p “Lopt =mat(z') (3.2)
P, \{PuT}0 {PulV}a  {Pn*}e Zg

Fitness costs, and genotype inter-conversion by deposition and
expression

In the transition from the zygotic to the embryonic state, the model takes into account
deposition and fitness effects. Through deposition, each individual zygotic genotype
(z;) can give rise to multiple embryonic genotypes (e). Genotype conversion is mediated
by matrix K, which converts genotypes according to the deposition cut and repair
rates. Furthermore, based on the fitness parameters (Fig , we can, for each
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genotype, define a particular fitness cost (0-1) in the vector #. The fitness cost vector
has a female () and male (€) specific version because for some simulations sex-specific
fitness costs are applied. The fitness of a particular genotype (6;) is determined by
multiplying the fitness costs of individual alleles. The dominant fitness cost imposed
by a particular allele is applied only once, even if two copies are present. Some
simulations impose an additional recessive fitness cost on the A locus, which only
occurs if two loss of function alleles are present at A (e.g., AEE, AE2, 422). As the
multiple genotypes produced by deposition are within the same mosaic organism, the
fitness cost contribution of individual genotypes is summed and applied uniformly
over all genotypes arising from the same zygotic genotype. The deposition conversion
outcomes and fitness costs of any one genotype do not vary throughout a simulation,
only the relative frequency of the input genotypes in the form of z. As such, conversion
matrix D/ D can be constructed that mediates both deposition conversion (K), and
fitness costs (0; and 6;). Matrix D is the product of the row-wise multiplication of
matrix K; , by 6 and normalisation. When z is then subjected to conversion matrix
D it produces the embryonic frequency vector e (equations . Vector e represents
the genotype frequency at the end of the embryonic stage, after deposition and fitness
costs have been applied. Vector e/e is subsequently multiplied by the expression-based
gene conversion matrix C/C to produce the gamete frequency vector g/g (equations
[3.4). The construction of matrices C and K is discussed after gamete production.

~
~

e=z"-D

gh=¢e".C

o)
I
N

(3.3)
(3.4)

~
~

(3]
I

o)

(o}

Gamete production

The last step in each generation is the conversion of diploid genomes to haploid ones.
This is done by multiplying the diploid genome frequency vector g by matrix H to
form the haploid genome frequency vector p (equations . Matrix H simply splits
each diploid genome into the possible haploid genomes it can produce, an example of
which is shown in equation [3.6l An important step in this process is to keep track of
nuclease and gRNA deposition. The presence of at least one N allele in the diploid
germline genome causes the haploid genome to have an associated deposition marker 1
(%}1). If no N allele is present in the diploid genome, the deposition marker is 0 (x}g).
Separately, any gRNA-expressing elements in the diploid parent cause each haploid
genome to carry an indicator for deposition of that gRNA. Like Cas9 deposition, this
occurs even if the gRNA-expressing element is not inherited. We assume that alleles
at separate loci segregate fully independently, as is shown in equation which shows
H if two elements are considered.
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{Tho {1}o {2}o {G}o {Th {Nh {1h {2h {Gh
{rT}
{11}
{12}
{TG}
{T'N}
{NN}
{N1}
{2}
{NG}
{11}
{12}
{1G}
{22}
{2G'}
{GG}

OO0 OCOODOO O D tn o M
OO0 MNP OO0 O OO O ¢ O
O NP OO OO OO O
RO N O OO0 00O HO OO
OO0 O0OOMmMOO OO
CoO 0O O MmO oo O
D000 HOODODOOD
OO0 HODOODODDODOD
o000 OMmMOOO0OOO0O OO

Il

s

(3.6)

{aT/8T}o {aT/8l}o {al/BT}o {al/Bl}o
{\TT/sTT} 1 0 0 0
{ATT/5T1} 5 5 0 0
{sT1/5T1} 25 25 25 25

N

—H (3.7

Deposition and drive-induced conversion

To model drive activity within an individual, we approach gene editing as the conversion
of genomes from one genotypic state to another genotypic state. The probabilities
underlying this will depend on the probability that a DNA cut will occur (k) and the
HDR rate (a), together with the ratio between type-1 and type-2 resistance mutations
(8). From this, DNA repair can result in three outcomes: interchromosomal-homology-
directed repair («), type-1 resistance mutations ((1— «) - 8 = u), and type-2 resistance
mutations ((1— «) - (1 - ) = v). The distinction between type-1 and type-2 mutations
is dependent on the target locus, and in our model only relevant for accounting for
fitness effects. The probability of all repair outcomes sums to 1. For each simulation,
the value of each of these parameters is fixed and the default values are listed in Fig[3.1d
Each of the previous parameters is defined separately for maternal deposition-based
conversion, which is indicated by o1 (ko1, 1, and SBo1).

In our model, there are two stages where the drive can induce a genotype conversion:
embryonic and germline. For each genotype and its associated deposition state, we
define a rate at which it converts to the other possible genotypes or remains the same
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(the overall rate is always 1). These conversion probabilities are mediated by matrix
C for the drive expression in the germline, and K for drive deposition in the embryo.
For the majority of genotypes, the conversion rate maintaining the original genotype
will be 1, and the conversion rate to all other genotypes will be 0. This is because only
a select few genotypes can convert. The requirements for conversion are: first, the
genotype must have a genomically expressed gRNA or deposited gRNA (in complex
with Cas9). Second, that gRNA must target a locus that in that particular individual
has one or more T alleles present. Lastly, there must be genomically expressed or
deposited nuclease. If these conditions are met, we use the cut and repair probabilities
to determine the conversion rate. If a T allele can be cut in the germline, x - o of
the T alleles will convert to whatever allele is on the homologous chromosome. & -
1 of the T alleles will convert to a type-1 resistance allele and « - v of the T alleles
will convert to a type-2 resistance allele. Finally, 1-x of the T alleles will remain
uncut. These conversion rates populate matrix C, as shown in equation [3.8] The exact
same relationships hold for matrix K shown in equation [3.9] with the xo1, ao1, o1,
and vg; parameters. The conversion matrix for genotypes with TT is more complex.
For a TT genotype to be cut, the nuclease and gRNA must be expressed from a
separate locus, or alternatively, the nuclease, or nuclease and gRNA can be provided
by maternal deposition. For T'T genotypes, we assume that o = 0, or in a separate
set of supplemental simulations alleles are cut one by one, resulting in the conversion
probabilities shown in equation [3.10]

{1T} {21} {12} ={21} {11} {22}

{1T} 11—k 0 KU H'<M+Oé) 0 B
{2T}< 0 11—k K i 0 m.(y+a)>_0 (3.8)

{1T} {21} {12} = {21} {11} {22}
{1T}o1 (1 — Koy 0 Ko1 * Vo1 ko1 - (fo1 + ao1) 0 _
{27}y ( 0 1—kKor Ko fol 0 kot - (vor + @01)> -

{17} {17} = {11}
17y (1= 8) 502 (o) (1= 8)+ (1= 8) +5-0)-(-p) )
{2T} = {T2} {12} = {21}
(07} (k1) (=R + (A= R) +r-a) - (r-v) (k-p)-(k-v)-2 ) (310

{11} {22}
(07} (ko) - (G- )+ (5-0) (-0)- (k1) + (r-a)) )
= C{TT}
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Figure S3.1: Overview of the genotype conversion process that repeats each generation. (a)
Tllustration of the different stages of the model. (b) Names of the symbols used in a. Each genotype
conversion step is expanded upon in the methods.
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Figure S3.2: Individual allele dynamics with all parameters at default. Row 1 (a-c). Individual
allele dynamics for population one. Row 2 (d-f). Individual allele dynamics for population two. Column
1. Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain
Drive. The thin dashed line indicates a frequency of 90%.
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Figure S3.3: Phantom cutting occurs when an upstream element attempts to bias the
inheritance of a downstream drive element that is not present. With cut-rates less than 100%,
downstream T alleles can be inherited with a drive element that can allow the phantom cutting of a

homozygous TT genotype.
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Figure S3.4: Germline HDR rate parameter sweep. Row 1 (a-c). Allele dynamics of the A locus
drive element in population one. Row 2 (d-f). Allele dynamics of the A locus drive element in population
two. Row 3 (g-i). Allele dynamics of the A locus type-1 resistance mutations in population one. Row
4 (j-1). Allele dynamics of the A locus type-1 resistance mutations in population two. Column 1.
Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
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Figure S3.5: Migration rate parameter sweep. Row 1 (a-c). Allele dynamics of the A locus drive
element in population one. Row 2 (d-f). Allele dynamics of the A locus drive element in population
two. Row 3 (g-i). Allele dynamics of the A locus type-1 resistance mutations in population one. Row

4 (j-1). Allele dynamics of the A locus type-1 resistance mutations in population two. Column 1.
Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
Migration rates are 0.5", with n from 1 to 8.
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Figure S3.6: Simulation of different drive designs using previously published parameters. Row
1 (a-d). Hlustration of the daisy-chain design. The remaining rows are simulations of each daisy-chain
drive under different release and HDR rates used by Noble et al. 'Fig.2B’. Row 2 (e-h). Preset 1 is a
simulation with a release frequency of 2% and HDR rate of 95%. Row 3 (i-1). Preset 2 is a simulation
with a release frequency of 2% and HDR rate of 60%. Row 4 (m-p). Preset 3 is a simulation with a
release frequency of 15% and an HDR rate of 60%. For all simulations, the allele fitness is: D = 92%,
A2 = 0%, gD and ¢D = 99.99%, g2 = 100%. Cut-rate = 100%. These simulations were of a single
population. Column 1. Direct Daisy-Chain Drive. Column 2. Indirect Daisy-Chain Drive. Column
3. Direct Daisy-Chain Drive with Cas9 also expressed from the C drive element. Column 4. Indirect
Daisy-Chain Drive with Cas9 also expressed from the C drive element. The thin dashed line indicates a
frequency of 90%.
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Figure S3.7: Simultaneous changes to the recessive and dominant fitness cost of the oD
allele. Row 1 (a-c). Maximum D allele frequency in population two. Row 2 (d-f). Maximum A1
allele frequency in population one. Row 3 (g-i). Maximum A1 allele frequency in population two. The
maximum frequency of oD in population one and the difference between population one and two is shown
in Fig 2.
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Figure S3.8: Male release frequency parameter sweep with a recessive lethal A drive element.
Row 1 (a-c). Allele dynamics of the A locus drive element in population one. Row 2 (d-f). Allele
dynamics of the A locus drive element in population two. Row 3 (g-i). Allele dynamics of the A locus
type-1 resistance mutations in population one. Row 4 (j-1). Allele dynamics of the A locus type-1
resistance mutations in population two. Column 1. Self-Perpetuating Drive. Column 2. Direct
Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive. A heterozygous release frequency of 100%
means that all males in population one are heterozygous drive carriers at the start of the simulation. This
equates to a drive allele frequency of 50% among males and a frequency of 25% among all alleles when

females are included (the y-axis value shown).
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Figure S3.9: Male release frequency parameter sweep with a female-specific recessive lethal A
drive element. Row 1 (a-c). Allele dynamics of the A locus drive element in population one. Row 2
(d-f). Allele dynamics of the A locus drive element in population two. Row 3 (g-i). Allele dynamics of
the A locus type-1 resistance mutations in population one. Row 4 (j-1). Allele dynamics of the A locus
type-1 resistance mutations in population two. Column 1. Self-Perpetuating Drive. Column 2. Direct
Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive. A heterozygous release frequency of 100%
means that all males in population one are heterozygous drive carriers at the start of the simulation. This
equates to a drive allele frequency of 50% among males and a frequency of 25% among all alleles when

females are included (the y-axis value shown).
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Figure S3.10: Individual allele dynamics with a germline cut-rate of 85%. Row 1 (a-c).
Individual allele dynamics for population one. Row 2 (d-f). Individual allele dynamics for population
two. Column 1. Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect
Daisy-Chain Drive. The thin dashed line indicates a frequency of 90%.
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Figure S3.11: Germline cut-rate parameter sweep with no HDR repair of cut TT genotypes.
Row 1 (a-c). Allele dynamics of the drive element at the A locus in population two. Row 2 (d-f).
Allele dynamics of type-1 resistance mutations at the A locus in population one. Row 3 (g-i). Allele
dynamics of type-1 resistance mutations at the A locus in population two. Allele dynamics of the drive
element at the A locus in population one are shown in Fig 3d-3f. Column 1. Self-Perpetuating Drive.
Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
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Figure S3.12: Germline cut-rate parameter sweep with sequential cutting of TT genotypes.
Row 1 (a-c). Allele dynamics of the A locus drive element in population one. Row 2 (d-f). Allele
dynamics of the A locus drive element in population two. Row 3 (g-i). Allele dynamics of the A locus
type-1 resistance mutations in population one. Row 4 (j-1). Allele dynamics of the A locus type-1
resistance mutations in population two. Column 1. Self-Perpetuating Drive. Column 2. Direct
Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
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Figure S3.13: Simultaneous changes to the germline cut-rate and male drive carrier frequency
at release. Row 1 (a-c). Maximum AD allele frequency in population two. Row 2 (d-f). Maximum
Al allele frequency in population one. Row 3 (g-i). Maximum A1 allele frequency in population two.
The maximum frequency of oD in population one and the difference between population one and two is
shown in Fig 3.
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Figure S3.14: Individual allele dynamics with a maternal deposition cut-rate of 25%. Row
1 (a-c). Individual allele dynamics for population one. Row 2 (d-f). Individual allele dynamics for
population two. Column 1. Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column
3. Indirect Daisy-Chain Drive. HDR does not occur with deposition-mediated cutting, and all cuts
result in resistance mutations following the 1:9 ratio of type-1 to type-2. The thin dashed line indicates
a frequency of 90%. The dynamics of the direct and indirect DCD g1D elements may be more similar
than initially expected from the genetics. However, when the DCD B elements are together with a drive
element at A, there is no difference in deposition between the direct (AE/gN#) and indirect (4 G*/gN)
DCDs. Only when the B element is isolated from the A drive element does deposition affect the two
designs differently. This only occurs when the B element segregates away with a type-1 resistance allele
(100% expression-based cut-rate, and type-2 resistance alleles are lethal). Although the resistance allele
rate is substantially higher with deposition, isolation of gD from 5D is still a rare event. Moreover, due to
the high 5D frequency, isolated B elements are rapidly reacquainted with a A drive element. Isolated gD
elements are much less likely to be reacquainted with a oD element in population two, which is reflected
in a more pronounced difference in gD allele dynamics between the indirect and direct DCDs.
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Figure S3.15: Maternal deposition cut-rate parameter sweep. Row 1 (a-c). Allele dynamics of
the drive element at the A locus in population two. Row 2 (d-f). Allele dynamics of type-1 resistance
mutations at the A locus in population one. Row 3 (g-i). Allele dynamics of type-1 resistance mutations
at the A locus in population two. Allele dynamics of the drive element at the A locus in population one
are shown in Fig 4d-4f. Column 1. Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive.
Column 3. Indirect Daisy-Chain Drive. HDR does not occur with deposition-mediated cutting, and all
cuts result in resistance mutations following the 1:9 ratio of type-1 to type-2.
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Figure S3.16: Maternal deposition cut-rate parameter sweep with no gRNA deposition. In
these simulations only the Cas9 protein is deposited. Row 1 (a-c). Allele dynamics of the A locus drive
element in population one. Row 2 (d-f). Allele dynamics of the A locus drive element in population
two. Row 3 (g-i). Allele dynamics of the A locus type-1 resistance mutations in population one. Row
4 (j-1). Allele dynamics of the A locus type-1 resistance mutations in population two. Column 1.
Self-Perpetuating Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
HDR does not occur with deposition-mediated cutting, and all cuts result in resistance mutations following

the 1:9 ratio of type-1 to type-2.
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Figure S3.17: Maternal deposition cut-rate parameter sweep with shadow drive. In these
simulations, when the deposited Cas9 protein is paired with an expressed gRNA, DNA repair uses the
germline HDR rate. If Cas9 and a gRNA are deposited simultaneously, this takes precedence, and HDR
repair is not possible. In practice, shadow drive occurs only when the mother carries the Cas9 and the
father provides the gRNA gene. Note that this scenario cannot occur with the self-perpetuating drive as
the Cas9 and gRNA genes are always linked. Row 1 (a-c). Allele dynamics of the A locus drive element
in population one. Row 2 (d-f). Allele dynamics of the A locus drive element in population two. Row 3
(g-i). Allele dynamics of the A locus type-1 resistance mutations in population one. Row 4 (j-1). Allele
dynamics of the A locus type-1 resistance mutations in population two. Column 1. Self-Perpetuating
Drive. Column 2. Direct Daisy-Chain Drive. Column 3. Indirect Daisy-Chain Drive.
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Figure S3.18: Simultaneous changes to the maternal deposition cut-rate and male drive carrier
frequency at release. Row 1 (a-c). Maximum AD allele frequency in population two. Row 2
(d-f). Maximum A1 allele frequency in population one. Row 3 (g-i). Maximum A1 allele frequency in
population two. The maximum frequency of 4D in population one and the difference between population
one and two is shown in Fig 4. HDR does not occur with deposition-mediated cutting, and all cuts result
in resistance mutations following the 1:9 ratio of type-1 to type-2.

78



Chapter 4

Sex and gene drive: application of a
large-scale homing gene drive
database and analysis pipeline

Sebald A. N. Verkuijl''2, Philip T. Leftwich®, Edward Ivimey-Cook?*, Michael B.
Bonsall

1: Mathematical Ecology Research Group, Department of Zoology, University of Oxford, 11a
Mansfield Road, Oxford, OX13SZ, U.K

2: Arthropod Genetics, The Pirbright Institute, Ash Road, Pirbright GU24 ONF, U.K.

3: School of Biological Sciences, University of East Anglia, Norwich Research Park, Norwich,
NR4 7TJ, UK.

4. Institute of Biodiversity, One Health and Veterinary Medicine, University of Glasgow,
Glasgow, G61 1QH, U.K.

In the previous chapter, we performed a computational analysis of different gene
drive designs. Through parameter sweeps, we evaluated gene drive outcomes under
a range of values for a selection of parameters. This provides important insight into
the challenges facing specific gene drive designs and what parameters may specifically
be important to measure and optimise. However, we were unable to draw specific
conclusions about what this implies for the gene drives that have been implemented
so far. Furthermore, we found that the ways in which deposition can present can be
exceedingly complex. By varying one or two parameters at a time, we have not covered
the specific combination of values of different parameters that occur with the in vivo
gene drives. We have also not considered the complexity of measuring each parameter
or whether there may be alternative measures that may be more readily derived from
experimental work. In this chapter, we develop a database and an analysis pipeline to
evaluate the experimental performance of published homing gene drives. This will
allow us to place our computation results in context and adapt them to the specific
strengths and weaknesses of the experimental results.
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4.1 Abstract

Synthetic gene drives have the potential to control harmful pests by amplifying
genetic modifications through successive generations. Extensive research has gone into
implementing homing endonuclease gene drive based on programmable nucleases such
as CRISPR-Cas9. Understanding the factors that influence the function of homing
gene drives is crucial to be able to predict their behaviour in wild populations through
computational modelling. In addition, making experimental data more accessible and
systematically analysing the experimental, biological, and transgene design factors
will aid their further development. Here, we describe the development of a homing
endonuclease meta-analysis pipeline applied to 238 crosses and 327,706 individually
scored insects (a subset of the publications returned by our literature search). We
applied this analysis framework to investigate the effect of sex on two results of the gene
drive process. We found a small but significant increase in gene drive inheritance rates
from female drive carriers compared to males (parental germline), but no significant
difference in somatic phenotype rates between equivalent males and females (progeny
somatic tissue). Nuclease activity in somatic tissues was substantially higher in the
progeny of female nuclease carriers (in almost all cases with the gRNA) compared
to males, indicative of maternal deposition. However, no significant effect on gene
drive propagation rates where found when the nuclease-carrying grandparent was
female (and in many cases, the gRNA gene was carried by the father). We developed
a companion interactive tool available from: https://osf.io0/k9fbd/. This tool has
been designed to allow users to identify the highest quality data for a specific research
question and investigate the large and growing body of gene drive literature.

4.2 Introduction

Gene drive is a process through which the inheritance of a particular genetic region
can be biased. This region can comprise multiple genes or even a whole chromosome.
Through gene drive, the biased region will be passed onto a larger proportion of
offspring than would be expected by the Mendelian rules of inheritance. Synthetic
gene drive-based technologies are predicted to be able to spread a particular trait
throughout a wild population or achieve localised suppression of a wild pest population
more cost-effectively®. These technologies can potentially be transformative in the
areas of disease vector control, agriculture, and conservation.

Homing gene drives are a type of gene drive that functions by copying a specific allele
from one chromosome to the homologous chromosome. Cells in which this process
occurs will go from being heterozygous to being homozygous for the "drive" allele.
If these cells are part of the germline lineage, the allele will be passed to a higher
proportion of the progeny.

In the field of gene drive research, this copying process is known as “homing” and is
mediated by homology-directed repair (HDR). In a broader context, the DNA processes
that underlie homing, or similar outcomes, can be referred to as "interchromosomal
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https://osf.io/k9fbd/

HDR"™. "loss of heterozygosity"'¥, "allelic exchange"*#, "gene conversion and

others. Each of these terms has nuanced and context-dependent uses and indicates a
broad, and somewhat parallel, study of a shared process. The DNA repair response
associated with homing occurs naturally and is associated with meiotic recombination
and endogenous endonucleases such as Spol1487188,

1185 1186
)

In the context of synthetic gene drives, homing is induced by the deliberate induction
of DNA damage at the site allelic to the drive allele. This DNA damage then activates
repair pathways that mediate gene conversion or, as is often the case, other unintended
repair outcomes. With the advent of the CRISPR-Cas9 programmable endonucle-
ase gene editing tool®”, development of homing drives has boomed*®?. However, a
substantial amount of fundamental homing drive research was first performed with
fixed-sequence meganucleases such as I-Sce[& 890 and early programmable gene

editing technologies®”.

Cas9 is a two-component nuclease composed of a programmable single guide RNA

(sgRNA) and the Cas9 protein. The first reports of CRISPR-Cas9-based homing drives
in Drosohopila melanogaster®, Saccharomyces cerevisiae®, Anopheles stephensi®3,
and Anopheles gambiae™” reported extremely high inheritance bias rates. This rapid
success suggested that efficient Cas9-based homing drives were easy to engineer in
a variety of species. However, subsequent research has indicated that inheritance
bias rates in yeast and Anopheles mosquitoes were outliers in their immediate high
efficiency. More recent implementation in D. melanogaster and other species have

been less efficient before substantial optimisation efforts?.

Much of the research in the field of homing gene drive has focused on understanding
what factors contribute to their performance and implementing different optimisation
strategies. A complication of this approach is that many changes are made simulta-
neously to the gene drive transgene designs in different implementations, and many
design features are often not made explicit. Additionally, there are differences in the
methodological, analysis, and reporting approaches that make it difficult to compare
the results between publications without a detailed investigation.

An important factor in the variability of inheritance bias levels of the homing gene has
been attributed to the developmental timing and the cell type in which DNA repair
occurs™, Technical developments have attempted to limit nuclease activity to when
gene conversion is favoured, supposedly in meiotic cells##RR04 R LEREOEITEINONLI - g
is approached by testing a panel of different transgene designs with different germline
regulatory elements to express the nuclease protein gene#»492030MONRLSLZI - Other
gene drive design features are often varied between implementations, but have received
limited systematic investigation. These include the number of gRNAg®EHULZIA" the
gRNA promoter®, the target gene®™103 the target site within the same gene”
the transgene insertion site®°Y,

, and

In addition to experimental work, a substantial part of gene drive research takes
the form of computational modelling®®?. In a minority of cases, this is directly
informed by experimentally measured parameters (e.g., HDR rate, germline resistance
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rate, deposition rate, etc.)8#3%193  Modelling can inform what parameters are most
important for drive performance, and thereby direct genetic design optimisation.
Moreover, computational modelling can be used to prioritise experimental work to
measure drive performance to discard non-viable candidates as early and efficiently
as possible. Most importantly, modelling is used to predict the ultimate results of
a gene drive release based on data collected in controlled experiments. However,
currently, modelling is generally done in parallel to experimental work using crude
summary statistics of drive performance and does not capture the richness, nor the
shortcomings, of commonly measured experimental data. A parameter based on 100s
of observations may be treated the same as a parameter that was estimated based on
fewer than 10 individuals. A more direct connection between the measured data and
computational models would aid both in directing gene drive development and the
ultimate representativeness of modelling efforts.

Here, we report a database structure and analysis pipeline for large-scale analysis of
homing endonuclease gene drive performance and design characteristics. We have
developed a companion web tool that allows users to perform custom analyses and
review in-depth the data of individual crosses. We applied meta-analysis tools to a
subset of available data to investigate the effect of sex on gene drive outcomes.

4.3 Results

4.3.1 Literature search

We first performed a literature search to produce a list of publications for subsequent
data extraction (Fig . The goal was to produce a list of publications for which
we could not, without a detailed examination, exclude that they report relevant data.
The data we aimed to include was that of the controlled breeding (crosses) of male
and female individuals that is informative of the homing process in regard to a homing
gene drive. Individuals of each sex that are crossed should have a defined genotype
with respect to the relevant nuclease target locus and nuclease transgenes. This does
not mean that the experiment must necessarily have involved a gene drive in a strict
sense, instead that the underlying process would be directly analogous to that of a
homing endonuclease gene drive (e.g., split drives).

We used a non-systematic database of publications involving experimental data of
homing gene drives to validate the thoroughness of our systematic search process. This
prior database of 65 papers (Fig ) was accumulated over multiple years through
a combination of literature alerts, personal communication, and social media. The
systematic literature search described below aims to expand upon this list and correct
for potential biases.

Relevant publication records were collected by querying PubMed with the search terms
listed in Fig[4.Ip. Duplicate records were removed as were records already present in
the prior database (Fig —g). The remaining records were manually investigated
for relevance and when records were excluded, we noted the reasons and degree of
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investigation performed. The number of records and the reason for exclusion are
summarised in Fig[4.Th-i. Finally, records from the prior database and newly identified
publications were compiled into a single database listed in Table (Fig [4.3}-1).

b) New records from PubMed search:
homing “gene drive” (n = 74)
homing endonuclease gene drive (n = 42)
a) Prior records gene conversion drive CRISPR (n = 37)
n =65 RNA-guided gene drive (n = 16)
"mutagenic chain reaction” (n = 9)
split-drive (n = 7)

I-Scel “gene drive” (n = 5)

d) Duplicate records removed
n =54
_ f) Prior records found by search
e =3 G-

i) Records excluded:
Review/Perspective/Method (n = 33)
Computational modelling (n = 32)
Not Relevant (n = 12)
non-homing design (n = 10)
Single-celled (n = 9)

j) Prior records not found by search k) New records
n =27 n=2

Y

1) Records to be evaluated for data extraction
n =67

<
%

Figure 4.1: Literature search pipeline and validation through a prior database of relevant
publications. (a) 65 records were present in a non-systematic database of publications accumulated over
multiple years from various sources. This database comprises seven species, and more than half of the
publications have been reported in D melanogaster. (b) Search terms used in PubMed literature database,
and the number of results obtained from a search in January 2023. (c¢) 190 records were returned by the
search. (d) 54 records were returned by more than one search term and removed as duplicates. (e) The 65
records in the prior database were already unique and were not processed further. (f) 38 of the records
identified by the literature search were already present in the prior database. (g) 136 unique records were
returned by the search, including those already present in the prior database. (h) 98 unique records from
the search did not overlap with the prior database. (i) An overview of the records returned by the search
that were excluded after individual evaluation and the reason why. (j) 27 records from the prior database
were not identified by the literature search. (k) 2 records were identified by the literature search that were
not excluded before the data extraction process. (1) 67 records were considered sufficiently relevant to
merit a detailed analysis and data extraction.

Our search only identified two new publications (Fig {4.1k) that were not already in
the prior database, in both cases non-homing gene drive studies that may nevertheless
contain qualifying data®*“% However, more than 40% (27/65) of the publications in
the prior database were not identified by the literature search at all. This strongly
indicates that the search terms need to be expanded for a comprehensive overview of
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the gene drive literature. In addition, while our focus for this meta-analysis is the recent
field of engineering synthetic homing gene drives, the DNA repair process underlying
homing has also been the focus of substantial fundamental research. There may be
experimental work in fundamental DNA repair research that is directly analogous to
gene drive crosses that should be included 071955200 1t should be noted that these
publications are particularly difficult and time consuming to evaluate due to parallel
terminology and differing reporting standards. Table lists an expanded set of
search terms that can be used to more thoroughly identify the relevant literature.
However, the goal of this chapter is to develop the database structure and analysis
pipeline for which the prior database and the narrower search process provided enough
candidate publications.

A total of 67 publications passed our initial general assessment of relevance. To
combine these data, specific requirements are placed on the quality and format of
underlying data, and a subset of publications that were included in the literature
search will be found to contain no data that meets these criteria. We have split the
literature and data extraction processes to maintain the reproducibility of the former.

We found data extraction a more subjective task than the publication search, as few
quantifiable reference points exist. For example, while some data inclusion criteria,
such as defining the transgene, were clear; identifying the number of specified crosses for
inclusion within a publication was highly subjective, indicating a need for standardised
data representation.

For this thesis chapter, we made a non-random selection of the publications from our
literature search to develop a database and analysis framework on. We specifically
selected publications with diverse, and non-standard methods to ensure that they
could be accommodated in addition to the more common experimental methods. As
such, the selection of publications should not be taken as fully reflective of the general
body of homing gene drive literature.

4.3.2 Data inclusion criteria and database structure

To analyse the performance of homing endonuclease gene drives, we focused on
data derived from the scoring of progeny generated from defined crosses. This is a
commonly reported measure, relatively standardised, and can be used to estimate
many parameters of the inheritance biasing process in relative isolation (e.g., in absence
of mating competition). We selected publications from the prior publication list and
compiled their data into a single database through an iterative process, frequently
returning to previously processed publications based on later improvements to the
data structure. Through this process, we developed a set of inclusion criteria for the
data:

e Heterozygous: At least two alleles are described for the same locus, one
susceptible to induced DNA damage and one resistant.

e Defined transgene: DNA damage is expected to be generated at the suscep-
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tible allele through the product of the integrated transgene(s). This excludes
exogenously supplied nuclease components (e.g., micro-injection).

e Heterozygous cross: A genetic cross is performed that may be expected to
result in inheritance bias of a defined allele through homing.

e Defined cross: Individuals with a defined genotype for the target allele and
transgenes are crossed. This generally excludes multigenerational cage trials.

e Germline assessed: The result of the DNA repair process is evaluated by
scoring the progeny of the individuals in whom it is expected to occur.

e Countable: Individual progeny counts are reported, and an inference can be
made about the status of the allele of interest.

Data that matched these criteria were compiled into a single database. In some cases,
additional crosses are reported using the same transgenes that do not match the
above criteria. They may nevertheless be informative as they provide a reference,
or baselines, for certain parameters. As such, if a cross is identified that meets the
above criteria, additional crosses with the same transgenes may be included. The
database is structured around a list of "N" F2 progeny with the most descriptive
possible grouping that can be made based on over 90 metadata fields (Fig and
Supplemental methods . To increase the reproducibility of our database, we have
included a brief justification for our interpretation or a source for the chosen values for
each factor in each cross. In addition, when we cannot report on a particular metric,
we have included an additional brief justification. Individual cross-data can be most
readily evaluated on the cross-over page of the interactive web tool.

An important part of the data is a description of the different genotypes involved
in a cross. We focus on the core nuclease components, ignoring other genes such as
fluorescent proteins. Examples of simplified genotype descriptions are given for a
two-locus split drive (Fig[£.2p), and two self-perpetuating drives (Fig [4.2c-d). We
record the genotypes for three generations: the F2s that are scored and counted, the
F1 generation in whose germline the gene conversion process is expected to occur (D1)
and their mate (T1), and the FOs that could affect the outcomes by the deposition
of nuclease components (D0.Male, D0.Female, T0.Male, and T0.Female). These
descriptions are simply a shorthand for the generations relative to the scored F2s, and
the same individuals may be the F2 in one cross and the F1 in another. An example
of a common cross is given in Fig [4.2.

In general, the most important observation made of a single cross is the number
of individuals with different F2 zygotic genotypes that emerge. This distribution
of F2 zygotic genotypes will reflect the action of the drive in the "D1" parent. A
complication is that the F2 genotype may change through development through the
action of the nuclease components. A common example of this is that a mutated target
allele may have been inherited in a mutated form from the D1 parent’s germline or
become mutated in the F2 due to deposition or expression of the nuclease components.
To standardise the reported outcomes, we report the inferred (ambiguous) zygotic
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Figure 4.2: Database structure and genotype notation. (a) An overview of the different categories
of data that are recorded for each cross and how they generally vary. Each individual factor that falls
within the categories shown here is discussed in detail in the supplemental methods section (b) An
illustration of a homing split-drive genetic design. The gRNA and Cas9 genes are located at separate loci
(A and B). To the right of each allele illustration is the simplified genotype notation used in the database
and described in Fig and Verkuijl et al.Z, (c) A CRISPR-Cas9 self-perpetuating homing gene drive
design. (d) An I-Scel meganuclease self-perpetuating homing gene drive design. The targeting sequence
of I-Scel is fixed and targets a separately inserted transgene; in this case, a fluorescent protein gene is
modified to carry the I-Scel target sequence. For simplicity of notation, we treat the single-gene nucleases
(i-e., I-Scel, I-Onul, ZFNs, and TALENSs) as a combined nuclease:gRNA element. (e) An example of the
three-generation family tree we record for each cross. In the database, we organise the tree such that the
"D1" individual carries the allele that may be subject to inheritance bias. The database is structured
around estimating the distribution of alleles passed along by the D1 individual. The D1 individual shown
in this example is the same genotype as shown in b. (f) An illustration of the F2 generation, which is
scored and used to calculate a range of metrics. We record for each cross the F2 genotype at the zygotic
stage which is composed of the alleles inherited from the D1 and T1 parent’s germline before any changes
occur in the genotype during F2 development. Phenotypic and molecular assays are performed at various
stages of F2 development, allowing for nuclease-mediated changes in genotypes, and the death of specific
genotypes. As such, commonly performed assays often leave some degree of ambiguity in the exact zygotic
F2 genotype which is reflected by our notation system.

genotype of F2s before changes may have occurred during development (Fig 4.2f).
We then separately record nuclease-mediated phenotypes in the F2 progeny that may
indicate expression- and deposition-based nuclease activity in the F2 progeny.

In addition to target and nuclease alleles, we record other unintended DNA repair
outcomes (Fig —b). We categorise mutations by their functional consequences for
the target gene, with type-1 (1) mutations that change the nuclease target sequence
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Figure 4.3: DNA repair outcomes and accounting for ambiguity in common assays and metrics.
(a) An illustration of a split drive element being cut by the Cas9:gRNA complex. The donor chromosome
carries the drive allele, which may be biased by gene conversion. The targeted allele on the recipient
chromosome carries a linked marker (green star) that is far enough away to be unlikely to be affected
by DNA repair through gene conversion. (b) Different alleles that may result from DNA repair and
recombination. Mutations are categorised by whether they disrupt the target gene (2), or change the
sequence, but leave the target gene functional (1). "D" is used as a catch-all symbol for the drive allele.
(¢) Common phenotypic and molecular assays can provide information on the zygotic genotype. In most
cases, a combination of assays is performed that can inform the identity of the allele that was inherited
from the D1 parent. WT = wild-type. KO = knock-out. LOF = loss of function. (d) Examples of the >10
gene drive metrics that we include in our analysis pipeline. These metrics can be useful for extrapolating
drive performance and are informed by commonly performed experimental assays.

but leave the gene functionally intact, and type-2 (2) mutations that change the target
sequence and disrupt its function®™. Note that these are useful but overly simplified
categorisations, as both the degree of function of the target gene and the ability to be
cut can be affected in a non-binary way by sequence changes.

Fig gives an example of how different commonly performed assays can be used
to identify the D1 allele that was inherited by the F2 progeny. In most cases, the
identity of the inherited allele cannot be fully resolved for all progeny. Based on
the inferred D1 allele, we can derive a number of metrics that are reflective of the
drive’s performance (Fig4.3d). We originally intended to record only a small set of
factors in addition to the inferred D1 allele, which would then be used to calculate
many independent metrics such as those shown in Fig|4.3d. However, in the process
of developing the analysis framework, we found that this frequently led to conflicts
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between metrics, where we had to omit recording data for one metric because it was
not justified to use the same data to calculate other metrics. To reduce the rigidity of
our data requirement, we moved to evaluating and recording most metrics individually
at the data ingestion stage. In supplemental methods section [£.7] we have discussed
some of the complexities arising from the diversity of data and reporting standards
and describe how we handle those with the data structure we developed.
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Figure 4.4: Database scope and gene drive inheritance replicability and rate by nuclease
promoter & 5'UTR. (a) Sankey diagram of all F2 progeny scored in the database. Each column in the
diagram shows the values that have been recorded in the dataset for the factors labelled on the X-axis.
The size of each value’s bracket is proportional to the number of F2 progeny associated with that value.
Streams originating at the publication column indicate the specific combination of values reported for each
publication. (b) Drive allele inheritance rate (D/Total), equivalent crosses have been placed at separate
X-axis positions. The lines connect crosses that are considered replications as they do not differ by any of
the criteria listed in the supplemental methods section In all other figures, the data of replication
crosses are merged. (c) Sankey diagram indicating the sub-set of recorded F2 progeny for which gene
drive inheritance rates were calculated. In the data selection Sankey diagrams, the green labels and
columns indicate values considered positive for the metric being measured. The blue labels and columns
indicate values that are negative but are still valid and necessary to calculate an overall rate. Red labels
and columns indicate values that cause those F2 counts to be excluded, and black labels and columns
indicate neutral values that do not affect the metric calculation. If one or more values cause data to be
excluded, the streams between columns representing those progeny are coloured red. (d) Drive inheritance
by nuclease promoter & 5'UTR. Lines are drawn between paired crosses that are considered equivalent,
apart from the respective X-axis factor. This generally represents the highest-quality comparative data
available.
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4.3.3 Gene drive inheritance rates vary greatly but are consis-
tent with the same conditions and design

Fig [4.4a] gives an overview of the 13 individual publications for which we extracted
data and the total number of scored F2s we included from each. These are for Cas9 in
A. agypti: Anderson et al.2023/, [Li et al.|2020%, and [Verkuijl et al.|2022/%. For Cas9
in A. gambiae: [Hammond et al. 2016/*”, Hammond et al.|2021*%? and with I-Scel
Windbichler et al.|[2011%. For Cas9 in A. stephensi: Gantz et al.[(b) [2015°%. For Cas9
in D. melanogaster: Gantz et al.(a) 201555, [Wu et al.|[2016/% |Carrami et al.|[2018%%
Terradas et _al.ll2021P" and with I-Scel these are (Chan et alll2011/%® and (Chan et al.
2013/,

We recorded many factors for each cross, and the differences between the conditions
and gene drive designs reported in the various publications are generally extensive,
making it difficult to judge outcomes in aggregate. However, it is very common that
within each study, comparative crosses are performed where a single condition or design
element is varied to evaluate its effect. In the coming figures, we have emphasised
these "paired" crosses where the only substantial difference between the crosses is the
factor being contrasted. This generally represents the highest-quality data available
and, in most cases, an intentional experiment to investigate that factor.

From all the factors we recorded, we made a selection sufficient to differentiate each
comparative cross in the data set. The factors that were chosen for this are listed
together with a justification in the supplemental methods section [4.5] Fig shows
all the crosses in the database for which drive inheritance can be calculated. Crosses
that are described separately in the source publication, but are equivalent by our
criteria, are highlighted as paired crosses (linked by grey lines).

The crosses recorded as replications are separate generations of the same transgenic
line crossed in the same manner. This figure highlights that there is a large spread in
gene drive inheritance rate, but rates are stable when crosses are replicated. It further
indicates that the criteria we use are sufficiently detailed and specific to differentiate
the large body of crosses captured in the database. In the web tool, we have provided
the option to modify this selection to be more or less stringent. Note that the data
for individual factors can be very sparse, not reported for almost all crosses except for
a few cases where it is the only factor that varies between certain crosses.

Fig gives an overview of the data for which the drive inheritance rate is calculated.
Red values indicate the F2 progeny for which the drive inheritance rate could not
be calculated with a brief justification of why (e.g., all progeny were counted, but
only up to 50 progeny from each individual cross were scored for fluorescencet??).
Additionally, it highlights data that were excluded because the drive-carrying parent
did not carry a Cas9 transgene or inheritance bias was otherwise impossible. This
selection of 209,696 included and 118,010 excluded F2s applies to all figures that
report the drive inheritance metric. Notably, no non-Cas9 publication contained valid
drive inheritance data according to our criteria because the number of progeny that
inherited the donor chromosome was not reported®*® or the drive allele could not be
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differentiated from resistance mutations®® 83 These data can still be investigated in

the web tool using less common metrics (e.g. the ratio of drive to type-2 resistance
alleles on the recipient chromosome).

Fig shows the rate of inheritance of the drive by the promoter and 5'UTR of
the nuclease gene. Our pairing criteria result in only a few cases where the nuclease
promoter and 5 UTR are considered the only factor that varies between a set of crosses.
Three criteria worth noting here: For crosses to be paired, they must have been
reported in the same publication (Fig . In addition, based on the variability
that has been observed between separate transposon-mediated integrations of the
same nuclease transgenes™? (Fig , we only pair crosses where the transgenes
regulatory elements are varied at the same genomic site. Fig indicates that
in some cases, the performance between different insertions of the same nuclease
transgene is highly similar. This may be in part due to separate transposon meditated
integrations being more variable than separate site-specific HDR or recombinase-
mediated cassette exchange (RMCE) integrations. Lastly, for pairing crosses, the
target gene, gRNA promoter, and even the specific gRNA sequence must be identical

(Fig 51.20).

4.3.4 There are many metrics of gene drive performance

In addition to the drive inheritance rate, we have recorded over 10 other metrics
associated with the gene drive crosses that can be explored individually in the as-
sociated web tool. An important set of metrics can be derived from a marker that
is recombinatorially linked to the gene drive locus (illustrated by the green star in

Fig .

A recombinatorially linked marker can differentiate the donor-drive allele from newly
generated drive alleles on the recipient chromosome. This can improve the power of
detecting drive activity by removing the deviations from ~50% Mendelian inheritance
rate of the drive allele independent of any inheritance bias. The marker can also
give insight into the underlying mechanism of inheritance bias®. Fig shows the
crosses for which we can, through recombinatorially linked markers, report homing
rates and donor-to-recipient chromosome inheritance rates. Frequently, the marker
is coincidental and not otherwise analysed in the source publication, such as in
publications where in a sub-set of crosses the secondary transgene in a split-drive can
function as a chromosome marker.

In the process of developing this meta-analysis, we noted that the sex-determining
locus in A. aegypti could function as a marker for the white targeting drive reported
in [Li et al.”. Surprisingly, the observed inheritance bias was not associated with
homing (Fig, but instead with an increased inheritance of the donor chromosome
(Fig[S4.3¢). This observation led to a set of experiments described in the next thesis
chapter and published in [Verkuijl et al.l®.

An important motivation for this project was to lower the barrier to using experimental
data in modelling efforts. In addition, to drive inheritance rates, key modelling metrics
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are the overall cut-rate (Fig[S4.5al), functional disruption rate (Fig[S4.5d), and type-
1 to type-2 repair rate (Fig [S4.5¢). Although these metrics are very commonly

used in mathematical models, including the one described in the previous chapter?,
experimental data are almost completely absent from our dataset. The lack of data
is exacerbated by variable methods and reporting standards that make it difficult
to include the few measurements that have been performed (e.g., those in [Terradas
et al.P'% in a common database. We expand on this in supplementary method

There is another class of metrics that function primarily as controls, but can be
relevant for specialised analyses. To aid with interpreting the marker-based metrics,
we can estimate in some cases the marker background recombination rate in crosses
where inheritance bias is not expected to occur (Fig[S4.3a). Another (control) metric
is the rate at which the unbiased nuclease transgene is scored in F2s with a split-drive
system. Deviations from Mendelian rates may indicate fitness costs associated with
the nuclease insertion or nuclease expression™ (Fig . Care must be taken that
this metric is only considered for appropriate F1 genotypes (Fig . Lastly, the sex
of F2 progeny is a commonly recorded factor that is usually not otherwise investigated
or analysed (Fig . There are cases where the F2 sex deviates from 50% for
specific reasons. These include a sex-conversion drive or the previously described
cases where the sex-determining locus is linked to a drive element functioning through
meiotic drive. We next set out to investigate the effect of individual factors on gene
drive outcomes.

4.3.5 Differences in gene drive inheritance rates cannot be
attributed to chance alone

As described previously, many factors can vary between different crosses, and we
need to take this into account when comparing different values of a single factor.
To do this, we analysed the data through meta-analytic multivariate models. The
number of drive-inheriting progeny per cross was used to calculate the log odds and
corresponding sampling variance for each cross. Table lists the attributes of the
intercept-only model (Intercept: 86% CI: 73%-93%). Calculation of I? index indicates
that over 99% of the variability observed in the gene drive inheritance rate between
crosses cannot be attributed to chance alone (Table [S4.3d). Unaccounted variability
is almost equally distributed to between-cluster variability I? = 47% (between studies)
and within cluster variability I* = 53% (within studies).

We made a selection of explanatory variables for the drive inheritance rate that were
reported for all included crosses and were expected to be the most biologically relevant.
Notably, no explanatory factors that reflect the target gene could be included as,
in the current data set, many gene drive variables are highly correlated within the
distinct designs. We take this lack of independence (particularly in distinct design
attributes) into account by limiting our analysis to the effect of sex, which is commonly
independently investigated for different designs. Table lists the attributes of
the meta-analytic multivariate model with additional moderators: species, nuclease
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promoter and 5'UTR, drive-carrying parent sex, nuclease carrying grandparent sex,
and nuclease carrying grandparent gRNA status.

4.3.6 Inheritance of the drive allele is affected by the drive-
carrying parent’s sex.

The most common comparative assay performed for synthetic gene drives is to perform
the same set of crosses while varying the sex of the parent carrying the gene drive
transgenes (Fig[4.5a)). In many cases, these are male or female drive-carrying siblings
that are separately crossed to a wild-type line. To isolate the effect of parental sex, we
calculated the estimated marginal means, which represent the drive inheritance for each
parental sex while averaging over the values of all other moderators. This indicated
a slightly higher drive inheritance rate when the drive-carrying parent was female
(92%, std.error = 0.05) compared to male (88%, std.error = 0.08). A Tukey’s post
hoc pairwise comparisons indicated that this was a statistically significant difference
(Female/Male odds ratio = 1.61, p = 0.01, Table [S4.5).

An effect of the drive-carrying sex may also manifest in the drive parent through
deposition from the grandparent generation. Deposition can manifest when nuclease
components expressed in the grandparent persist in the gametes and affect the
parental generation’s gene drive propagation rate. Fig and Fig show the
drive inheritance rate separated by the sex of the grandparent(s) carrying the gRNA
and nuclease transgenes. In Fig we compare the crosses where the sex of the gRNA
and nuclease-carrying grandparents are exactly mirrored. Calculation of the estimated
marginal mean did not indicate a significant difference in gene drive inheritance due
to nuclease carrying grandparent sex (Female/Male odds ratio = 0.75, p = 0.21,
Table . There are a number of hypotheses that are consistent with this result. It
may suggest that the absence of deposition or sex-specific deposition occurs but does
not have a detectable effect on gene drive propagation rates. Alternatively, deposition
occurs, but at equivalent rates from grandparents of either sex. Contrasting crosses in
which deposition occurs from grandparents of the same sex but in a different form
provides additional context for these results.

The effect of deposition may vary with the form in which it occurs, specifically if
the nuclease and gRNA are deposited simultaneously from the same grandparent
or from different grandparents. In Fig [£.5b] we compare crosses with the same
grandparent carrying both the nuclease transgene and gRNA (Nuc;gRNA X -;-) or
crosses where the gRNA gene is contributed by the other grandparent (Nuc;- X -;gRNA).
Comparing the estimated marginal mean did not find a significant difference in gene
drive inheritance with different forms of deposition from the grandparents ((Nuc;- X -
;gRNA) / (Nuc;gRNA X -;-) odds ratio = 0.66, p = 0.19, Table[S4.7)). It should be noted
that comparisons of deposition form is prone to bias from methodological and design
factors. It is impossible to perform a deposition form comparison for single-element
self-perpetuating gene drive because the gRNA and nuclease gene are genetically linked.
In addition, different research groups may adhere to different conventions on how
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Figure 4.5: Gene drive inheritance by drive-carrying parent and grandparent sex. (a) Drive
inheritance by sex of the parent in which inheritance bias is expected to occur. Data are separated by
species. (b) Drive inheritance by the sex of the grandparent (D0) which carries the nuclease protein gene.
Comparisons are only shown between the same deposition forms (nuclease and gRNA present in the same
grandparent, or separate grandparents). Nuc;- X -;gRNA indicates a cross in which a nuclease-carrying
individual, male or female, was crossed to a gRNA-carrying individual. Nuc;gRNA X -;- indicates a cross
where an individual, male or female, carrying both the nuclease and gRNA transgene was crossed to an
individual carrying neither. (¢) Drive inheritance by grandparent deposition forms. Comparisons are
shown between nuclease deposition from the same grandparent sex, with or without the gRNA gene in
addition to the nuclease. Lines are drawn between paired crosses that are considered equivalent, apart
from the respective X-axis factor. This generally represents the highest-quality comparative data available.

grandparent crosses are performed, and it is not generally specifically investigated or
varied within a publication. As such, controlling for confounders is important for such
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an analysis, and the paucity of paired crosses in our data suggests that investigating
the interaction between gRNA and nuclease deposition is understudied.

A feature of deposition that has been noted in multiple publications is shadow
drivePUR0H0SLELS - which occurs when deposited nuclease components mediate inheri-
tance bias in the germline of the deposition recipient (as opposed to only generating
resistance mutations). We are able to accommodate these data in our database and
specifically isolate crosses where inheritance bias would only be expected to occur
through shadow drive (Fig . Of interest is a paper that we included in our
database (Terradas et al.”) that has indicated that, in addition to shadow drive being
based on maternal deposition, shadow drive is more pronounced in females that receive
maternal deposition compared to males who receive maternal deposition (Fig .
This interpretation of shadow drive depending on the sex of the individual receiving
the deposition has been restated in follow-up computational modelling™®. This result
has important implications and, in our opinion, has not received the attention it
deserves. Sex differences in inheritance biasing rates that occur with exclusively
deposited nuclease would provide important evidence for the potential mechanism of
the sex differences with expressed nuclease components we report here. The expansion
of our dataset may indicate whether this is a more general phenomenon.

The collective effect of (maternal) deposition may be less pronounced from our analysis
than expected from a general reading of the gene drive literature. An important
contributing factor to this is likely that individuals that have been affected by deposition
can in some cases be identified by an enhanced somatic phenotype (e.g. fully knock-out
eye phenotype eyes instead of mosaic-eye phenotype in a gene drive targeting the white
gene). Performing crosses only with individuals with matched phenotypes may obscure
the effect of deposition, as individuals that are most effected by it are not crossed.
Put differently, the effect of deposition is obscured because the somatic phenotype
rate among crossed individuals sometimes does not reflect the overall phenotype rate
among siblings of that genotype. For target genes with a reduced fecundity phenotype,
there may be an unavoidable selection for individuals that have experienced a lower
degree of deposition as these are the only individuals that mature.

When reported, we have recorded nuclease-induced somatic phenotypes in drive-
carrying parents. An example of this is|Gantz et al., where individuals with similar
somatic phenotypes have relatively similar drive inheritance bias rates irrespective of
the possibility of receiving maternal deposition from their grandparents®®. However,
the same study reported large differences in inheritance bias rates between individuals
with different somatic phenotypes (Fig . Key is that maternal deposition had
a large effect on the relative proportion of individuals with the different somatic
phenotypes, which in turn reflects a substantial effect on gene drive inheritance rates.
The non-proportional crossing of progeny with particular phenotypes will need to be
accounted for to fully investigate the effect of deposition on drive inheritance rates.
However, in some cases, the phenotype of the drive-carrying parent is not disclosed,
making it impossible to correct for. In the next section, we will investigate the effect
of sex on somatic phenotype rates.

95



4.3.7 Progeny’s somatic phenotypes are greatly affected by
maternal deposition.

In the context of gene drive, somatic phenotypes are visible changes in the phenotype
that are generated by the action of the drive nuclease. In most cases, the somatic
phenotype is generated by a haplosufficient endogenous gene into which the gene
drive is inserted and which the drive also targets the wild-type version. In individuals
heterozygous for the knock-out gene drive allele, embryonic or somatic disruption of
the recipient chromosome’s target gene will result in a somatic phenotype.

In contrast to scoring fluorescent markers, scoring somatic phenotypes is likely much
more affected by the exact methodology followed (e.g., developmental stage of screen-
ing) and the subjective interpretation of the individual who performs the scoring.
Furthermore, somatic phenotypes generated by commonly used target genes (e.g.,
white, kmo, yellow) can affect outcomes more than differences between the particular
fluorescent protein gene and its regulatory elements for scoring transgene inheritance.
Lastly, once scored, the analysis of somatic phenotypes is substantially more complex
than that of the inheritance of a drive element.

F2s with a somatic phenotype can be generated by a combination of gene drive alleles
and type-2 resistance mutations. This disruption of the wild-type target gene can
occur in the parental germline, through deposition into the F2 embryo, through the
autonomous expression of nuclease components in the F2, or through a combination
of the three. Comparing the overall rate of the somatic phenotype between crosses
will be heavily confounded by the proportion of F2 progeny that inherited the gene
drive allele and other nuclease genes. This can bias the comparison due to a larger
fraction of F2 progeny expressing nuclease components and due to the drive allele
in most cases acting as a loss-of-function allele. As such, somatic phenotypes can
only meaningfully be analysed by a much more detailed stratification of the progeny
within each cross to only compare equivalent groups of progeny (e.g., only those that
inherited the gene drive allele).

The factors we consider when illustrating the paired data with respect to the somatic
phenotype in this manuscript and the web tool are detailed in the supplemental
methods section [£.5] These factors cover the F2 nuclease and gRNA carrying status
(i.e., can they express the nuclease genes), the number of target alleles that need
to be disrupted for a phenotype to occur (between 0 and 2), possible nuclease and
gRNA deposition from the F1 parents, if mutation may have been inherited from the
germline of the F1 parent, and the F2 sex.

We stratify the F2 progeny by their genotype that is not informed by phenotype
data. We ignore the phenotype data to avoid the problem that the somatic phenotype
data may have been used to select progeny for a molecular assay that then is used
to infer the genotype. This leads to circular reasoning, where all the progeny of
a certain genotype have a certain phenotype because only the progeny with that
phenotype were genotyped. If a genotype determination can be made independent
of the somatic phenotype (e.g., a fluorescently marked drive allele), we may use
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that factor to subdivide the progeny. This leads to a complex system of parallel
bookkeeping. Where we used all available evidence to determine the genotype of a
particular allele, but only use non-phenotype data to determine the genotype absent
cutting for the phenotype analysis.
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Figure 4.6: Analysis of nuclease-induced phenotype requires splitting F2 populations from the
same cross into distinct sub-groups. (a) Nuclease-induced phenotype of F2 progeny by publication.
F2 progeny from the same cross are separated into additional groups. (b) Sankey diagram indicating the
subset of recorded F2 progeny for which the somatic phenotype rate was calculated. In the data selection
Sankey diagrams, the green labels and columns indicate values considered positive for the metric being
measured. The blue labels and columns indicate values that are negative but are still valid and necessary
to calculate an overall rate. Red labels and columns indicate values that cause those F2 counts to be
excluded, and black labels and columns indicate neutral values that do not affect the metric calculation.
If one or more values cause data to be excluded, the streams between columns representing those progeny
are coloured red.

Fig gives an overview of the F2 somatic phenotype rate data by publication.
Notable is that somatic phenotypes often present in extremes, either fully penetrant
or fully absent. Fig [4.6b| shows how those data were selected and crosses for which
data were excluded because the nuclease target did not generate a scorable somatic
phenotype.

Data were analysed using a meta-analytic multivariate model. The number of progeny
described as having a somatic phenotype (either a knockout or a mosaic) was used to
calculate the log odds and corresponding sampling variance. For each cross, progeny
were grouped by the inferred F2 zygotic genotype that can be derived independently
from the somatic phenotype (e.g., if they inherited the nuclease transgene or not).
Table lists the attributes of the intercept-only model (Intercept: 10% CI: 4%-22%).
Calculation of the I? index indicates that 99% of the variability seen in the rates of
somatic phenotypes cannot be attributed to chance alone (Table . Unaccounted
variability is distributed to variability between studies (I? = 3%), between crosses (I
= 18%) and between F2 zygotic genotypes (I = 78%).

Explanatory variables were selected to include in the multivariate model. However,
again no explanatory factors that reflect the target gene are included as in the
current data set many gene drive moderators are highly correlated. Table [S4.9] lists
the attributes of the meta-analytic multivariate model with moderators: nuclease
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Figure 4.7: Nuclease-induced somatic phenotype by individual and parental sex. (a) Somatic
phenotype rate by the sex of the F2 progeny. (b) Somatic phenotype rate by the sex of the nuclease-carrying
parent. Comparisons are only shown between the same deposition forms (nuclease and gRNA present in
the same parent, or separate parents). Nuc;- X -;gRNA indicates a cross in which a nuclease-carrying
individual, male or female, was crossed to a gRNA-carrying individual. Nuc;gRNA X -:- indicates a cross
where an individual, male or female, carrying both the nuclease and gRNA transgene was crossed to an
individual carrying neither. (c¢) Somatic phenotype rate by parent deposition forms. Comparisons are
shown between nuclease deposition from the same parent sex, with or without the gRNA gene in addition
to the nuclease. Lines are drawn between paired crosses that are considered equivalent, apart from the
respective X-axis factor. This generally represents the highest-quality comparative data available.

promoter, nuclease carrying parent’s sex, number of alleles that must be disrupted in
F2 for a phenotype to occur, F2 nuclease and gRNA transgene carrying status, the
possibility of inheriting resistance alleles from parent’s germline, and F2 sex.
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In Fig we compare the somatic phenotype rate between the sex of the F2 progeny.
Despite the differences in the gene drive inheritance rate between male and female
parents, there is no significant difference in the rate of somatic phenotype between F2s
of different sexes (Female/Male odds ratio = 1.04, p = 0.99, Table [S4.10)). Fig|S4.8a
shows the somatic phenotype rate by what nuclease transgenes the F2 of each sex
carry.

We performed the same analyses of deposition previously described for drive inheritance.
However, now it is the F1 generation that is being evaluated for potential deposition.
Fig [4.7D] and Fig show the F2 somatic phenotype rate separated by the sex of
the F1 parent carrying the gRNA and nuclease transgenes. In Fig|[4.7b| we compare
the crosses where the sex of the gRNA and nuclease carrying F1 parents are exactly
mirrored.

The estimated marginal means (Table ) showed a higher F2 somatic phenotype
rate when the nuclease carrying F1 parent was female (100%, std error = 0.01)
compared to male (96%, std error = 0.17). When compared by Tukey’s post hoc
pairwise comparisons, this was a significant difference (Female/Male odds ratio =

26.48, p — <0.01, Table [SZ.11p).

In Fig we compare crosses with the same F1 sex carrying the nuclease transgene,
or the nuclease transgene and gRNA gene. There was no significant difference
(Female/Male odds ratio = 0.24, p = 0.66, Table . In our current data set, we
have no examples of paired crosses where the effect of nuclease deposition with or
without the gRNA transgene is compared for the F2 somatic phenotype rate. As was
the case for the drive inheritance rate, investigating the interplay between gRNA and
nuclease deposition is understudied.

4.4 Discussion

Here we have described the development of a pipeline for a meta-analysis of the perfor-
mance of homing endonucleases. We used a prior list of known relevant publications to
measure the reach of a systematic literature search and proposed refinements to expand
coverage. With a subset, but still substantial body of data, we have developed a
database structure and analysis pipeline. This comprised 13 publications that include
238 crosses and data from 327,706 individual scored F2s. We have made this available
as a web tool and have shown the utility of the work by analysing the effect of sex of
gene drive carriers.

First, we evaluated the effect of sex on the nuclease process that occurs in that
individual. We find a small but significantly higher inheritance rate from female drive
carriers compared to males. However, we did not find significant differences in the
somatic phenotype rates between male and female F2s. When looking at deposition,
we find that the effects on drive inheritance and somatic phenotypes are reversed. We
found no significant differences in the drive inheritance rate between crosses with the
opportunity for maternal or paternal nuclease deposition. However, we find that the
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somatic phenotype rate is substantially increased when there is an opportunity for
maternal deposition. We find no effect of the deposition form (Nuclease complex, or
nuclease and gRNA separately) on the rates of drive inheritance or somatic phenotype.

The higher gene drive inheritance rate from females we find may in part be due to
maternal deposition. Data from [Terradas et al.| comprises gene drive elements that
rescue the function of a deleterious target gene®. Deposition can be expected to
decrease the viability of F2 progeny that did not inherit the rescue drive element.
If maternal deposition was greater than paternal deposition, this could result in a
relative increase in drive-carrying progeny from female drive carriers. In contrast, sex
differences should only manifest if there is at least some level of inheritance biasing
activity. As such, the inclusion of poorly performing drives may have muted the
underlying difference in inheritance biasing ability between the sexes. Furthermore,
in some cases, a nuclease promoter is specifically chosen to function only in one of
the sexes, and the data are not reported for both sexes, or they are reported but in a
format that cannot be included in the database (e.g., Windbichler et al.®*, although
these data were excluded for other reasons stated earlier).

We have compiled a large data set with substantial statistical power to draw con-
clusions about the functioning of the gene drive. We deliberately chose papers with
diverse methods and transgene designs. This has allowed us to design our pipeline to
accommodate a diversity of data that includes different nuclease genes, multiplexing,
linked markers, different numbers of loci, and different metrics. However, a substantial
drawback is that the data set we have compiled is not a systematic and unbiased
representation of a specific subset of the gene drive literature. For a balanced analysis,
all papers that passed our inclusion criteria will need to be added, although this
represents a large amount of work. Alternatively, an additional non-biased method
can be used to narrow the scope of data collection, such as focussing exclusively on
Aedes agypti which is already relatively well represented in our data set. We hope that
follow-up work will validate the broad approach we have taken and that contributions
by other researchers will help this project reflect the full scope of homing gene drive
research.

Recently, there has been a shift in the power and accessibility of generative artificial
intelligence tools®. Large language models may soon become common tools in
scientific research, specifically in summarising prior research. It will likely become
a much easier task to extract and reformat data with these tools which will prove
timely in aiding with the expansion of our dataset. This will still be a useful task, as
the pipeline we have developed will be able to perform analyses and draw conclusions
from the data that a simple summary of those publications using language models
would not be capable of.

We have analysed both drive inheritance rates and somatic phenotype rates through
multivariate meta-analytic models. A limitation of our statistical analysis is that
we currently only consider the effect of different factors in isolation. There are clear
biological reasons to anticipate that certain variables will interact in their effect on
gene drive outcomes. An example is the expectation that nuclease deposition into
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F2 progeny and gRNA expression by F2 progeny will be interdependent for their
effects on gene drive outcomes (both gRNA and nuclease are required for a cut to
occur). This is particularly the case for somatic phenotype rates, where the relatively
binary outcomes we report are not simply due to the sum of individual factors but
likely a complex interplay of different factors. For drive inheritance rates, the data is
considerably more homogeneous, with in all cases a relatively equivalent heterozygote
drive parent being evaluated. We have chosen to keep our models relatively simple to
increase their interpretability, especially with this analysis on a reduced dataset.

Frequently, studies by different research groups will differ in both experimental methods
as well as molecular designs making it impossible to disentangle their individual
contribution. This is particularly important in regard to split- and single-element
homing drives. Split drives with intermediate inheritance biasing efficiency have been
reported in A. aegypti and D. melanogaster while highly efficient single-element drive
designs have been reported in the Anopheles mosquitoes. The negative effects of
deposition on drive inheritance may only be apparent in otherwise efficient drives,
which are under-represented in our current data set. Furthermore, split drives are
frequently studied with crosses in which the different grandparents each contribute
one of the Cas9 and gRNA transgenes. This may further reduce our ability to detect
the effect of deposition on drive inheritance rates. An expanded data set may reduce
the co-linearity of the dataset and enable additional analyses of individual gene drive
design factors and subgroups.

Our results suggest that, on the whole, deposition has a large effect on what tissues are
cut (i.e., somatic tissues), but less so on the outcome of cutting (i.e., inheritance bias vs.
unintended repair outcomes). However, as noted in the results, the effect of deposition
on inheritance bias may be obscured by the (undisclosed) selection of individuals for
crosses that are equally affected by deposition. We think it is important to highlight
this possibility because this selection for phenotypically similar individuals may well
be done intentionally in an effort to maximise the correspondence of comparative
crosses. However, if not disclosed and not consciously considered, this can reduce
the reproducibility and representativeness of the results that are produced. This
interpretation of our results indicates that accounting for the variability of deposition
between equivalent siblings may be very important for anticipating its effects.

An important application of the work presented here is in aiding computational models
of gene drives. The flexible data framework we have developed can allow computational
modelling efforts to anticipate the general format of experimental data and develop
analytic pipelines in parallel to experimental work. In addition, the depth of detail
we have captured allows computational models to account for the experimental and
parent-by-parent variability, which is an underexplored factor in gene drive modelling.
We further anticipate that this project will be useful for modellers to supplement
limited experimental data on the specific gene drive design they are studying with
finding from the most closely related gene drives.

One of the key limitations of our approach is that we only considered a relatively
narrow set of cross-requirements and data in our analysis. Many of the studies we
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reviewed included additional data on gene drive performance, such as cage trial data,
which we did not incorporate. Care should be taken with regard to this, as the
fact that we cannot calculate a particular parameter relevant for modelling does not
mean that parameter was not estimated with additional experiments that were not
compatible with our database. In particular, molecular assays such as sequencing
were often excluded because we could not attribute those results to a specific cross or
fully place them in the context of siblings that were not reported. Although our work
cannot capture the complete breadth of work presented in each individual research
project, we nonetheless expect that presenting this work in a machine-readable format
will aid in computational modelling efforts.

A trend that has emerged in the field is the testing of many candidate transgene
designs to find high-performing designs. We expect our work to be particularly useful
for developing approaches to prioritise what and how single-cross experiments are
performed on candidate gene drives. The combination of parameters that can be
estimated from a single experiment is generally not considered when using modelling
data to prioritise experiments. Neither is that often outcomes that are experimentally
measured will be the result of multiple individual parameters that would need additional
experiments and assumptions to deconvolute. The importance of measuring variability
and non-linear sensitivities is also not clear. For example, the estimation of certain
parameters with high precision may only be relevant if they are above or below a
certain threshold. In addition, for many gene drive experiments, parameters can
be estimated as the average over many individuals, or laboriously measured per
individual. Although the individual measure generally provides more information
about the same parameters, it requires much more work, limiting the scope of the
number of individuals that can be measured. Our database provides a framework for
planning out experiments and developing modelling efforts.

Another important utility of our tools is to assist molecular biologists in the design of
new gene drive systems. We have collected many design factors and made it possible
to individually evaluate them in the web tool, and identify experiments where these
specific design criteria have been varied (paired crosses). We have also provided the
option to expand or narrow the pairing criteria. If the specific experiment comparing
a design factor is not available, loosening the criteria can point researchers to the next
best available evidence and the caveats that come with that. Where possible, we have
also recorded the DNA sequence of the drive element(s) and the unmodified target
site. We expect that this will be a valuable resource for further analysis to identify
additional design criteria. With only these sequences, simple bioinformatic analysis
can identify gene drive element size, homology arm alignment, need for homology arm
resection, internal homology, and gRNA efficiency parameters.

We have only scratched the surface of the possible analyses that can be performed
on these data to improve our understanding of homing gene drives. We hope that
by making this set of tools available, the colleagues whose data comprise it can also
help guide its development. Because so many different analyses can be run on a single
cross, a lot of utility comes from developing a flexible data format that directly feeds
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into an analytical pipeline to run many analyses simultaneously. This can quickly
highlight anomalous results that may warrant further investigation. An example of
this is that the analysis of recombinatorially linked markers unexpectedly revealed the
lack of homing in the data of [Li et al.”®. In the next chapter, we analyse experimental
work that was performed to investigate this phenomenon further.

4.5 Methods

Inclusion and exclusion criteria

The publication search was performed as described in Fig[4.1 For publications selected
for data extraction, we read the publication thoroughly and, in most cases, relied on
supplemental data files with unprocessed cross-data. Where relevant, other parts of
the article were consulted for factors not listed in the cross-data. With the data for
each cross, we have included a brief quote, reference, or deduction that was used to
inform the values we recorded for that factor. Data were not included if only summary
statistics were reported instead of individual progeny count. In some cases, this means
excluding data because we cannot exactly determine the denominator of a reported
frequency. An example of this is the crosses reported in Fig.S1.D. of |(Carrami et al.[*.
The crosses reported in Fig.S3.B of this same paper are included as individual progeny
counts are reported.

Database verification

Currently, all data were compiled and verified by one person, and we propose that at
least one additional person verify the values recorded for each publication. Part of
the web tool has been dedicated to providing an interface for this. Part of the data
validation process may include sending the compiled data set to the authors of the
original publication and giving them the opportunity to check the data.

Database structure

Each row of the database lists a particular grouping of individuals from a published
cross. In most cases, these are the "F2" progeny from a cross where one of the "F1"
parents was a carrier of the gene drive being investigated. The progeny are grouped
together when they cannot be further distinguished by any of the factors that we and
the original publication record. As such, the "F2" progeny from a single parent will
be represented over multiple rows of the database. Almost all factors will be identical
for these progeny, except one or a few. Examples of these differences will be the
presence of a marker indicative of drive inheritance, or the particular NHEJ mutations
they were recorded as having. Factors regarding drive design will be common among
all F2 individuals in a cross and often within a publication. We have, in rare cases,
partitioned a publication’s data set described as a single cross if additional factors were
recorded that can be used to sub-set it (e.g., data of different D1 somatic phenotypes
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are combined, while we consider these separate crosses). In section , we describe
the recorded factors of the database with an additional description and examples.

Factors deemed essential in the comparative analysis

We made a selection of factors to use as criteria for the pairing of crosses. These
factors are only used to group (draw lines between) outcomes for data visualisation. A
large number of metadata fields are ignored because they effectively describe the same
thing as another factor (e.g. the publication name and publication doi). Other factors
we combined because, in almost all cases, a change to one factor is paired with a
change to the other (e.g. FO maternal and paternal gRNA /Nuclease status). Another
irreducible set of factors is removed because of judgment calls on their biological
relevance. For example, we match crosses based on the FO gRNA /Nuclease status,
but not the exact genotype. Of course, the same subjective decisions were made when
deciding what factors to record in the database and by the original authors on what
data to report. We have not made paired comparisons between publications to reduce
the risk of undisclosed differences for which we cannot control.

The pairing criteria are as follows: Publication, Species, Nuclease Insertion Variant,
D1 parent somatic phenotype, D1 parent sex, T1 parent cutting expected, stage
screened, Nuclease gene, Nuclease Promoter and 5'UTR, D1 housing temperature, DO
nuclease carrying sex, D0 cross form, target gene, target gene fitness type, target gene
sufficiency, gRNA sequence, gRNA target site, gRNA promoter.

For the somatic phenotype metric, we further subdivide the data by: The F2 zygotic
genotype, the number of alleles required to be knocked out in the F2 for a phenotype
to occur, the F2 nuclease and gRNA genotype, the F1 nuclease carrying sex, if a
nuclease component might be biased in either parent, if a resistance mutation may
have been inherited from the parent’s germline, and the F2 sex. Note that the sex of
the drive-carrying parent is not considered for the pairing of somatic phenotype data
(it is instead replaced by the sex of the nuclease-carrying parent).

Many of these factors currently do not have an effect because none of the crosses in
the data set varies for this factor. For example, there are no cases where we anticipate
nuclease activity to have occurred in the non-drive-carrying parent. However, we
expect this to be biologically important if it did, and have such included it as a
criterion in anticipation of future data where this might be the case.

Meta-analytic multilevel model for drive inheritance

Multivariate model analysis was performed in R (v4.2.2)%" using the metafor package
(v4.0-0)4%, The I? index*” was calculated using the orchaRd package (v2.0)4%. 12
represents the amount of variation not attributable to the sampling error. Estimated
marginal means (least-squares means) were calculated using the emmeans package
(v1.8.5)2Y7. The marginal means of the variable of interest reflect the contribution of a
particular factor while averaging over all other levels of the other factors. Differences
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between factor levels were assessed with the Tukey’s post hoc pairwise comparison
test using the pairs() function in the emmeans package.

For drive inheritance models, the number of drive-inheriting progeny per cross was
used to calculate the log odds and the corresponding sampling variance for each cross
(escalc() in the metafor package). The source publication was included as a random
effect. Data were included as shown in Fig

For the nuclease-induced somatic effect models, the number of progeny with either a
knock-out or mosaic phenotype was used to calculate the log odds and corresponding
sampling variance (escalc() in the metafor package). Progeny were grouped by the
cross and the F2 zygotic genotype absent cutting (Fig ) Grouping by F2 zygotic
genotype absent cutting results in the nuclease phenotype rate being calculated
separately for F2 progeny with or without the nuclease and gRNA transgenes. The
source publication and cross were included as a random effect. Data were included as

shown in Fig[4.6b]

Code and Data Availability

The web tool and analysis scripts were written in R (v4.2.2) and are available at:
https://osf.io/k9fbd/. A file listing all publications returned by the literature and
their manual classification is also provided on the external host.
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PMID First author Citation Returned by search|Prior database
16299390| Preston CR Genetics. 2006 Feb;172(2):1055-68. doi: 10.1534/genetics.105.050138. Epub 2005 Nov 19. No Yes
21203963 |Chen Y Protein Cell. 2010 May;1(5):478-90. doi: 10.1007/s13238-010-0058-2. Epub 2010 Jun 4. No Yes
21368273 | Chan YS Genetics. 2011 May;188(1):33-44. doi: 10.1534/genetics.111.127506. Epub 2011 Mar 2. Yes Yes
21508956 | Windbichler N Nature. 2011 May 12;473(7346):212-5. doi: 10.1038 /nature09937. Epub 2011 Apr 20. Yes Yes
23349805 Chan YS PLoS One. 2013;8(1):e54130. doi: 10.1371/journal.pone.0054130. Epub 2013 Jan 18. Yes Yes
24040217|Chan YS PLoS One. 2013 Sep 10;8(9):e74254. doi: 10.1371/journal.pone.0074254. eCollection 2013. Yes Yes
24803674 |Simoni A Nucleic Acids Res. 2014 Jun;42(11):7461-72. doi: 10.1093 /nar/gku387. Epub 2014 May 6. No Yes
25908821 | Gantz VM Science. 2015 Apr 24;348(6233):442-4. doi: 10.1126/science.aaa5945. Epub 2015 Mar 19. Yes Yes
26598698 | Gantz VM Proc Natl Acad Sci U S A. 2015 Dec 8;112(49):E6736-43. doi: 10.1073/pnas.1521077112. Epub 2015 Nov 23. Yes Yes
26641531 | Hammond A Nat Biotechnol. 2016 Jan;34(1):78-83. doi: 10.1038/nbt.3439. Epub 2015 Dec 7. No Yes
26849513 | Wu B Nat Biotechnol. 2016 Feb;34(2):137-8. doi: 10.1038/nbt.3444. No Yes
27334272|Lin CC Genetics. 2016 Aug;203(4):1613-28. doi: 10.1534/genetics.116.191783. Epub 2016 Jun 22. No Yes
27638686 | Lin CC G3 (Bethesda). 2016 Nov 8;6(11):3685-3691. doi: 10.1534/g3.116.034884. Yes No
28727785 | Champer J PLoS Genet. 2017 Jul 20;13(7):e1006796. doi: 10.1371/journal.pgen.1006796. eCollection 2017 Jul. Yes Yes
28976972 | Hammond AM PLoS Genet. 2017 Oct 4;13(10):€1007039. doi: 10.1371/journal.pgen.1007039. eCollection 2017 Oct. Yes Yes
29274230| Xu XS Elife. 2017 Dec 23;6:¢30281. doi: 10.7554/eLife.30281. No Yes
29735716 | Champer J Proc Natl Acad Sci U S A. 2018 May 22;115(21):5522-5527. doi: 10.1073/pnas.1720354115. Epub 2018 May 7. |Yes Yes
29844184 | Carrami EM Proc Natl Acad Sci U S A. 2018 Jun 12;115(24):6189-6194. doi: 10.1073/pnas.1713825115. Epub 2018 May 29. |Yes Yes
30224454 | Oberhofer G Proc Natl Acad Sci U S A. 2018 Oct 2;115(40):E9343-E9352. doi: 10.1073/pnas.1805278115. Epub 2018 Sep 17. | Yes Yes
30247490 | Kyrou K Nat Biotechnol. 2018 Dec;36(11):1062-1066. doi: 10.1038 /nbt.4245. Epub 2018 Sep 24. No Yes
30666960 | Champer J Elife. 2019 Jan 22;8:e41439. doi: 10.7554/eLife.41439. Yes Yes
30675057 | Grunwald HA Nature. 2019 Feb;566(7742):105-109. doi: 10.1038/s41586-019-0875-2. Epub 2019 Jan 23. Yes Yes
30918006 | Champer J Genetics. 2019 May;212(1):333-341. doi: 10.1534/genetics.119.302037. Epub 2019 Mar 27. Yes Yes
30967548 | Guichard A Nat Commun. 2019 Apr 9;10(1):1640. doi: 10.1038/s41467-019-09694-w. No Yes
31856182 | Pham TB PLoS Genet. 2019 Dec 19;15(12):¢1008440. doi: 10.1371/journal.pgen.1008440. eCollection 2019 Dec. No Yes
31882406 | Kandul NP G3 (Bethesda). 2020 Feb 6;10(2):827-837. doi: 10.1534/g3.119.400985. Yes Yes
31953404 | Lopez Del Amo V Nat Commun. 2020 Jan 17;11(1):352. doi: 10.1038/s41467-019-13977-7. No Yes
31960794 |Li M Elife. 2020 Jan 21;9:e51701. doi: 10.7554/eLife.51701. No Yes
32109227 | Champer J Nat Commun. 2020 Feb 27;11(1):1082. doi: 10.1038/s41467-020-14960-3. Yes No
32181354 | Champer SE Sci Adv. 2020 Mar 4;6(10):eaaz0525. doi: 10.1126/sciadv.aaz0525. eCollection 2020 Mar. Yes Yes
32393821 | Simoni A Nat Biotechnol. 2020 Sep;38(9):1054-1060. doi: 10.1038/s41587-020-0508-1. Epub 2020 May 11. No Yes
32610142 | Lopez Del Amo V Cell Rep. 2020 Jun 30;31(13):107841. doi: 10.1016/j.celrep.2020.107841. No Yes
32786353 | Chae D ACS Synth Biol. 2020 Sep 18;9(9):2362-2377. doi: 10.1021/acssynbio.0c00117. Epub 2020 Aug 24. Yes Yes
32839345 | Carballar-Lejarazu R|Proc Natl Acad Sci U S A. 2020 Sep 15;117(37):22805-22814. doi: 10.1073/pnas.2010214117. Epub 2020 Aug 24.|No Yes
32929034 | Champer J Proc Natl Acad Sci U S A. 2020 Sep 29;117(39):24377-24383. doi: 10.1073/pnas.2004373117. Epub 2020 Sep 14. |Yes Yes
32949493 | Xu XS Mol Cell. 2020 Oct 15;80(2):246-262.e4. doi: 10.1016/j.molcel.2020.09.003. Epub 2020 Sep 18. No Yes
33095043 | Pfitzner C CRISPR J. 2020 Oct;3(5):388-397. doi: 10.1089/crispr.2020.0050. Yes Yes
33144570| Adolfi A Nat Commun. 2020 Nov 3;11(1):5553. doi: 10.1038/s41467-020-19426-0. No Yes
33513149 | Hammond A PLoS Genet. 2021 Jan 29;17(1):e1009321. doi: 10.1371/journal.pgen.1009321. eCollection 2021 Jan. Yes Yes
33666174 | Kandul NP Elife. 2021 Mar 5;10:€65939. doi: 10.7554/eLife.65939. Yes Yes
33674604 | Terradas G Nat Commun. 2021 Mar 5;12(1):1480. doi: 10.1038/s41467-021-21771-7. Yes Yes
33845943 | Hoermann A Elife. 2021 Apr 13;10:e58791. doi: 10.7554 /eLife.58791. No Yes
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PMID First author Citation Returned by search|Prior database
33976171 |Li Z Nat Commun. 2021 May 11;12(1):2625. doi: 10.1038/s41467-021-22927-1. Yes Yes
34017003 |Feng X Nat Commun. 2021 May 20;12(1):2960. doi: 10.1038/s41467-021-23239-0. No Yes
34050017 | Garrood WT Proc Natl Acad Sci U S A. 2021 Jun 1;118(22):e2004838117. doi: 10.1073/pnas.2004838117. Epub 2021 Apr 30. |Yes Yes
34158505 | Zhang T Nat Commun. 2021 Jun 22;12(1):3854. doi: 10.1038/s41467-021-24195-5. Yes Yes
34172748 | Taxiarchi C Nat Commun. 2021 Jun 25;12(1):3977. doi: 10.1038/s41467-021-24214-5. No Yes
34321476 | Hammond A Nat Commun. 2021 Jul 28;12(1):4589. doi: 10.1038/s41467-021-24790-6. No Yes
34610011 | Fuchs S PLoS Genet. 2021 Oct 5;17(10):€¢1009740. doi: 10.1371 /journal.pgen.1009740. eCollection 2021 Oct. Yes Yes
34791161 | Terradas G G3 (Bethesda). 2022 Jan 4;12(1):jkab369. doi: 10.1093/g3journal/jkab369. Yes Yes
34893590 | Gamez S Nat Commun. 2021 Dec 10;12(1):7202. doi: 10.1038/s41467-021-27333-1. No Yes
34941868 | Weitzel AJ PLoS Biol. 2021 Dec 23;19(12):e3001478. doi: 10.1371/journal.pbio.3001478. eCollection 2021 Dec. Yes Yes
35022402 | Kaduskar B Nat Commun. 2022 Jan 12;13(1):291. doi: 10.1038/s41467-021-27654-1. No Yes
35285719 | Xu X CRISPR J. 2022 Apr;5(2):224-236. doi: 10.1089/crispr.2021.0129. Epub 2022 Mar 14. Yes Yes
35389492 | Carballar-Lejarazu R|Genetics. 2022 May 31;221(2):iyac055. doi: 10.1093/genetics/iyac055. No Yes
35394026 | Yang E G3 (Bethesda). 2022 May 30;12(6):jkac081. doi: 10.1093/g3journal/jkac081. Yes Yes
35534475 | Bishop AL Nat Commun. 2022 May 9;13(1):2595. doi: 10.1038/s41467-022-29868-3. Yes Yes
35606745 | Metzloff M BMC Biol. 2022 May 24;20(1):119. doi: 10.1186/s12915-022-01292-5. Yes Yes
35613590 | Lopez Del Amo V Cell Rep. 2022 May 24;39(8):110843. doi: 10.1016/j.celrep.2022.110843. Yes Yes
35646834 | Nash A Front Bioeng Biotechnol. 2022 May 12;10:857460. doi: 10.3389/fbioe.2022.857460. eCollection 2022. No Yes
35653396 | Ellis DA PLoS Genet. 2022 Jun 2;18(6):€1010244. doi: 10.1371/journal.pgen.1010244. eCollection 2022 Jun. Yes Yes
35671288 | Castle AR PLoS One. 2022 Jun 7;17(6):€0269342. doi: 10.1371/journal.pone.0269342. eCollection 2022. Yes Yes
35845988 | Asad M Front Physiol. 2022 Jun 29;13:938621. doi: 10.3389/fphys.2022.938621. eCollection 2022. Yes Yes
36129981 | Hoermann A Sci Adv. 2022 Sep 23;8(38):eabo1733. doi: 10.1126/sciadv.abol1733. Epub 2022 Sep 21. No Yes
36135925 | Langmuller AM Elife. 2022 Sep 22;11:€71809. doi: 10.7554/eLife.71809. Yes Yes
36250791 |Reid W G3 (Bethesda). 2022 Dec 1;12(12):jkac280. doi: 10.1093/g3journal/jkac280. No Yes
36414618 | Verkuijl SAN Nat Commun. 2022 Nov 21;13(1):7145. doi: 10.1038/s41467-022-34739-y. Yes Yes

Table S4.1: Publications included in the prior database and returned by the systematic

literature search. Two new publications that were not already in the prior database were
identified 61194




Search Term PubMed Results

"Gene drive" 584
"gene conversion" (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 502
Allele-Specific (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 482
"loss of heterozygosity" (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 217
allelic exchange (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 150
allelic HDR (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 110
homing drive (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 94
noncrossovers recombination (nuclease | endonuclease | Cas9 | I-Scel | CRISPR) 65
recombination between homologous chromosome arms (nuclease | endonuclease | Cas9 | I-Scel | CRISPR) 64
intragenic recombination (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 5

interchromosomal recombination (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 52
interhomolog recombination (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 34
non-crossover recombination (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 21
Super-Mendelian Inheritance 19
Inter-Homolog Recombination (nuclease | endonuclease | Cas9 | I-Scel | CRISPR) 8

Copy-neutral (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 3

interchromosomal HDR (nuclease | endonuclease | I-Scel | Cas9 | CRISPR) 1

Table S4.2: Expanded search terms with a focus on the underlying DNA repair
processes. The "|" symbol is used as an OR operator. Search performed in January 2023.

Formula Random effects

"1 ~ 1 | Publication/obsID
(a)
term type estimate std.error statistic p.value
overall summary 1.78 0.41 4.35 0.00
(b)

pred cilb ciub pilb piub
0.86 0.73 093 0.18 0.99

()
[2 Total I2 Publication I2 Publication/obsID
99.82 46.80 53.01

(d)

Table S4.3: Model attributes of the intercept-only gene drive inheritance mul-
tivariate model. (a) Model moderator specification and random effects. Analysis was
performed using the rma.mv() function from the metafor package. (b) Model results on the
log-odds scale. This component displays the coefficients and their corresponding standard
errors, which provide information on the magnitude and direction of the effects of the
model predictors on the outcome variable. (c¢) Results of the model back-transformed from
log-odds to drive-inheritance rate. The backtransformation provides a more interpretable
representation of the model results. (d) Model I? index*”?. Shown is the total amount of
variance not attributable to sampling error and this variance subdivided over the model’s
random effects.
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Figure S4.1: Allele and genotype notation system. We have expanded the genotype notation system
described in [Verkuijl et al.2. The allele that is being biased is described as "D", and in all cases shown
here, this is a "G" or "N" allele. (a) Genotype descriptions are composed of multiple alleles. These alleles
describe the nuclease components (nuclease/gRNA) and the targeting components. (b) Illustrations of
the different genotypes of the drive parent (D1) genotypes found in the data set. (¢) Illustrations of the
genotypes to which the drive parent is crossed (T1). F2 genotypes cover a much larger range of genotypes
described using the same system.
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Figure S4.2: Drive inheritance by publication, nuclease insertion site, and target gene. (a)
Drive inheritance rate by nuclease insertion variant. (b) Drive inheritance by publication. (c) Drive
inheritance by the gRNA promoter. Lines are drawn between paired crosses that are considered equivalent,
apart from the respective X-axis factor. This generally represents the highest-quality comparative data
available. In the data selection Sankey diagrams, the green labels and columns indicate values considered
positive for the metric being measured. The blue labels and columns indicate values that are negative but
are still valid and necessary to calculate an overall rate. Red labels and columns indicate values that cause
those F2 counts to be excluded, and black labels and columns indicate neutral values that do not affect
the metric calculation. If one or more values cause data to be excluded, the streams between columns
representing those progeny are coloured red.
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Figure S4.3: Additional metrics can be calculated from a separate but recombinatorially linked
marker. (a) Recombination of the marker with the drive allele in the absence of drive. (nonD _Donor
+ D_Recipient/Total). (b) Sankey diagram indicating the subset of recorded F2 progeny for which the
background recombination rate was calculated. This excluded all crosses where cutting could be expected
in the drive-carrying parent. (c) Homing rate is calculated by the fraction of drive alleles on the recipient
chromosome (D _Recipient/Recipient). (d) Sankey diagram indicating the subset of recorded F2 progeny
for which the homing rate was calculated. (e) Meiotic drive rate is calculated as the inheritance rate of the
donor chromosome. (Donor/Total). (f) Sankey diagram indicating the subset of recorded F2 progeny for
which the meiotic drive rate was calculated. In the data selection Sankey diagrams, the green labels and
columns indicate values considered positive for the metric being measured. The blue labels and columns
indicate values that are negative but are still valid and necessary to calculate an overall rate. Red labels
and columns indicate values that cause those F2 counts to be excluded, and black labels and columns
indicate neutral values that do not affect the metric calculation. If one or more values cause data to be
excluded, the streams between columns representing those progeny are coloured red.
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Figure S4.4: Split-drive nuclease inheritance and F2 sex ratio. (a) Nuclease inheritance from
split-drive heterozygotes. (Nuclease carrying F2s / Total). (b) Sankey diagram indicating the subset
of recorded F2 progeny for which gene drive inheritance rates were calculated. These were further
reduced to only split drive genotypes (see Fig[S4.1). (c) F2 sex ratio (F2 female / Total). |Carrami et al.
targeted a gene with a sex-conversion phenotype. targeted a gene near the male
sex-determining locus with a drive that functioned through meiotic drive. (d) Sankey diagram indicating
the subset of recorded F2 progeny for which the F2 sex-ratio could be calculated. In the data selection
Sankey diagrams, the green labels and columns indicate values considered positive for the metric being
measured. The blue labels and columns indicate values that are negative but are still valid and necessary
to calculate an overall rate. Red labels and columns indicate values that cause those F2 counts to be
excluded, and black labels and columns indicate neutral values that do not affect the metric calculation.
If one or more values cause data to be excluded, the streams between columns representing those progeny
are coloured red.
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Figure S4.5: Commonly used metrics in modelling are rarely measured experimentally (a) The
fraction of alleles that are non-wildtype (non-T / Total). This is sometimes described as the cut-rate,
although it includes the non-wildtype donor alleles that were never cut (e.g., donor drive alleles). It
may also include target alleles that were cut and subsequently perfectly repaired. (b) Sankey diagram
indicating the subset of recorded F2 progeny selected for a. Almost all resolved T and non-T alleles are
from crosses where the nuclease is absent, and these are excluded because they are not informative. (c)
Fraction of non-functional alleles (non-T or non-1 / Total). This is more commonly reported as it can
be derived from phenotypic screening. (d) Sankey diagram indicating the subset of recorded F2 progeny
selected for c. (e) Fraction of functional resistance alleles among all resistance alleles (1 / 1 + 2). (f)
Sankey diagram indicating the sub-set of recorded F2 progeny selected for e. In the data selection Sankey
diagrams, the green labels and columns indicate values considered positive for the metric being measured.
The blue labels and columns indicate values that are negative but are still valid and necessary to calculate
an overall rate. Red labels and columns indicate values that cause those F2 counts to be excluded, and
black labels and columns indicate neutral values that do not affect the metric calculation. If one or more
values cause data to be excluded, the streams between columns representing those progeny are coloured
red.
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Figure S4.6: Drive inheritance by drive-carrying parent phenotype. (a) Drive allele inheritance rate
separated by the drive-carrying parent’s nuclease phenotype. "No" = no somatic phenotype, "Yes KO"
= a knock-out somatic phenotype, "Yes Mos" = a mosaic somatic phenotype. Lines are drawn between
paired crosses that are considered equivalent, apart from the respective X-axis factor. This generally
represents the highest-quality comparative data available.

Nuclease phenotype of drive parent
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Formula Random effects
~ 1 + Species + D1.Sex + D0.Nuclease.Sex + D0.NG_ Unsorted + Nuclease.Promoter.5UTR ~ 1 | Publication/obsID

(a)
term type estimate std.error statistic p.value
intercept summary -0.42 0.73 -0.58 0.56
SpeciesA. gambiae summary 1.59 0.84 1.89 0.06
SpeciesA. stephensi summary 1.80 1.01 1.78 0.07
SpeciesD. melanogaster summary 1.68 0.82 2.05 0.04
D1.SexMale summary -0.48 0.18 -2.70 0.01
DO0.Nuclease.SexMale summary 0.28 0.23 1.26 0.21
D0.NG_ UnsortedNuc;gRNA X -;- summary 0.41 0.31 1.32 0.19
Nuclease.Promoter.5UTRbgcen summary 0.94 0.85 1.11 0.27
Nuclease.Promoter.5UTREwald summary 0.85 0.95 0.90 0.37
Nuclease.Promoter.5UTRexu summary -0.12 0.62 -0.20 0.85
Nuclease.Promoter.5UTRnanos summary 1.15 0.81 1.43 0.15
Nuclease.Promoter.5UTRnup50 summary 0.89 0.68 1.30 0.19
Nuclease.Promoter.5UTRRcd1rp-aTub summary -0.22 1.67 -0.13 0.89
Nuclease.Promoter.5UTRsds3 summary 1.76 0.79 2.22 0.03
Nuclease.Promoter.5UTRshu summary 1.63 0.83 1.96 0.05
Nuclease.Promoter.5UTRtrunk summary 0.04 0.80 0.05 0.96
Nuclease.Promoter.5UTRubiq summary 0.38 0.80 0.48 0.63
Nuclease.Promoter.5UTRvasa summary 1.37 0.90 1.52 0.13
Nuclease.Promoter.5UTRvasa2 summary 1.55 1.17 1.32 0.19
Nuclease.Promoter.5UTRzpg summary 1.20 0.81 1.49 0.14

(b)
[2_Total I2_Publication I2_Publication/obsID

99.69 20.34 79.35
()

Table S4.4: Attributes of the fitted gene drive inheritance multivariate model.
(a) Model moderator specification and random effects. Analysis was performed using
the rma.mv() function from the metafor package. A detailed explanation of individual
factors/moderators can be found in supplemental section [4.7 (b) Model results on the
log-odds scale. This component displays the coefficients and their corresponding standard
errors, which provide information on the magnitude and direction of the effects of the model
predictors on the outcome variable. Note that redundant moderators were removed from
the model. (c) Model I? index?”. Shown is the total amount of variance not attributable
to sampling error and this variance subdivided over the model’s random effects.

115



D1.Sex response std.error df null statistic p.value

Female 0.92 0.05 Inf 0.50 3.43 0.00

Male 0.88 0.08 Inf 0.50 2.68 0.01

(a)

term contrast null.value odds.ratio std.error df null statistic p.value
D1.Sex Female / Male 0.00 1.61 0.29 Inf 1.00 2.70 0.01
(b)

Table S4.5: Estimated marginal means for drive parent sex. (a) Estimated marginal
means. Values are backtransformed to proportions from log-odds. Infinite degrees of
freedom correspond to the estimates being tested against the standard normal distribution.
(b) Tukey’s post hoc pairwise comparisons of the estimated marginal means.

DO0.Nuclease.Sex response std.error df null statistic p.value

Female 0.89 0.07 Inf 0.50 2.88 0.00

Male 0.91 0.06 Inf 0.50 3.18 0.00

(a)

term contrast null.value odds.ratio std.error df null statistic p.value
DO0.Nuclease.Sex Female / Male 0.00 0.75 0.17 Inf 1.00 -1.26 0.21
(b)

Table S4.6: Estimated marginal means for nuclease carrying grandparent’s sex.
(a) Estimated marginal means. Values are backtransformed to proportions from log-odds.
Infinite degrees of freedom correspond to the estimates being tested against the standard

normal distribution. (b) Tukey’s post hoc pairwise comparisons of the estimated marginal
means.

116



DO0.NG_Unsorted response std.error df null statistic p.value

Nuci- X -;gRNA 0.84 0.09 Inf 0.50 244 0.01
Nuc;gRNA X -:- 0.89 0.07 Inf 0.50 3.04 0.00

(a)

term contrast null.value odds.ratio std.error df null statistic p.value
DO.NG_Unsorted (Nuc;-X-;6RNA)/(Nuc;gRNAX-;-) 0.00 0.66 0.21 Inf 1.00 -1.32 0.19
(b)

Table S4.7: Estimated marginal means for grandparent deposition form. Nuc;-
X -;gRNA indicates a cross in which a nuclease-carrying individual, male or female, was
crossed to a gRNA-carrying individual. Nuc;gRNA X -:- indicates a cross where an
individual, male or female, carrying both the nuclease and gRNA transgene was crossed to
an individual carrying neither. (a) Estimated marginal means. Values are backtransformed
to proportions from log-odds. Infinite degrees of freedom correspond to the estimates
being tested against the standard normal distribution. (b) Tukey’s post hoc pairwise
comparisons of the estimated marginal means.

Formula Random effects

"1 ~ 1| Publication/Cross.Name/obsID
(a)
term type estimate std.error statistic p.value
overall summary -2.19 0.47 -4.64 0.00
(b)

pred cilb ciub pilb piub
0.10 0.04 0.22 0.00 1.00

()
I2 Total 12 Publication I2 Publication/Cross.Name 12 Publication/Cross.Name/obsID
99.36 3.19 18.12 78.05

(d)

Table S4.8: Attributes of the intercept-only nuclease phenotype multivariate
model. (a) Model moderator specification and random effects. Analysis was performed
using the rma.mv() function from the metafor package. (b) Model results on the log-odds
scale. This component displays the coefficients and their corresponding standard errors,
which provide information on the magnitude and direction of the effects of the model
predictors on the outcome variable. (c¢) Results of the model back-transformed from log-
odds to F2 somatic phenotype rate. The backtransformation provides a more interpretable
representation of the model results. (d) Model I? index*”. Shown is the total amount of
variance not attributable to sampling error and this variance subdivided over the model’s
random effects.
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Figure S4.7: Shadow drive has been reported to depend on the sex of the individuals receiving
the deposition. Shadow drive is the biasing of the gene drive allele in the absence of one or more
expressed nuclease components (invariably the nuclease protein). (a) Shadow drive by the sex of the
nuclease-carrying grandparent. In the current data set, we do not have data for both sexes. We have
included crosses where no grandparent carried the nuclease gene and cases where the nuclease carrying
grandparent was not specified (shadow drive not expected). (b) Sankey diagram indicating the subset of
recorded F2 progeny for which shadow drive-based gene drive inheritance rates were calculated. In the
data selection Sankey diagrams, the green labels and columns indicate values considered positive for the
metric being measured. The blue labels and columns indicate values that are negative but are still valid
and necessary to calculate an overall rate. Red labels and columns indicate values that cause those F2
counts to be excluded, and black labels and columns indicate neutral values that do not affect the metric
calculation. If one or more values cause data to be excluded, the streams between columns representing
those progeny are coloured red. (¢) Shadow drive by the sex of the drive-carrying parent that received
maternal nuclease deposition. In these crosses, the drive parent does not carry the nuclease transgene.
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Formula Random effects
"1+ F1.NG_Unsorted + F1.Possible.Germline.Mutation.Expected
+ F2.KO.Req + F2.NG + F1.Nuclease.Sex + Nuclease. Promoter.5UTR + F2.Sex ~ 1 | Publication/Cross.Name/obsID

(a)
term type estimate std.error statistic p.value
intercept summary -8.36 4.45 -1.88 0.06
F1.NG _UnsortedNuc;gRNA X -;- summary 1.43 3.28 0.43 0.66
F2.KO.Req2 summary 1.51 3.86 0.39 0.69
F2.NG-;gRNA summary 3.45 3.78 0.91 0.36
F2.NGNuc;- summary -0.26 0.53 -0.50 0.62
F2.NGNuc;gRNA summary 6.32 3.76 1.68 0.09
F2.NGUnk:- summary -0.48 3.25 -0.15 0.88
F2.NGUnk;gRNA summary 6.11 4.96 1.23 0.22
F1.Possible.Germline.Mutation.ExpectedYes summary -0.03 0.91 -0.03 0.97
F1.Nuclease.SexMale summary -3.28 0.28 -11.70 0.00
Nuclease.Promoter.5UTRbgcen summary 3.32 1.11 3.00 0.00
Nuclease.Promoter.5UTREwald summary -0.02 1.59 -0.01 0.99
Nuclease.Promoter.5UTRexu summary 1.41 0.74 1.89 0.06
Nuclease.Promoter.5UTRnanos summary 1.15 1.53 0.75 0.45
Nuclease.Promoter.5UTRnupb0 summary 4.27 0.83 5.14 0.00
Nuclease.Promoter.5UTRsds3 summary 3.99 1.20 3.34 0.00
Nuclease.Promoter.5UTRshu summary 3.72 1.42 2.61 0.01
Nuclease.Promoter.5UTRtrunk summary 1.66 0.94 1.77 0.08
Nuclease.Promoter.5UTRubiq summary 3.14 0.95 3.32 0.00
Nuclease.Promoter.5UTRvasa summary 4.44 3.12 1.42 0.16
Nuclease.Promoter.5UTRzpg summary -0.31 1.51 -0.21 0.84
F2.SexMale summary -0.04 0.30 -0.14 0.89
F2.SexMale& Female summary 0.57 3.26 0.18 0.86

(b)
I2 Total 12 Publication I2 Publication/Cross.Name 12 Publication/Cross.Name/obsID
99.08 38.77 2.19 58.13

()

Table S4.9: Attributes of the fitted somatic phenotype multivariate model. (a)
Model moderator specification and random effects. Analysis was performed using the
rma.mv() function from the metafor package. Note that redundant predictors were dropped
from the model. A detailed explanation of individual factors/moderators can be found in
supplemental section (b) Model results on the log-odds scale. This component displays
the coefficients and their corresponding standard errors, which provide information on the
magnitude and direction of the effects of the model predictors on the outcome variable.
(c) Model I? index“®. Shown is the total amount of variance not attributable to sampling
error and this variance subdivided over the model’s random effects.
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F2.Sex response std.error df null statistic p.value

Female 0.99 0.04 Inf 0.50 1.16 0.24
Male 0.99 0.04 Inf 0.50 1.14 0.25
Male&Female 0.99 0.03 Inf 0.50 1.03 0.30
(a)
term contrast null.value odds.ratio std.error df null statistic adj.p.value
F2.Sex Female / Male 0.00 1.04 0.31 Inf 1.00 0.14 0.99
F2.Sex Female / Male&Female 0.00 0.56 1.84 Inf 1.00 -0.18 0.98
F2.Sex Male / Male&Female 0.00 0.54 1.77 Inf 1.00 -0.19 0.98

(b)

Table S4.10: Estimated marginal means for F2 sex. (a) Estimated marginal means.
Values are backtransformed to proportions from log-odds. Infinite degrees of freedom
correspond to the estimates being tested against the standard normal distribution. Male&
Female are cases where the sex was not reported. (b) Tukey’s post hoc pairwise comparisons
of the estimated marginal means.
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F2 Nuclease;gRNA genes
(a)

Figure S4.8: Somatic phenotype rates increase dramatically when the F2 progeny are capable
of active nuclease expression. (a) Somatic phenotype rate compared between F2s that can and cannot
express all components of the nuclease. The most common comparison is between split-drive crosses where
gRNA-positive F2 progeny did or did not inherit the nuclease-expressing gene. In most cases, the gRNA
disrupts the target gene, and as such, we cannot fairly compare the presence or absence of the gRNA in
nuclease-positive progeny. Note that the F2 genotype depends on the F2’s nuclease and gRNA genotype.
As such, paired comparisons cannot be made for this graph because a difference in gRNA or nuclease
status necessary means a difference in F2 genotype.
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F1.Nuclease.Sex response std.error df null statistic p.value

Female 1.00 0.01 Inf 0.50 1.59 0.11
Male 0.96 0.17 Inf 0.50 0.77 0.44
(a)
term contrast null.value odds.ratio std.error df null statistic p.value
F1.Nuclease.Sex Female / Male 0.00 26.48 7.41 Inf 1.00 11.70 0.00
(b)

Table S4.11: Estimated marginal means for nuclease carrying parent sex. (a)
Estimated marginal means. Values are backtransformed to proportions from log-odds.
Infinite degrees of freedom correspond to the estimates being tested against the standard
normal distribution. (b) Tukey’s post hoc pairwise comparisons of the estimated marginal
means.

F1.NG_Unsorted response std.error df null statistic p.value

Nuc;- X -;gRNA 0.98 0.08 Inf 0.50 0.91 0.36
Nuc;gRNA X -i- 1.00 0.02 Tnf 0.50 127 0.20

(a)

term contrast null.value odds.ratio std.error df null statistic p.value
F1.NG_Unsorted (Nuc;-X-;gRNA)/(Nuc;gRNAX-;-) 0.00 0.24 0.79 Inf 1.00 -0.43 0.66
(b)

Table S4.12: Estimated marginal means for parent deposition form. (a) Estimated
marginal means. Values are backtransformed to proportions from log-odds. Infinite
degrees of freedom correspond to the estimates being tested against the standard normal
distribution. Nuc;- X -;gRNA indicates a cross in which a nuclease-carrying individual,
male or female, was crossed to a gRNA-carrying individual. Nuc;gRNA X -;- indicates a
cross where an individual, male or female, carrying both the nuclease and gRNA transgene
was crossed to an individual carrying neither. (b) Tukey’s post hoc pairwise comparisons
of the estimated marginal means.
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4.7 Supplemental Methods

Database variables

Factors that must be identical for a cross to be considered paired are indicated
with a f symbol (this applies to all metrics including drive inheritance). Additional
pairing factors specific to the somatic phenotype metric are indicated with a 1 symbol.
Additional factors have been created by performing modifications, extrapolations,
simplifications, and combinations of these factors.

Publication metadata

7Publication: A unique short identifier of
the source publication. Data type: string
(e.g., "Anderson2023").

Long.Name: First author and title of the
article. Data type: string.

URL: A web address of the publication
record. Data type: string.

DOI: A Digital Object Identifier (DOI)
for the publication. Data type: string.

Cross: A unique identifier for each cross
within a publication. Generally ordered by
the appearance in the source publication.
Data type: integer.

ID: A unique identifier for each cross in
the whole database. It is composed of the
"Cross" and "Publication" separated by

an underscore. Data type: string (e.g.,
"01 Anderson2023").

Cross.Name: A descriptive name for the
cross can be used to identify it from the
other crosses in that publication. It gener-
ally mirrors the distinction or intended in-
vestigation in the source publication. Data
type: string (e.g., "DI.F_vasa_TS1").

Row.Data.Type: Data type of the row.
If set to "CrossData", this indicates that
the row contains the values extracted
from the publication. If set to "Justifica-
tion", this indicates that the row consists
of strings in each column that indicate

the source/justification for the cross-data
with the same ID. Data type: string (i.e.,
"CrossData", "Justification").

Source: The principle reference within
the publication for the F2 (phenotype)
data. Data type: string (e.g., "Figl", "Ta-
bleS1").

Notes: Miscellaneous information such
as important assumptions relevant to the
interpretation of this specific cross or pub-
lication. Data type: string.

tSpecies: The name of the organism be-
ing studied. Data type: string (e.g., "D.
melanogaster").

Parent and grandparent factors

D1.Nuc.Pheno.Gene: The gene associ-
ated with the nuclease activity phenotype.
Data type: string (e.g. "ebony", "white",
”yel].OW", NN/AH>.

D1.Nuc.Pheno.Type: The description
of the type of phenotype associated with
the nuclease activity phenotype. Data
type: string (e.g. "Somatic Phenotype",
"Female to Pseudomale").

TD1.Nuc.Pheno: A phenotype associ-
ated with nuclease activity. Most often, a
phenotype that is informative about the
cutting of the target allele in an individual
heterozygous for the drive allele and a tar-
get allele. Data type: string (i.e., "Yes",
"Yes KO", "Yes_ Mos", "No", HN/AH).
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1D1.Sex: D1 is the F1 parent that is
being evaluated (family tree shown in
Fig [4.2k), and D1.Sex is the sex of that
group/individual. In almost all cases, one
sex is of interest for the gene drive pro-
cess in the cross (e.g., drive-carrying males
crossed to wild-type females). In most
crosses, this is an individual or group of
individuals that are double heterozygous
for the gRNA and Cas9 drive element. For
preparation / control crosses (e.g., gRNA
individuals crossed to Cas9 carriers), the
sex carrying the element designed to be
biased is designated as D1. Data type:
string (i.e., "Male", "Female"). Note, that
this factor is removed for pairing of the
somatic phenotype metric I.

D1.Allele.Biased: A functional descrip-
tion of the allele of interest that has the
capacity to be biased (but not necessarily
in this cross). See Fig for an illustra-
tion of the genotype notation system that
we use. This allele will always be at the
first Loci. Data type: string (e.g., NAT).

D1.Cutting.Expected: The expectation
of whether a target allele in the D1 in-
dividual could be cut. This only takes
into account the presence of Cas9 and at
least one gRNA gene and the presence of
a valid target. Sex-specific promoters are
not taken into account. Data type: string
("Yes", "No: No Cas9").

D1.GESP: Notation of the possibility of
a nuclease component being biased in the
D1 individual. This is a proposed expla-
nation for the grand parent enhanced so-
matic phenotype (GESP) effect described
in Verkuijl et al.*. Data type: string (i.e.,
"Nuc;gRNA", "-;gRNA", "Nuc;-", n_;_n).

ID1.GESP.Expected: Combined factor:
D1.GESP only in cases where cutting may
be expected.

7T1.Cutting.Expected: Same as
D1.Cutting.Expected but for the T1 par-
ent.

T1.GESP: Same as D1.GESP but for the
T1 parent.

IT1.GESP.Expected: Combined factor:
T1.GESP only in cases where cutting may
be expected.

(f for F2) "X".Zygote.Genotype:
X "Male0.D1",  "Female0.D1",
"Male0.T1", "Female0.T1", "D1", "T1",
"F2" (family tree shown in Fig [1.2k). A
functional description of the genotype at
each locus in the "X" individual(s) as
zygotes. See Fig for an illustration
of the genotype notation system that we
use. This contains information on the
number of gRNAs, from which locus they
are expressed, and which locus they target.
In addition, it describes from what locus
the nuclease is expressed and whether re-

sistance alleles are present. Data type:
string (e.g., N*/T).
(f for F2) "X".NG: "X" = "Male0.D1",

"Female0.D1", "Male0.T1", "Female0.T1",
"D1", "T1", "F2" (family tree shown in
Fig ) Notation of the presence of the
nuclease gene and at least one gRNA capa-
ble of cutting the nuclease phenotype gene.
Data type: string (i.e., "Nuc;gRNA", "-
oRNA", "Nuc;-", u_;_n)'

{F1.NG Unsorted: A combination of
the F1 (D1 and T1) genotype descriptions.
This description is "unsorted" in regards
to sex. This means that if the sexes of the
nuclease carrying Fls are swapped, the

value is the same. Data type: string (i.e.,
"Nuc;gRNA X -;-", "Nuc;- X -;gRNA").

fDO0.NG Unsorted: A combination
of the DO genotype descriptions. This
description is "unsorted" in regards to
sex. This means that if the sexes of the
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nuclease carrying DO grandparents are
swapped, the value is the same. Data type:
string (i.e., "Nuc;gRNA X -;-", "Nuc;- X
-;gRNA").

1D0.Nuclease.Sex: Derived from
Male0.D1.NG and Female0.D1.NG. The
sex of the nuclease-carrying grandparent.
Data type: string (i.e., "Male", "Female",
"Both", "None").

D1.T1.Cross.Scale: The number of D1
and T1 individuals crossed and in what
way. Data type: string (e.g., "Pool: M:10
X F:51").

D1.Parent: An identifier for the different
parents or pool within a single cross. Data
type: string (e.g., "1", "2") "Pool").

F2 factors

TStage.Screened: Life stage for which
the data apply. Data type: string (e.g.,
"Larvae/pupae").

F2.Count: The number of F2 progeny
that make up the specific grouping that
this row represents. Use to calculate nu-
merical outcomes. In some cases, rows
with 0 observations are included to main-
tain a consistent data structure during
data recording. Data type: integer.

1F2.KO.Req: Number of allele required
to be disrupted in this F2 genotype to
generate a somatic phenotype. Data type:
String (eg UOH Ulll "1_2” H2H>‘

(f for F2) F2.Sex: The sex of the F2
progeny. Data type: string (i.e., "Male",
"Female", "Unk").

F2.Mol.Check: Notes if additional
molecular assays were performed that
helped narrow down the specific genotype.
Data type: string (i.e., "Yes", "No").

F2.Seq.File: A URL link to a sequencing

file associated with an additional assay of
this group or individual F2. Data type:
string.

iD1.Possible.Germline.Mutation:
Notation of the possibility of a resistance
mutation having been inherited by this
F2. Data type: string ("Yes", "No").

F2.D1.Allele.Inherited: The drive lo-
cus allele inherited by the F2 progeny from
the D1 parent. This classification takes
into account all the phenotypic and molec-
ular data. See Fig for an illustration
of the genotype notation system that we
use. Data type: string (e.g., "D", "1", "2",
nnoND; 2", M T").

iT1.Possible.Germline.Mutation:
Same as D1.Possible.Germline.Mutation
but for the T1 parent.

F2.T1.Allele.Inherited: Same as
F2.D1.Allele.Inherited but for the T1 par-
ent.

F2.Nuc.Pheno: A phenotype associated
with nuclease activity. Most often, a phe-
notype that is informative about the cut-
ting of the target allele in an individual
heterozygous for the drive allele and a tar-
get allele. Data type: string (i.e., "Yes",
"Yes KO", "Yes Mos", "No", HN/AH).

F2.Nuc.Pheno.Informative: A judge-
ment of whether the presence or lack
of a nuclease-associated phenotype is
informative about the nuclease expres-
sion/deposition pattern. Note, to limit
confusion, we exclude rare cases where
the phenotype mediating gRNA is inher-
ited from a different F1 parent than the
drive gRNA (e.g., Wu2016“™). Data type:
string ("Yes", "No", "N/A").

F2.Nuclease: An indication of whether
this group of F2 has inherited the nucle-
ase protein gene. Data type: string (e.g.,
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HYeSH "NO").

F2.D1.D: An indication of whether the
allele inherited from the D1 parent is the
drive allele (the allele that is informative
of inheritance bias). D describes all possi-
ble types of drive alleles (even those that
do not carry nuclease components). Note
that in some cases, the assay performed
cannot differentiate a drive element from
a non-functional resistance mutation. In
those cases, we note "N /A" (even if in a
subset of progeny the absence of a drive
element can be determined) to avoid bias-
ing the estimate of the drive inheritance
rate. Data type: string (e.g., "non-D",
"D", "N/A:D2-indistinguishable").

F2.D1.Chromosome: An indication of
whether the allele inherited from the D1
parent is on the donor or recipient chromo-
some. This can be predicted by a marker
(gene or sequence) closely linked to the
drive element but not contained within
the drive homology arms. Note that if
no marker is present, we record "N/A"
even if the lack of a drive element implies
that the recipient chromosome was inher-
ited. In these cases, the analysis cannot
be performed because the drive alleles on
the recipient chromosome cannot be differ-
entiated from those on the donor chromo-
some. Data type: string (e.g., "Recipient",
”DODOI‘", UN/A").

F2.D1.D.Chromosome: A combina-
tion of F2.D1.D and F2.D1.Chromosome
that is also determined when the data
are recorded. This is used to calculate
homing and background recombination
rates. Data type: string (e.g., "non-D-
Donor", "D-Donor", "non-D-Recipient",
"D-Recipient").

F2.D1.D.or.2.Recipient: Metric in-
cluded to accommodate the (Chan et al.[68
and |Chan et all®® data. Indicates drive

or type-2 resistance alleles on the recip-
ient chromosome. (e.g., "D-Recipient",
"2-Recipient").

F2.D1.T: An indication of whether the
drive locus allele is an intact target allele
or any other allele. Note that in many
cases, the assay performed cannot differ-
entiate a target allele from a functional
resistance mutation. In those cases, we
note "N/A" to exclude them from biasing
the estimate (even for cases where "non-T"
could be correctly allocated). Data type:
string (i.e., "non-T", "T" "N/A").

F2.D1.1andT: An indication of whether
the drive locus allele is an intact tar-
get allele or a functional resistance allele.
Data type: string (i.e., "non-1T", "1T",
HN/AU)‘

F2.D1.1or2: An indication of whether
the drive locus allele is a functional or
non-functional resistance allele. This can
generally only be determined with molec-

ular assays. Data type: string (i.e., "1",
"2" UN/A”)'

F2.D.Allele.Type: A note on whether
the drive element associated with the nu-
clease phenotype disrupts the function of
the gene it associates with. "Trans" indi-
cates the nuclease phenotype is generated
by a gene distinct from the drive element.
Data type: string (e.g. "KO", "Rescue",
llTransll UN/A").

1F2.Nuc.Pheno.Locus: The locus iden-
tifier associated with the nuclease activity

phenotype. Data type: string (e.g. "A",
UCH).

1F2.Nuc.Pheno.Gene: The gene associ-
ated with the nuclease activity phenotype.
Data type: string (e.g. "ebony", "white",
"yellow").

1F2.Nuc.Pheno.FitType: The descrip-
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tion of the type of phenotype associ-
ated with the nuclease activity pheno-
type. Somatic.Phenotype: white, yellow,
ebony. Female.to.Pseudomale.Conversion:
tra.  Data type: string (e.g.  "So-

matic.Phenotype", "Female.to.Pseudomale.

Conversion").

T1F2.Nuc.Pheno.Sufficiency: A note on
whether the nuclease activity phenotype
gene is expected to be haplosufficent or
haploinsufficient. Data type: string (e.g.,
"Haplosufficient", "Haploinsufficient").

Targeting genes

Loci.Count: The number of loci that are
directly relevant to the interpretation of
this cross. Data type: integer.

Loci: Identifier (e.g. gene name or chro-
mosome position) of the loci. With multi-
ple loci, they are separated by a ";" symbol
(e.g. white; ebony). These loci are referred
to by alphabetical designations (i.e. A, B,
C, etc.). The locus of the allele that can

be biased is always A. Data type: string.

iTarget.Gene: A list of genes targeted by
the gRNAs/DNA-binding protein involved
in this cross. Data type: string (e.g.,
"A:white; B:yellow"). D.Target.Gene is a
derived factor that only includes the drive
allele locus.

Target.FitType: A description of the
expected consequence of loss of function of
the target gene(s). Data type: string (e.g.,
" A:synthetic.neutral; C:putative.neutral").
D.Target.FitType is a derived factor that
only includes the drive allele locus.

tTarget.Sufficiency: A note on whether
the target gene is expected to be hap-
losufficent or haploinsufficient.  Data
type: string (e.g., "A:Haplosufficient",

is a derived factor that only includes the
drive allele locus.

Target.Multiplex: The number of
gRNAs/DNA-binding protein that target
each locus in this cross. Data type: string
(e.g., "A:1; B:2").

TgRINA.Target.Sequence: The DNA-
binding protein or gRNA+PAM target
sequence. The expected cut site is indi-
cated with a "/" symbol. Multiple gRNAs
are separated by the locus they target
(e.g. "Al:..; Bl:...."). Multiplexing of
the same locus is differentiated by num-
bers (e.g., "Al:...; A2:..") Data type:
string (e.g., "A1:GGCTACGCCGGCT
ACAT /TGANGG; C1:GCCACAA
TTGTCGATCG/TCANGG"). D.gRNA.
Target.Sequence is a derived factor that
only includes the drive allele locus.

tgRINA.Target.Site: A descrip-
tion of the gRNA target sequence
within the target gene. Data type:
string (e.g., "A1:CDS", "Al:Promoter").
D.gRNA.Target.Site is a derived factor
that only includes the drive allele locus.

TgRNA.Promoter: A list of the gRNA
promoters involved in this cross. The
names and sequences of the promoters
are matched to those described in An-
derson et al. 2020%°Y For sequence spe-
cific proteins the protein promoter is
listed. Data type: string (e.g., "A1:DmUG6-
2(CR32867) ; C1:DmU6-3(CR31539)").
D.gRNA .Promoter is a derived factor that
only includes the drive allele locus.

gRNA.Scaffold: A list of the gRNA scaf-
fold /backbone sequences involved in this
cross. This is set to "N/A" for cutting
by sequence-specific proteins. Data type:

"A:Haploinsufficient"). D.Target.Sufficiency string (e.g., "AL:WT-76nt").
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Nuclease factors:

The nuclease and gRNA factors described
here will not be strictly limited to the F1
parents. For example, they may describe
nuclease expression in an FO grandparent
if shadow drive is being evaluated and the
D1 parent only carries a gRNA. This im-
plicit labelling method has so far not led
to a conflict, but if it does, those crosses
may have to be excluded. Alternatively, an
additional layer of labelling can be intro-
duced to differentiate distinct nuclease and
targeting profiles within the same cross.

TNuclease.Insertion.Variant: An iden-
tifier of equivalent nuclease expressing ele-
ments inserted at different loci. Note that
we do not consider independently derived
HDR events as insertion variants (e.g., 10.1
and 10.2 in Gantz 2015%%). If a trans-
gene is reused in a subsequent study, we
use the same insertion identifier from the
first publication. Data type: string (e.g.,
"C1l_shu", "C2_shu", "N/A: No Cas9").

TNuclease.Promoter.5UTR: The nucle-
ase promoter and the 5UTR involved in
this cross. Data type: string (e.g., "vasa").

Nuclease.Promoter.5UTR.Size: The
size in bp of the nuclease promoter and
the 5'UTR involved in this cross. Data
type: integer (e.g., 2000).

TfNuclease.Gene: The nuclease gene in-
volved in this cross. Data type: string
(e.g., "Cas9", "Scel").

Nuclease.CDS: A description of the cod-
ing sequence of the nuclease gene. Data
type: string (e.g., "3xFLAG-NLS-Cas9-
NLS-T2A-eGFP").

Nuclease.Codon.Optimisation: The
codon optimisation used for the nuclease
gene involved in this cross. Data type:
string (e.g., "Mammalian", "Insect").

Nuclease.3UTR: The 3'UTR involved in
this cross. Data type: string (e.g., "vasa").

Nuclease.3UTR.Size: The size in bp of
the 3'UTR involved in this cross. Data
type: integer (e.g., 500).

Sequences

Drive.Inserted.Link: A URL link to a
sequence file of the drive element. Data
type: string.

Drive.Plasmid.Link: A URL link to a
sequence file of the drive element plasmid.
Data type: string.

Target.Locus.Sequence.Link: A URL
link to a sequence file of the target-site.
Data type: string.

Nuclease.Inserted.Link: A URL link
to a sequence file of the nuclease express-
ing element (this may be the same as
Drive.Inserted.Link). Data type: string.

Nuclease.Inserted.Link: A URL link
to a sequence file of the drive element
plasmid (this may be the same as the
Drive.Plasmid.Link). Data type: string.

Additional.Elements.Inserted: A URL
link to the sequence file(s) of additional
drive elements relevant to this cross. Data
type: string.

Additional.Elements.Plasmid: A URL
link to the sequence file(s) of additional
drive element plasmids relevant to this
cross. Data type: string.

General factors

D1.Allelic.or. HACK: Indicating
whether the region that is intended to be
homed from is in the same position on the
homologous chromosome (allelic), or lo-
cated elsewhere in the genome (HACK™ )
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as in the case of Terradas et al. 20219 other forms of inheritance bias. Data type:
Note that anything other than an allelic string (i.e., "M-Locus", "Cas9-Insertion").
position is excluded from current analyses.

. 3 " AN
Data type: string (e.g., "Allelic"). tTemperature: A description of the tem-

D1.Chromosome.Marker: Indication perature at which the D1 individuals were
of the presence of a marker (gene or se- kept. Data type: string (e.g., "25C",
quence) linked to the drive element that "N/A"). This is included to differentiate
can be used to distinguish homing from a set of paired crosses in (Chan et al./™®.

Experimental methods

It is common for a subset of progeny to be selected for molecular investigation, for
example, all progeny of a particular parent. These data may reasonably be taken as
representative of the cross and used to estimate a particular metric (e.g., type-1 to
WT allele ratio). In another case, all progeny from a single parent may by chance
present with a phenotype that resolves the zygotic genotypes. The latter case will be
more likely with a low progeny count and outlier data where ambiguous genotypes are
absent by chance. To avoid this, we need to specify when alleles have been resolved
through a particular experiment as opposed to by chance. In addition, we found
that we have to do this independently for different metrics. For example, in some
studies®® 80 only data for the recipient chromosome are reported. This allows some
metrics to be calculated (fraction of recipient chromosomes carrying the drive), but
not others (ratio of donor to recipient chromosomes). Extrapolating multiple metrics
from the small subset of factors did not allow us to capture this complexity and was
found to lead to hard-to-anticipate errors in extrapolation. As such, the metrics listed
in Fig are recorded as a separate factor during data recording to ensure that the
metrics are only calculated where appropriate. If a particular metric is not recorded,
we have briefly justified why.

We have attempted to make the data set the closest possible reflection of the ex-
periments performed. As such, we have avoided extrapolations or assumptions that
may have been made in the original publication. The most common example of this
is measuring the ratio of certain repair outcomes in a subset of progeny, and then
extrapolating this to other progeny. We only report the ratio of these outcomes in the
cross and progeny where they have been measured. Another example is the previously
mentioned issue of omitting the number of F2 that inherited the drive-carrying donor
chromosome as this (presumably) did not substantially diverge from the expected 50%
Mendelian inheritance rates. Unfortunately, this limit on extrapolation often causes
data to be discarded because common metrics (e.g., Drive inheritance rate) cannot
be calculated without making a certain, on the face of it reasonable, extrapolation.
Part of the goal of this project is to make the large body of gene drive literature more
accessible and allow researchers to more easily identify useful prior results that then
can be evaluated more comprehensively by reading the associated publication. As
such, while these results will be omitted from the standard drive inheritance analyses
we perform, we have included a range of metrics in the associate interactive tool,
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including those that are a reflection of the limitations of experimental methods that
nonetheless highlight the contribution of this work.

Another limitation of our system comes from the fact that we assign all metrics to
individual progeny simultaneously. This comes into conflict when certain details are
omitted when in-depth investigations such as sequencing are described. For example,
in 108 a subset of the progeny of certain crosses was sequenced but their sex and
Cas9 transgene status are not described (and in the context of that paper there is
no reason why they should be). However, the sex and Cas9 status of the progeny
are described when it comes to drive inheritance. Due to our database structure, we
cannot accommodate those sequencing results without being forced to specify the sex
of the progeny and the Cas9 status as that has been filled in from the drive inheritance
data. Currently, this causes us to omit the sequencing results. A solution may be
to allocate those data to specific progeny with a known Cas9 and sex but, for each
metric, specify if certain factors should be treated as unknown when that metric is
used.
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In the previous chapter, we performed several analyses using recombinatorially linked
markers. In many cases, these markers are coincidental and not investigated in the
original publication. In one of the publications for which we performed this analysis,
we noted that the inheritance bias they reported from males did not coincide with
the molecular hallmarks of homing. Instead, the inheritance bias occurred through
a different mechanism. This group had already shared with us the transgenic lines
used in that study. We set out to further investigate this unexpected mechanism with
follow-up experiments.

5.1 Abstract

CRISPR/Cas gene drives can bias transgene inheritance through different mechanisms.
Homing drives are designed to replace a wild-type allele with a copy of a drive element
on the homologous chromosome. In Aedes aegypti, the sex-determining locus is closely
linked to the white gene, which was previously used as a target for a homing drive
element (w“P°). Here, through a novel analysis using this linkage, we show that in
males inheritance bias of w%P¢ did not occur by homing, but rather through increased
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propagation of the donor drive element. We test the same wSP® drive element with
transgenes expressing Cas9 with germline regulatory elements sds3, bgen, and nup50.
We only find inheritance bias through homing, even with the identical nup50-Cas9
transgene. We propose that DNA repair outcomes may be more context-dependent
than anticipated and that other previously reported homing drives may, in fact, bias
their inheritance through other mechanisms.

5.2 Introduction

Genetic modification of wild populations through gene drive may be a means of
addressing some of the most pressing public health challenges in the world. Gene drive
is the ability of a genetic element to bias its own inheritance, allowing it to spread
a genetic change throughout a population®. There are many examples of natural
gene drives that act through different inheritance biasing mechanisms®. Some types
of gene drive function through the action of enzymes that create sequence-specific
DNA breaks (DNA endonucleases), and various context-dependent cellular repair
mechanisms exist to resolve DNA breaks'™. Correspondingly, nuclease-based gene
drives can function through different mechanisms including inheritance bias through a
copying mechanism (homing drives) and drives that cause the loss of non-drive-bearing
gametes or offspring (here referred to as meiotic drive).

Generally, in diploid organisms, each parent contributes one chromosome of each
homologous pair and each allele has a 50% chance of being passed on to a given
progeny (Mendelian inheritance). Synthetic homing and meiotic endonuclease gene
drives both rely on selectively creating double-strand DNA breaks on the non-drive-
bearing homolog. Through different mechanisms, this results in an inheritance bias of
an allele or genomic region and, for meiotic drive, potentially the entire chromosome.
Meiotic endonuclease drives lower the inheritance of the competing chromosome within
a pair by damaging it, such that gametes carrying the non-drive chromosome are
eliminated during gametogenesis or, in some cases, produce non-viable offspring.
This includes the disruption of specific essential genes in toxin-antidote meiotic
drives®#102208 o1 through more structural damage, such as chromosome ’shredder’
meiotic drives™?146, Natural sex-linked meiotic drive systems have been reported in
Aedes and Culez mosquitoes’# Synthetic shredder endonuclease meiotic drives
have generally sought to exploit large-scale, potentially repeating sequence differences
between chromosome pairs to increase the damage done to the chromosome that does
not carry the drivel45440,

For most reports of synthetic homing drives, the method of quantifying inheritance
bias (phenotypic scoring of progeny carrying a marker gene in the drive allele) cannot
differentiate between the underlying inheritance bias mechanism. However, a small
subset of reports of homing drives have had marked chromosomes?*91839503 - agy e
cially pre-CRISPR™*®5%7 which may allow homing and meiotic inheritance bias to be
differentiated. Through the use of a coincidental chromosomal marker, we observed
evidence for meiotic drive in male A. aegypti with a homing CRISPR gene drive design
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reported by Li et al.?%.

Li et al. tested the inheritance biasing ability of a set of homing split drive systems
comprising a guide RNA (gRNA) expressing element inserted into the white gene
(wSPe) and one of five secondary site transgene insertions expressing Cas9 under the
control of various promoters from genes expressed in the mosquito germline. The white
gene is tightly linked to the sex-determining region of A. aegypti which allows the sex
of the progeny to function as a chromosomal marker (donor/recipient) in the progeny
of male drive carriers. While three of the Cas9 regulatory regions resulted in drive
activity in females, only nup50 expressing Cas9 resulted in a statistically significant
increased inheritance of the drive from male drive parents??. We re-analysed the
results of Li et al. for nup50 males taking into account the sex linkage and found
that the observed inheritance bias in males seemingly proceeded exclusively through
meiotic drive.

We set out to test the hypothesis that the meiotic drive observed with the nup50
expression pattern is a more general phenomenon and also occurs with other A.
aeqypti gene drives that show activity in males. We repeated the w®P¢ and nup50-
Cas9 crosses with lines provided by the original authors, and performed crosses with
Cas9 expression under the control of putative transcription regulatory regions of two
additional A. aegypti germline genes. The first, suppressor of defective silencing 3
(sds3) has been shown, by dsRNA-induced knockdown in Anopheles gambiae, to be
necessary for normal development of the ovarian follicles and testes, without other
obvious defects*. The second, benign gonial cell neoplasm protein (bgen) is involved
in the regulation and promotion of gametogenesis in both sexes“® and has been
described in the context of gene drive in Drosophila melanogaster with the I-Scel

nuclease ™.

For each line that expresses Cas9, we report the degree of inheritance bias of the
wSPe element for both sexes and, in males, the mechanism of inheritance bias. For
sds3, bgen, and nup50-Cas9, we find an increase in recombination events indicative of
homing. Furthermore, by scoring somatic eye phenotypes, we also find strong evidence
of zygotic/somatic expression, maternal deposition and an effect of the Cas9 carrying
grandparent’s sex on w“P¢ inheriting grand-offspring phenotypes.

5.3 Results

5.3.1 Inheritance of wGDe is biased by bgcn, sds3 and nup50-
Cas9

To assess the degree and, in males, the mechanism of inheritance bias, we bred
transgenic A. aegypti mosquitoes to create and analyse a split drive arrangement.
In this split drive, the wSP¢ allele expresses a gRNA targeting the wildtype white
gene (w') at the site corresponding to where the drive element has been inserted
and disrupts its protein coding sequence (Fig and Fig[S5.1). The white gene is
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located on chromosome one, near the dominant acting male determining allele M such
that males are M /m and females m/m.

To generate individuals in which drive can occur, the w®P® element is combined with
the other component of the split drive, a separate transgene that expresses Cas9 under
the control of regulatory sequences from an endogenous germline-specific gene, either
nup50, bgen, or sds3. Individuals carrying a single copy of both the w%P¢ and Cas9
transgenes (double heterozygotes) were generated in two ways: by crossing parental
Fy female w®P® homozygotes to male Cas9 individuals (Fig [5.1b| Top) or with the
reciprocal cross (Fig|5.1b| Bottom). The double heterozygous offspring (F;) were in
turn crossed to the Liverpool wild type strain, and their progeny (F5) were collected
and their fluorescence and phenotype scored (Tables . For each condition,
Fisher’s Exact tests were performed comparing the w®P® inheritance rates to those in
the absence of any Cas9 element for male (52%, 620/1203) or female (51%, 308,/605)
parents (Table . All Cas9 expressing lines were able to bias the inheritance of
the wSPe element in at least one cross (Table and Fig|5.1d)).

For sds3, F; drive females with maternal Cas9 propagated the w®P¢ element to 67%
(118/176, p-value: 0.050") of their progeny (Table and for bgen, Fy drive males
with maternal Cas9 the propagation rate was 66% (257/389, p-value: 0.010"") (Table
. For nup50 (Table , all four crosses had significantly increased inheritance
rates, and to a similar degree as reported to the identical crosses in Li et al.®>. The
nup50 double heterozygous males passed along the wSP¢ element to 64% (1159/1819,
p-value: 0.0017) of their progeny with paternal Cas9 and to 63% (1852/2926, p-
value: <0.001"") of their progeny with maternal Cas9. For nup50 drive females the
propagation rate was 69% (952/1377, p-value: <0.001"") for paternal Cas9 and 70%
(1055/1501, p-value: <0.001"") for maternal Cas9.

For nup50-Cas9, the progeny were collected individually from F; parents (Table
S5.7)). There was considerable variation between the inheritance rate from different
parents carrying the same drive (Fig , a notable feature that has been reported
in other articles on homing drives4®2295H103UA - Dye to this overdispersion, we cannot
reliably determine if there is a statistical difference in the inheritance rate between the
different Cas9 regulatory elements. However, because this overdispersion is expected
only to occur if the drive is functional, our method for determining a difference from
the control remains valid, albeit with a potentially inflated false negative rate.

5.3.2 Eye phenotype reveals the source of nuclease activity

All progeny were evaluated for eye pigment defects that may result from embryonic or
later somatic biallelic disruption of the white gene by the w®P® element and NHEJ
mutations. Since the double heterozygote drive-carrying parents were crossed to
wildtype individuals, each progeny inherited at least one dominant functional white
allele from the non-drive parent, and, if the w“P¢ element is not inherited, potentially
an additional one from the drive parent. The biallelic loss of function of the white gene
must therefore occur through deposition into, or somatic expression by, Fy individuals.
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Consistent with this, the progeny of the —Cas9 control crosses did not present with a
white phenotype (Table [S5.8]).

For male double heterozygote sds3-Cas9 crosses, of the Fy progeny (5" and @ pooled)
that inherited both the w®P® and the Cas9 element, 86% (111/129) presented with a
mutant somatic phenotype if the Cas9 carrying Fy was male, or 98% (61/62) if the
Cas9 carrying F grandparent was female (Fq:g', +Cas9 in Fig and Table .
For bgen-Cas9 this was 7% (14/196) or 17% (22/129), and for nup50-Cas9 this was
95% (586/615) or 98% (924/946). However, if only the w®P¢ element was inherited,
no cross had more than 1% of the pooled & and @ Fy progeny present with a somatic
phenotype, presumably resulting from the lack of paternal Cas9 deposition through
the sperm (F;:5", —Cas9 in Fig and Table . For each cross, this was a
significant difference (Table indicating somatic expression, without substantial
paternal deposition of Cas9/Cas9:gRNA"Y. In contrast to the <1% rate observed in
the progeny of F; drive males, the crosses with female double heterozygotes where only
the wGPe element was inherited, 40% (39/98) of progeny presented with a somatic
phenotype if the Cas9 carrying Fy was male, while 95% (124/131) if the Cas9 carrying
Fo grandparent was female. An astounding 99% (75/76) or 100% (61/61) of the sds3
and 100% (462/462) or 99% (528/535) of the nup50 progeny presented with somatic
phenotypes (F1:2, —Cas9 in Fig and Table . This indicates strong maternal
deposition of Cas9/Cas9:gRNAY. For each cross, this was a significant difference
(Table . Maternal Cas9 deposition without substantial paternal deposition has
been reported for many other drive systems® 5038200020490 LLLLSILISH 295101

5.3.3 Grandparent Enhanced Somatic Phenotype

Surprisingly, in the wSP¢ inheriting progeny, we observed a trend where a higher

fraction of the progeny exhibited a somatic phenotype when the Cas9-carrying grand-
parent was female as opposed to male (Fo:gvs Fy:Qin Fig . Contrasting each
male Fy Cas9 carrying grandparent cross with the equivalent cross with a female F
Cas9 (each row in Fig showed, for female Fy Cas9, an average 5.2% (sd:14.4%)
percentage point increase in white/mosaic eyed phenotype among +w“P¢ Fy progeny.
While maternal deposition from a Cas9 carrying grandparent may increase the number
of wGP® and NHEJ mutated alleles passed along by the F; parental generation to
—wSPe progeny , this should not, in contrast to what we observe (Fig|5.1d)),
influence the phenotype of the progeny that inherit the w%P¢ element. If the w&Pe
element is inherited there is no opportunity to inherit a germline NHEJ mutation
that was created due to deposition from the grandparent into the parent. We created
a generalised linear model that included Cas9 promoter, Fy Cas9 status, Fy sex, Fy
drive parent sex, and Fy Cas9 carrying grandparent sex (Table . The sex of Fy
Cas9 carrying parent had a significant influence on the fraction of white/mosaic eyed
+w%Pe F, progeny. We termed this phenomenon Grandparent Enhanced Somatic
Phenotype (GESP). All other factors were also significant, apart from the sex of the
F5y progeny.
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5.3.4 Sex of the F5 progeny reveals the mechanism of inheri-
tance bias

In A. aegypti, the white gene is tightly linked to the sex-determining locus. This locus
comprises two forms, a dominant male determining allele M and a corresponding m
allele, such that males are M /m and females m/m. While the molecular basis of sex
determination in this mosquito is not fully understood, M is associated with Niz, a
gene shown to be involved in sex determination®*. Analogous to an XY chromosome
system, male offspring of an M /m male always carry the paternal M allele and female
offspring the paternal m, with no such distinction between the two m alleles of the
mother. For the male parent, if the initial linkage of w®P® to m or M is known
(determined by the sex of the w®P¢ carrying grandparent), the sex of the progeny
can be used as an indication of whether an observed inheritance bias is due to new
recombination events (homing), or increased inheritance of the original drive-carrying
chromosome (meiotic drive) (Fig[5.2a). To this end, we stratified the wSP® inheritance
by the sex of the Fy progeny for each of the double heterozygous male parents (Fig.
5.2b)).

The background recombination rate of w“P¢ and sex in the absence of any Cas9 element

was 1.08% (13/1203) (Table and was compared by Fisher’s Exact tests to the
recombination rate from wP® Cas9 male double heterozygotes (Table . As
reported above, only one cross each of the sds? and bgcn double heterozygotes showed
a significant increase in overall w®P¢ inheritance. However, quantifying conversion with
marked chromosomes is much more sensitive than measuring overall w®P® inheritance
rate.

For the sds3 double heterozygous males with paternal Cas9 contribution (and therefore
in our crosses a m linked w®P® element) 48% of progeny (216/450) inherited the
recipient chromosome as determined by their sex (&) and 9% of progeny (41/450) were
wSPe positive males. This allows us to estimate the fraction of recipient chromosomes
that were converted by the combined effect of homing and background recombination:
41/216 = 19% (p-value: <0.001""). The same was true for maternally contributed
Cas9 where 9% of progeny were wP¢ females, indicating a homing rate of 19%
(19/102 p-value: <0.001"™). For bgen males with paternal or maternal Cas9, we
found homing rates of 5% (24/464 p-value: <0.001"") and 20% (32/160 p-value:
<0.001"""), respectively. This large difference in the rate of homing between crosses
with maternal vs. paternal Fy Cas9 suggests that for bgen maternally deposited Cas9
may contribute more to homing than autonomously expressed Cas9. Low expression
with high maternal deposition by bgcn-Cas9 is also consistent with the observed

phenotype rates of white (Fig|5.1d)).

For male nup50 double heterozygote males with paternal Cas9 contribution, 24%
(210/869 p-value: <0.001""") of the recipient chromosomes were converted by homing.
For maternally contributed Cas9 this was 23% (315/1387 p-value: <0.001"") of
recipient chromosomes. We also performed this analysis on the nup50 crosses reported
in Li et al. (Table[S5.14)). Despite a significant increase in inheritance of the wPe
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element, there was no evidence of an increased recombination rate: 0% (3/690 p-value:
1.07) for paternal Cas9 and 0% (3/688 p-value: 1.0") for maternal Cas9 contribution.
Instead, there was a significant bias in favour of the w“P¢ linked sex corresponding to
the donor chromosome. For paternally contributed Cas9, 65% (1306/1996 p-value:
<0.001""") of progeny were female, >99% of which were wSP¢ positive. For maternally
contributed Cas9 67% (1371/2059 p-value: <0.001"") of progeny were male, >99%
of which were w®P¢ positive (Table . This sex bias should not occur through
homing, instead, this is consistent with a meiotic drive mechanism where some of the
non-w%P¢ chromosomes are lost, or conversion of a very large region encompassing
both w%P® and the sex-determining region (Fig . For the crosses performed for
this study, including the nup50 line, no significant difference in sex, and by extension
recipient vs donor chromosome inheritance, was detected (Table . For bgcn with
maternal Foy Cas9, 59% of all Fys inherited the donor chromosome (male), but this
did not reach our significance threshold due to the relatively low number of progeny
scored for this cross.

5.4 Discussion

In this study, we report the efficiency and mechanisms of three CRISPR-Cas9 nuclease
gene drives targeting the white gene, expanding the set of tools to develop genetic
control strategies for the public-health relevant A. aegypti mosquito. In our study,
sds3, bgen, and nup50 expressed Cas9 each resulted in increased inheritance of the
wSPe drive element, with the primary mechanism being homing. Additionally, for
each promoter, we find evidence of maternal deposition and somatic expression and,
unexpectedly, an effect of the Cas9 carrying grandparent’s sex on the grand-offspring
phenotypes that we termed Grandparent Enhanced Somatic Phenotype (GESP). In
line with Li et al., we find the white locus to be a good drive target, allowing for
efficient transmission bias and convenient readout of an easily-scored visible recessive
phenotype”. In addition, the insertion site allows for effective transgene expression
from a sex-linked locus, which may be of particular use for future drives and other
genetic control approaches. For the bgen drive in males, the recipient chromosome
conversion rate was much higher with maternally contributed Cas9 (19%) compared
to paternally contributed Cas9 (5%). These results suggest that, in at least males, the
bgen drive may substantially function through maternally contributed Cas9. Homing
through Cas9 deposition in the absence of expressed Cas9 (’shadow drive’) has been
reported for other drivestHMU8 hut to our knowledge, not as the primary means
of inheritance bias for a drive. We find nup50 and sds3-Cas9 capable of directing
transmission bias in females and males, and we did not find that maternal deposition
from the Cas9-carrying grandmother negatively influenced the homing rate observed
in males. It is important to note that in our crosses, only Cas9 could be maternally
deposited into the F; double heterozygotes, maternal deposition of Cas9 protein and
the gRNA simultaneously may be much less conducive to shadow drive'.

For all drives, the almost complete absence of any somatic phenotype in individuals
that did not inherit the w“P® element (Fig|S5.3)) could indicate that, while maternal
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deposition of the Cas9 occurs, the gRNAY or gRNAY:Cas9 complex are either not
deposited or are rapidly degraded. However, progeny that did not inherit the w%Pe
element instead inherited the (initially) w™ allele from the double heterozygous parent.
For white eye phenotypes to occur in these individuals, up to two functional w™ alleles
may need to be disrupted by deposition instead of one; direct comparison of the rates
of somatic mutation between offspring that do and do not inherit the gRNA" transgene
are therefore potentially misleading. Furthermore, some non-w“P¢ progeny may have
inherited a white allele that contained a functional, but cut resistant, NHEJ mutation
(type-1 resistant mutation) which would make biallelic disruption impossible.

For the —w%P® Fy progeny, maternal deposition from the Fy grandmother could
increase their probability of inheriting a mutated w allele. As such, GESP does
not apply and only refers to +w%P® Fy progeny where the sex of the w“P¢ or Cas9
carrying grandparent seemingly influences their propensity to present with a somatic
phenotype. Although deposition from an Fy grandparent may explain a change in
the quantity of wSP alleles passed along by the F; drive parent, it does not appear
to explain a change in the phenotype of those Fy progeny that inherited a drive
element. One possible explanation for GESP may be an increased maternal deposition
rate of Cas9:gRNA complexes from increased gRNA expression in w®P¢ homozygous
germline cells compared to w%P¢ heterozygous germline cells. Consistent with this, for
bgcn-Cas9 the wSPe homing rate was higher when the Cas9 carrying Fy grandparent
was female. A similar analysis of a single drive element (containing both Cas9 and
a gRNA) found that maternal deposition rates were lower when drive conversion
in the maternal germline was less). However, in our split drive system, only the
gRNA-expressing element is biased, the Cas9-expressing element remains heterozygous
regardless if homing has occurred or not. It may be that different mechanisms, such as
genomic imprinting or transgenerational persistence of deposited Cas9 mRNA /protein,
contribute to GESP.

For nup50 the overall inheritance biasing rate and somatic/embryonic drive activity
closely match those reported by Li et al.??’ and underscore its potential utility for
systems such as precision-guided SIT®*¥. However, an important finding of our work
is the propensity of this drive to function through two different mechanisms. The
selective inheritance or elimination of a chromosome is generally achieved by creating
multiple DNA breaks on the target chromosomet#%44728 (¢ o X_shredder) or by
disrupting an essential gene®*% Meiotic drive through a single cut in a non-essential
gene as found by Li et al. and reported here is noteworthy. An explanation could
be the chromosomal location of the induced double-stranded break. A single cut has
been shown to be sufficient for inheritance bias through the loss of a chromosome in
yeast when it is targeted to a centromere, while nearby sites were not sufficient“*’
Chromosome loss has also been found to be a frequent outcome of allele-specific
editing of a pericentromeric site in human embryos'®®. The white gene is located
relatively near the centromere. However, a centromere effect does not explain the
difference in results from this study and that of Li et al., which instead suggests
subtle differences in the rearing conditions or background genetics of the mosquito
strains may have a significant influence on the underlying mechanisms. Gene drive
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assessment performed in D. melanogaster with different genetic backgrounds has
revealed differences in drive activity but changes in the underlying mechanism were
not investigated®?. The nup50-Cas9 and w®P¢ transgenic lines used in this study
are derived from those described in Li et al., but the crosses to assess homing were
made to Liverpool (LVP) strains maintained for a long period of time in different
insectaries. Mosquito colonies maintained in laboratories can suffer from founder and
drift effects, affecting their genetic background and reducing their heterozygosity>%.
Moreover, genetic variability in A. aegypti colonies of the same strain but reared in
different laboratories has been documented*. There may also be methodological
factors that could allow the same biological processes to manifest differently (e.g.,
different screening timings with genotype-dependent mortality rates).

A limitation of our study is that we cannot rule out that the sex bias we report for Li
et al. nup50-Cas9 is due to copying of the estimated 45Mbp““#42l' region comprising
both the w®P¢ and the sex-determining region (Fig . However, the large distance
between the wPe drive and the M /m locus leads us to believe that this is unlikely, as
co-conversion in similar contexts is generally reported to be on the scale of 100s of base
pairg®803106222  Fyrthermore, a substantial fraction of conversion tracts have been
reported to be unidirectional in A. aegypti®. This suggests that even if large-scale
co-conversion was favoured, some repair events should still have caused recombination
between wSP¢ and the sex-determining locus if co-conversion occurred primarily in
the other direction relative to the sex-determination locus. Finally, several studies
have reported partial homing events#488I829099 - Thege partial homing events are
seemingly due to sequences in the drive element (such as the gRNA gene) having
undesired homology to the recipient chromosome (shown for w®P¢ in Fig and
result in only part of the drive element being copied over. These reports of partial
homing are inconsistent with a single DNA break-inducing large-scale homing beyond
the (immediately) adjacent regions of homology.

There are additional phenomena that can lead to biased inheritance with a sex-linked
transgene. In particular, alleles with sex-specific lethal effects may be clustered
within the neighbourhood of the sex-determining region in A. aegypti and can become
linked to a transgene???. However, the meiotic drive we report shows a reciprocal
sex bias depending on the linkage of the w®P® element with the M or m locus
and the use of a split drive system demonstrates that the effects depend on Cas9
activity and are not simply due to the w®P¢ insertion or a linked allele. A more
comprehensive analysis of (even more distal) sequence differences between donor and
recipient chromosomes after DNA repair may further inform the exact mechanism
of inheritance bias. However interpretation of such data must be done with caution,
donor chromosome sequences (including the drive element) may incorrectly appear
homozygous when NHEJ mutations cause the binding sites of a PCR primer to
be blocked on the recipient chromosome. This issue has been raised in several
analyses #0224 and highlights potential pitfalls for identifying homing events
with these types of molecular assays. We highlight these cases specifically because we
believe such genetic assays are worth perusing, but should be informed by this prior
work to reduce the chance of misinterpretation.
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To our knowledge, for gene drives designed to function through homing, recipi-
ent /donor chromosome markers have been used with non-CRISPR nucleases in D.
melanogaster ™95 and A. gambiae®™ and with CRISPR-Cas9 in D. melanogaster®*43,
A. aegypti® and Mus musculus™®3. There may be additional cases in which a split
drive element can coincidentally act as a chromosome marker®*4¢. In D. melanogaster,
some studies have noted a reduced inheritance of the recipient chromosome, however,
these may be attributable to genotype specific fitness effects instead of DNA damage-
induced loss of the recipient chromosome®%3 Xu et al. have performed the most
extensive investigation of homing drives with marked chromosomes and found a mix
of homing and bias through chromosome damage®!.

In light of our results, re-evaluation of the A. gambiae I-Scel gene drive reported by
Windbichler et al. may suggest that a meiotic drive effect in homing drive designs
is more widespread in mosquitoes®. Their drive-carrying line had a small marker
(Notl restriction site) located approximately 0.7 kilobases from the I-Scel cut-site on
the recipient chromosome, but not on the donor drive chromosome. They reported
86% inheritance of the drive element from heterozygote males. However, drive alleles
that included the Notl site only accounted for around half the increased drive allele
inheritance. The authors attributed this discrepancy to co-conversion, where homing of
the drive element also replaced the nearby Notl marker. A combined meiotic drive and
homing effect would seem to provide an alternative explanation. In the M. musculus
drive reported by Grunwald et al. the recipient chromosome had a linked coat colour
marker that allowed the homing events to be precisely tracked®. In females, vasa-Cre
induced CAG-Cas9 expression resulted in homing rates of 42% (36/86) and 11% (5/47)
depending on the Cas9 insertion site. In males, no homing was observed with any
drive. However, for the vasa drives, males passed along the donor drive chromosome
to 63% (45/71) and 54% (49/91) of their progeny, potentially indicating a meiotic
drive mechanism in that sex. It should be noted that detecting meiotic drive using
this method is less sensitive than detecting homing, and more progeny would need
to be scored to have confidence in this trend. Together, these results suggest that
a meiotic mechanism in drives intended to function through homing may be more
common than currently realised. Distinguishing these mechanisms requires linked
markers; for some organisms, this type of in-depth investigation may best be reserved
for drives that after initial tests warrant further development.

Our work further expands the Cas9 expression patterns that have been tested in
the context of mosquito gene drives. It is notable that the drives with a homing
design reported in Anopheles mosquitoes A. gambiae*®>192225 and A, stephensi®¥©#161
almost invariably have a dramatically higher conversion rate than those found in A.
aegypti®®™. Tt is not clear what underlies this difference. However, the fact that
the modest conversion rate for nup50-Cas9 males remains stable despite a change
in the mechanism may limit possible explanations. This stability suggests that the
factors that negatively affect the conversion rate in A. aegypti are not specific to either
homing or meiotic drive. Moreover, it also indicates that the difference in conversion
rate observed between mosquito species is probably not due to the species favouring
one mechanism over the other. Yet, the difference in mechanism between homing and
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meiotic drive through gamete destruction has important practical implications.

First, the loss of gametes through a meiotic-drive mechanism may negatively affect
mating competitiveness by lowering the number of viable gametes, though in some
cases gametes may be produced in sufficient excess for this not to be significant.
The homing mechanism functions through conversion and should not affect gamete
numbers. For the nup50 meiotic drive reported by Li et al., male nup50-Cas9 fecundity
was tested and found to not differ from wildtype”?.

Second, on a ’per cut’ basis, meiotic drive is moderately less efficient than homing.
When meiotic drive removes a non-drive gamete/embryo, it thereby benefits the
remaining gametes/embryos. These may, in addition, to drive-carrying gametes,
include other wildtype and cut-resistant alleles carried by gametes that were not
destroyed. In contrast, homing converts a non-drive gamete to a drive gamete, which
does not benefit any of the leftover non-drive gametes making homing more efficient.

Third, the linkage between different drive components may vary significantly depending
on the mechanisms: for instance, if in a split drive system the Cas9 is located near
the gRNA element homing would still only increase the number of gRNA alleles,
but not the Cas9 alleles. However, meiotic drive would increase the inheritance
of both the gRNA and Cas9 element. This could theoretically cause a split drive
or daisy-chain drive®” to spread more than anticipated. Locating each element on
separate chromosomes would prevent this, and our data suggest that this may be
a wise precaution to increase the predictability of their invasiveness. Although, if
anticipated or identified in early-stage field trials, a meiotic drive-induced linkage
between elements could also be leveraged, lowering the required release frequencies™®”,
Nonetheless, in regards to risk-assessment of rare recombination events, the genomic
distance at which two split drive elements become strongly linked is presumably
still much more permissive for a meiotic drive mechanism as opposed to a homing
mechanism.

Last, in the case of Li et al.’s white targeting A. aegypti drive, its linkage to the sex-
determining locus caused an otherwise neutral replacement drive to act, in males, like a
sex-biasing suppression drive. This might be desirable for some applications, but surely
detrimental if the intended application were different. Most of these concerns apply
even if the actual mechanism is co-conversion/copy-grafting of a large chromosome
segment as opposed to meiotic drive.

The work presented in this chapter shows both the utility of the meta-analysis project
and its limitations. It allowed us to identify an interesting part of gene drive biology
for further investigation. However, we specifically fail to replicate that fundamental
part of gene drive biology. None of the factors we currently record in the meta-analysis
goes towards explaining this difference, and it suggests that we should be more humble
in what conclusions we draw. There may be interesting and statistically significant
relationships that are true for the data, but we need to question whether that remains
true for the biology and beyond the simplified conditions of genetic crosses. There
is likely a significant degree of noise that we will not be able to reduce by simply
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recording even more design factors about the gene drives we are interested in studying.
Expanding the space of known unknowns may be the most important contribution of
the work performed in the previous chapter.

5.5 Methods

DNA constructs

The sequence and insertion site of the 3xP3-tdTomato carrying gRNA element (Fig
and nup50 lines are described in Li et al.?” and the bgcn-Cas9"™ and sds3-Cas9
constructs were produced by making several alterations to those original plasmids,
provided by Omar Akbari®®. These plasmids contain, within piggyBac terminal
sequences, Cas9 expressed by nup50 followed by a T2A self-cleaving peptide and
EGFP and an OplE2-DsRED cassette. To improve the visibility of the fluorescent
marker, this was replaced with PUb-mCherry-SV40 for bgcn and sds3. To reproduce
the germline-specific expression patterns predicted for these genes, the Cas9:EGFP
coding sequence is preceded and followed by the non-coding sequences flanking the
endogenous bgen or sds8 gene’s open reading frame, followed by an additional P10
3PrimeUTR. The bgen and sds3 constructs use a Cas9 that is insect codon optimised™2.
The nup50 line makes use of a human codon optimised Cas914.

Mosquito lines

No ethical approval was required for working with invertebrate species. A. aegypti
Liverpool strain (WT) was a gift from Jarek Krzywinski. The nup50-Cas9 and white
gRNA expressing element wP¢ (wU-GDe) Jines were provided by Omar Akbari®?. The
sds3-Cas9 line was generated by standard embryo microinjection with a hyper-active
piggyBac transposase helper™. At Pirbright, the nup50-Cas9 line was maintained
as a mix of homozygotes and heterozygotes with periodic selective elimination of
wildtypes; the wSP® element line was provided as homozygous and maintained in our
facilities by screening for the white-eye phenotype (homozygous knockout of white)
and the fluorescent marker. Cas9 expressing lines generated at the Pirbright facilities
were maintained as heterozygotes, usually by crossing transgenic males to WT females
and selecting for the fluorescent marker.

All mosquito lines were reared in an insectary facility under constant conditions of
28, 65-75% relative humidity and 12:12 light/dark cycle (1h dawn/1h dusk). Larvae
were fed ground TetraMin flake fish food (TetraMin) while adults were provided with
10% sucrose solution ad libitum. Defibrinated horse blood (HB034, TCS Bioscience)
was provided using a Hemotek membrane feeding system (6W1 system, Hemotek Ltd)
covered with Parafilm (HS234526A, Bemis).
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Crosses for homing assessment

Male and female adults, homozygous for wSP® were crossed with mosquitoes of the

Cas9 lines. Their progeny were screened as late larvae under fluorescence using a Leica
MZ165FC microscope. The eye phenotype was also evaluated. Double heterozygous
mosquitoes carrying both transgenes were then crossed to WT mosquitoes. Inheritance
of the transgenes as well as eye phenotype, was again assessed under a fluorescence
microscope. For nup50-Cas9, double heterozygotes were individually crossed. For
bgcn-Cas9 and sds3-Cas9 multiple double heterozygotes were crossed simultaneously
to WT of the opposite sex. The exact number and phenotype of the progeny of each
cross are shown in Tables [S5.2}S5.3] The individual cross-data for nup50-Cas9 are
shown in Table [S5.44S5.7] In some cases, F; double heterozygotes produced from the
same cross presented with a different fluorescent marker or eye pigment phenotypes.
In each case, these were noted in the cross tables, and examples of the phenotypes are

shown in Fig[S5.2]

Statistical methods

GDe

Statistical analysis of w inheritance bias

For each F; sex, the w®P¢ inheritance rate in the absence of a Cas9 expressing element
(Table was used as the baseline inheritance. This was 52% (620,/1203) for males
and 51% (308/605) for females. These rates were used as the expected outcome in a
two-sided Fisher’s exact test with the w®P¢ inheritance from F; parents that carried
the wP® and one of the Cas9 expressing elements. A significant difference in wSP®
inheritance is taken as evidence for drive activity. See Table

Statistical analysis of somatic expression and parental deposition

For each Cas9 line, the fraction of mosaic eyed (ME) or white-eyed (WE) progeny
among the Fy offspring inheriting wP® but not the Cas9 (+w%P¢;—Cas9) from F;
drive males served as a control for the frequency of such phenotypes in the absence
of somatic expression or maternal deposition. For somatic expression, the ME/WE
fraction of the Fy progeny harbouring both the Cas9 and wP¢ elements from F,; drive
males was compared to the control cross using a two-sided Fisher’s exact test (Table
. For maternal deposition, the Fy progeny harbouring only the w%P® element
from F; drive females was compared to the control (Table [S5.11).

Statistical analysis of the influence of factors on the fraction of mosaic and
white-eyed progeny

A generalised linear model with binomial errors was created that included Cas9
promoter (sds3, bgen, nup50), Fo Cas9 status (+/—), Fy sex (¢/2), Fy drive parent
sex (07/9), and Fy Cas9 carrying grandparent sex (/). The response variable was
the proportion of ME and WE progeny among the all the Fy progeny from that cross

144



and Fy sex (48 conditions). The analysis was performed in R version 4.0.2 using the

glm function. See Table [S5.12]

Statistical analysis of homing and meiotic drive

For homing, the background recombination rate (calculated from the F; +w%P¢;—Cas9

male cross Table is used as the expected outcome in a two-sided Fisher’s exact
test. For the control cross (in the absence of possible Cas9 mediated inheritance bias)
the w®Pe allele was provided by the male F grandparent and therefore M-linked in
the F; males. In the absence of recombination, all Fy males should be w%P¢ positive,
and all F, females should be w®P® negative. Out of the 1203 progeny scored, we saw
13 (1.08%) recombination events. 2 out of 609 Fy males were w“P® negative, and 11
out of 581 F, females were wP¢ positive. For the crosses including a Cas9 element,
a statistically significant increase in recombination rate between the recipient/donor
chromosome marker and the drive element was taken as evidence of homing (Table
[S5.13). For meiotic drive, a statistically significant difference in the inheritance of
either the recipient or donor chromosome (i.e., Fy sex) is taken as evidence for meiotic
drive (Table . The progeny sex ratio is compared to the sex-ratio in the absence
of a Cas9 expressing element (Table [S5.8).
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5.6 Supplemental data
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Fo: o wbPe x 2Cas9

Table S5.1: Fy progeny of sds3-Cas9 and w®P¢ double heterozygotes crossed to LVP
wildtype. Mosaic eyes (ME), white eyes (WE). Drive F; phenotypes are shown in Fig|S5.2|
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GDe

Table S5.2: Fy progeny of bgen-Cas9 and w double heterozygotes crossed to LVP wild
type. Mosaic eyes (ME), white eyes (WE). The ratio between the amount of dark and
mosaic-eyed drive Fis crossed is roughly proportional to the ratio of those phenotypes
generated from the F( crosses.
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Figure S5.1: Detailed illustration of the w“P® element and regions of homology with the w™ locus after a
Cas9:gRNA mediated double-strand DNA break. The gRNA spacer sequence is printed in lowercase red
letters as RNA and DNA. The three-base pair protospacer adjacent motif (PAM) is printed in Blue letters.
Non-standard modifications to the gRNA scaffold sequence are printed in lowercase green (O+5bp) or
magenta (To>C) letters and are based on Dang et al.228 and similar modifications have been described in
Feng et al.227. Regions of homology within the gRNA scaffold, between the gRNA and w™, between the
cut w™ locus and between the wSP® locus are indicated with vertical lines (|). 22bp of the white exon
3 sequence is absent from the sequences flanking the wSP¢ element. Once w™ exon 3 is cut, 18nt and
4nt need to be resected from the free DNA ends for them to become fully homologous to the sequences
flanking the wSP® element. The DNA sequence of the gRNA spacer is in the opposite orientation (reverse
complement) relative to the same sequences in the flanking homology sequences. This may make it
less likely that the gRNA spacer is involved in a partial homing event. The U6 promoter and 3UTR
sequence contain sequences found repeated elsewhere in the genome, in addition to their homology to the
endogenous U6b (AAELO017774) gene. Truncations of Pol III promoters suggest that the U6 promoter
and 3'UTR sequence used in the wSP® element are likely substantially larger than the minimum sequence
required to maintain efficient RNA expression’99,
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o FuTT XL | Total 237 | 2 | 2 | 2 | 253 | 5 | 25 | 2 | [T05] 0 [io7] 1 _[1i2| 3 |17 |
GDe

Table S5.3: Fy progeny of nup50-Cas9 and w double heterozygotes crossed to LVP
wild type. Mosaic eyes (ME), white eyes (WE). Drive F; phenotypes are shown in Fig
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. + w4 Cas9 +wCPe— —/+Cas9 —/=
. Drive
Cross F; phenotype ? A 2 g ? A— 2 I
1P vl ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT
Mosaic 15 5 15 1 8 6
Mosaic 12 7 11 7 19
Mosaic 29 6 1 23 5 25 15
Mosaic 34 4 34 4 12 21
Mosaic 10 1 2 11 1 3 13
Mosaic 21 8 24 2 14 21
Mosaic 16 4 8 7 4
Mosaic 15 1 9 4 12 19
Mosaic 15 4 19 5 10 14
Mosaic 1
5 2 8 2 7 3
1
18 15 1 10 17
3 6 3 4
5 2 2 6 2 4 2
Fi: @wSPnup50- 118 : 2 Eal 6 Ill 105
Fo: oCas9 x Qu' 19 T i 3 5 B
12 8 6 6
19 4 15 9 2 7
22 1 33 2 8 20
Mosaic 23 5 11 5 9 9
Mosaic 7 1 3 5 3
10 1 2 1 15 1 3 8 9
32 9 21 1 20
16 2 3 23 3 15 12
Mosaic 21 5 2 17 5 13
Mosaic 21 4 11 3 1 7 8
i 5 6 14 12 13
15 1 3 9 11 8
24 5 3 21 2 13 23
22 4 4 29 4 25 23
486 0 100 29 1 462 1 80 0 1 0 306 0 0 0 353

Table S5.4: Fy progeny of individual male nup50-Cas9 and wP¢ double heterozygotes
crossed to LVP wild type. nup50-Cas9 from paternal Fy. Mosaic eyes (ME), white eyes
(WE). Drive F; phenotypes are shown in Fig

. + w4 Cas) +wSPs— —/+Cas9 /=
. Drive
Cross F, phenotype ? g ? o ? e ? J
1P Il ME/WE [ WT [ ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT
ic, Dimmer 6 5 8 2 3 4 2 2
, Dimmer 10 9 10 7 1 3 3 4
, Dimmer 7 6 7 6 4 1 5
, Dimmer 20 12 0 11 5 3 4
, Dimmer 7 12 8 15 5 4 5 5
, Dimmer 5 15 9 20 5 9 4
, Dimmer 12 14 11 10 8 5 4 8
, Dimmer 3 1 1
, Dimmer 3 4 4 6 8 3 4 3
, Dimmer 7 6 2 6 4 4 6 5
, Dimmer 9 6 13 7 2 3 8
, Dimmer 2
ic, Dimmer 5 9 17 13 10 5 3 4
, Dimmer 17 16 9 14 5 4 3 4
Fi: oLVP x QS €:nup50-Cas9 > Dimmer | 7 17 5 12 3 > > 5
Fu: & Cas x uwtbe  Dimer 1 B 13 2 2 7 1 7
0 , Dimmer 3 11 3 2 6 1 I 2
, Dimmer 13 5 10 5 5 2 6 3
, Dimmer 19 16 7 8 6 6 3 4
Dimmer 1 4 8 6 6 [§ 5 5
, Dimmer 6 5 3 5 2 1 6 2
, Dimmer 12 15 18 14 12 7 3 2
, Dimmer 9 15 16 18 2 7 2 3
, Dimmer 9 10 8 11 2 4
, Dimmer 12 16 15 18 2 7 5 8
, Brighter 5 7 4 6 1 3 3 4
Mosaic, Brighter 6 5 4 1 2 3 3
Mosaic, Brighter 8 11 5 14 6 2 3 3
Mosaic, Brighter 2
Mosaic, Brighter 1 2 1 2 1 1 1
Sum 231 0 259 0 222 0 240 0 0 112 0 100 0 101 0 112

Table S5.5: Fy progeny of individual female nup50-Cas9 and w®P¢ double heterozygotes

crossed to LVP wild type. nup50-Cas9 from paternal Fy. Mosaic eyes (ME), white eyes
(WE). Drive F; phenotypes are shown in Fig
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. wSPe; 4 Cas9 wOP%— —/+Cas9 —/=
. Drive
Cross F) phenotype e . g .Q - g .Q g . .Q g .
1§ VE ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT

ic, Brighter 7 26 6 21 13 15

ic, Brighter 4 17 1 15 9 14

Mosaic, Brighter 3 14 5 12 2 4

Mosaic, Brighter 7 35 10 25 11 12

Mosaic, Brighter 6 21 1 26 11 14

, Brighter 4 26 3 22 24 17

Brighter 9 13 3 27 6 16

4 11 6 6 4 12

ic, Brighter 2 10 1 3 10 7 14

, Brighter 3 17 1 14 11 15

Brighter 7 21 5 17 6 9

. Brighter 11 12 1 14 9 7

ic, Brighter 9 25 5 26 14 14

Mosaic, Brighter 6 33 7 26 32 25

Mosaic, Brighter 4 17 3 10 11 7

Mosaic, Brighter 6 12 2 15 11 10

Mosaic, Brighter 1 17 3 22 7 12

Mosaic, Brighter 2 12 7 4 17 15 7

Mosaic, Brighter 5 18 19 19 9

, Brighter 1 17 2 16 6 15

Fi: @wCPenup50-Cas9 x QLVP . Brighter 8 21 3 27 15 18

Fo: dwCPe x 9Cas9 ic, Dimmer 25 1 28 23 15

, Dimmer 3 26 31 30 26

, Dimmer 3 27 3 20 15 23

, Dimmer 2 17 3 24 24 18

, Dimmer 4 23 2 22 13 13

ic, Dimmer 2 20 3 15 10 1 11

, Dimmer 3 16 1 25 18 14

Mosaic, Dimmer 16 29 13 32 21 17

Mosaic, Dimmer 2 7 7 2 4

ic, Dimmer 22 4 13 14 19

, Dimmer 3 14 3 16 16 14

, Dimmer 1 11 12 4 5

., Dimmer 1 12 1 20 9 7

2, Dimmer 4 12 8 3 10

ic, Dimmer 3 30 5 28 17 22

, Dimmer 6 21 8 31 27 22

, Dimmer 1 2 13 4 12 9 14

, Dimmer 5 1 9 1 9 8 8
Mosaic, Dimmer 3 18 2 18 14 12 1

Mosaic, Dimmer 1 2 14 1 10 4 8
Sum 163 14 761 8 0 138 0 768 0 524 0 1 0 548 0 1

Table S5.6: Fy progeny of individual male nup50-Cas9 and w®P¢ double heterozygotes
crossed to LVP wild type. nup50-Cas9 from maternal Fy. Mosaic eyes (ME), white eyes
(WE). Drive F; phenotypes are shown in Fig
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. wOPe; - Cas9 wCPe; — —/+Cas9 —/=
. Drive
Cross F) phenotype L] . g .Q g .Q g . .Q J .
1F VE ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT
Mosaic, Brighter 0 1 1
Mosaic, Brighter 2 3 9 7 3 3 2 1
Mosaic, Brighter 3 4 5 2 0 1
Mosaic, Brighter 10 1 13 6 1 11 1 1 3 1 1
Mosaic, Brighter 12 9 6 8 2 3 5 5
Brighter 1 6 6 6 2 2 4 1
. Brighter 16 1 13 6 2 4 1
ic, Brighter 2 2 3 3 0 1
Mosaic, Brighter 4 6 5 5 9 2 4 3
Mosaic, Brighter 4 8 2 6 4 2 3
Brighter 5 5 3 7 3 3 3
. Brighter 3 9 5 3 3 1 2 1
ic, Brighter 18 16 10 16 5 3 [§ 8
Mosaic, Brighter 4 2 3 2 1 1 1
Mosaic, Brighter 4 5 10 5 3 1 2
, Brighter 6 3 5 3 3 1 3
. Brighter 2 1 3 1 3
, Brighter 7 4 5 10 1 1
ic, Brighter 3 3 4 5 6 2
>, Brighter 5 1 5 3 2 1
, Brighter 1 3 2 7 2 1 1
. Brighter 3 4 3 1 4 1 2
Fi: gLVP x QuwéP;nup50-Cas9 , Dimmer 9 8 ? 8 2 > 6 3
Fo: ¢S x 9Cas) 3 D%mmor f 4 7 i 3 -1 4
>, Dimmer 7 4 5 7 4 3 1 3 5
, Dimmer [§ 10 7 3 2 3 2 4
, Dimmer 10 10 3 11 3 2 3 8
, Dimmer 4 6 6 12 2 1 1
., Dimmer 6 6 1 8 5 1 2 1
, Dimmer 6 5 6 9 5 1 2 2
ic, Dimmer 8 7 12 3 4 3 2 1 1
, Dimmer 2 2 5 7 1 4 3
, Dimmer 13 17 14 9 4 2 3 10
, Dimmer 5 8 9 10 1 2 4 1
, Dimmer 6 10 2 3 1 1 3
, Dimmer 2 5 6 2
, Dimmer 3 5 4 1 1 2 3
:, Dimmer 8 8 10 8 5 3 7 9
, Dimmer 5 5 2 12 3 2 3 3
, Dimmer 3 3 4 3 2 2 3 3
, Dimmer 2 3 6 2 1 1 2
, Dimmer 4 6 9 12 1 3 5 5
c, Dimmer 1 6 8 1 5 5 9
, Dimmer 2 2 2 6 3 7 3 4
, Dimmer 5 8 9 9 2 4 6 3
Mosaic, Dimmer 5 13 9 6 4 2 4
Sum 237 2 279 2 253 5 275 2 1 105 0 107 1 112 3 117

Table S5.7: Fy progeny of individual female nup50-Cas9 and w%P¢ double heterozygotes

crossed to LVP wildtype. nup50-Cas9 from maternal Fy. Mosaic eyes (ME), white eyes
(WE). Drive F; phenotypes are shown in Fig

Cas9 +wCP;+Cas) +wCPe— —/+Cas9 —=/=
Drive F; phenotype

Cross

T: gwCP¢ x QLVP

? J ? J ? d ? J
ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT

For gwSD x o VP Dark eyes 0 0 0 0 0 1 0 609 0 0 0 0 0 581 0 2

0 i X N

Fi: gLVP x Qu®*

‘p'. juéocii“}d\rp Dark eyes ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘145 0 ‘163‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘147‘ 0 ‘150‘
0 )

GDe

Table S5.8: Fy progeny of w heterozygotes (no Cas9) crossed to LVP wild type. Mosaic

eyes (ME), white eyes (WE)
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Cas9 | Cas9 Fy | Drive Fy | +w%Pe F, | Total Fy % p-value | Threshold | Odds ratio
-Cas9 N/A d 620 1203 51.5% | 1.00E-+00 ns

-Cas9 N/A Q 308 605 50.9% | 1.00E-+00 ns 1
sds3 d d 275 450 61.1% | 6.58E-02 ns 1.2
sds3 Q d 131 214 61.2% | 1.57TE-01 ns 1.2
sds3 J Q 159 275 57.8% | 2.98E-01 ns 1.1
sds3 Q ? 118 176 67.0% | 4.95E-02 * 1.3
bgen J Jd 444 885 50.2% | 7.32E-01 ns 1.0
bgen Q d 257 389 66.1% | 9.75E-03 Hok 1.3
bgen J Q 210 414 50.7% | 1.00E+00 ns 1.0
bgcn Q ? 304 520 58.5% | 1.75E-01 ns 1.1
nups0 d d 1159 1819 63.7% | 6.32E-04 oAk 1.2
nupd0 Q d 1852 2926 63.3% | 3.76E-04 HoAK 1.2
nupd0 d ? 952 1377 69.1% | 1.67E-04 HoAk 1.4
nupd0 Q Q 1055 1501 70.3% | 6.61E-05 o 1.4

Table S5.9: Overall w®P¢ inheritance bias. in each case, a two-sided Fisher’s exact test
is performed using the —Cas9 condition with the matching drive F; sex. Significance

thresholds: * for <0.05, ** for <0.01, *** for <0.001.

Cas9 | Cas9 Fy | Drive Fy | F, Cas9 [ Fy w®P° Total % Control Difference Ctrl ME/WE | Ctrl Total | Ctrl % | p-value | Threshold | Odds ratio
sds3) g g Yes Yes 129 |86.0% | Cas9 Positive Vs Negative 146 0.7% | 1.58E-27 R 124.6
sds3 Q g Yes Yes 62 | 98.4% | Cas9 Positive Vs Negative 0 69 0.0% 1.65E-15 HRE Inf
bgen, Jd d Yes Yes 196 | 7.1% | Cas9 Positive Vs Negative 248 0.4% | 2.07E-04 R 17.6
bgen ? J Yes Yes 129 | 17.1% | Cas9 Positive Vs Negative 0 128 0.0% | 1.04E-06 Rk Inf
nup50 J J Yes Yes 615 | 95.3% | Cas9 Positive Vs Negative 2 544 0.4% | 1.45E-118 K 258.7
nup50 ? J Yes Yes 946 | 97.7% | Cas9 Positive Vs Negative 0 906 0.0% | 9.62E-205 R Inf

Table S5.10: Two-sided Fisher’s exact test for somatic expression.
white eyes (WE). Significance thresholds: * for <0.05, ** for <0.01,

Mosaic eyes (ME),

% for <0.001.

Cas9 | Cas9 Fy | Drive F, | F, Cas9 | F, w®P° [ ME/WE | Total % Control Difference | Ctrl ME/WE | Ctrl Total | Ctrl % | p-value | Threshold | Odds ratio
sds3 J ? No Yes 7 76 98.7% Drive F; @ vs & 146 0.7% 1.80E-26 R 141.9
sds3 Q Q No Yes 61 100.0% | Drive F; @ vs & 0 69 0.0% | 7.36E-16 R Inf
bgen g [} No Yes 98 39.8% Drive F; @ vs o 1 248 0.4% 1.49E-18 HER 97.9
bgen Q [} No Yes 131 94.7% Drive F; @ vs & 0 128 0.0% 1.61E-28 HER Inf
nup50 g [} No Yes 462 | 100.0% | Drive F; @ vs & 2 544 0.4% | 2.29E-115 HER 271.3
nup50 Q [} No Yes 535 | 98.7% Drive F; @ vs & 0 906 0.0% | 8.43E-178 HEE Inf

Table S5.11:

Two-sided Fisher’s exact test for maternal deposition

white eyes (WE). Significance thresholds: * for <0.05, ** for <0.01,
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wePe x sds3-Cas9

w®Pe:sds3-Cas9

w®Pe:nup50-Cas9

..

Consistent

Dimmer

Brighter

w®P x nup50-Cas9

webe w®Pe:sds3-Cas9

webe w®Pe:nup50-Cas9

Figure S5.2: Fluorescent marker phenotype and white gene eye phenotype noted among the Fis. @
‘Dimmer’ and 'Brighter’ OpIE2-DsRED phenotype noted in the nup50-Cas9 line. The sds3 and bgen-Cas9
used PUb-mCherry-SV40 and had a consistent phenotype. |E| Examples of the F; dark-eyed (WT) and

mosaic eyed phenotype.

Predictors Estimate | S.E. | z-value | p-value | Threshold
bgen-Cas9 -3.5012 | 0.2201 | -15.909 | <2e-16 otk
nup50-Cas9 0.9341 | 0.1995 | 4.683 | 2.83E-06 orok
+Cas9 6.2214 | 0.1759 | 35.365 | <2e-16 otk
Cas9 Fy female 0.8699 | 0.1442 | 6.033 | 1.61E-09 orok
gRNA:Cas9 F; female | 8.0606 | 0.2280 | 35.351 | <2e-16 otk
Scored Fy female 0.2328 | 0.1397 | 1.667 0.0955 ns
Constant -5.0034 | 0.2673 | -18.721 | <2e-16 orok

Table S5.12: The results of the binomial generalised linear model applied to mosaic eyed
(ME) or white-eyed (WE) phenotype fraction among all +w%"® F, progeny in Table
No interaction terms were specified. The sds3-Cas9, -Cas9, Cas9 F(, male,

gRNA:Cas9 F; male, Fy male cross serves as
* for <0.05, ** for <0.01, *** for <0.001.

the reference result. Significance thresholds:
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Somatic Cas9 Expression

nup50 | F, +Cas9 | ?‘
+ Maternal Deposition

bgen | F +caso |§‘ Progeny Count Cas9 F, Sex
sds3 |F2 *CasQlj‘ o 0 O Female
1200 500 O Male

Maternal Deposition

nup50 | F, -Cas9 | ?‘

+Cas9
+wO0e

bgcn | F, -Cas9 | ;

sds3 |F2 -Cas!il?‘

nup50 | F, +Cas9 |§ Somatic Cas9 Expression

bgcn | F, +Cas9 | ;

sds3 | F, +Cas9 | ?‘

+Cas9
+wOPe

nup50 | F, -cas9 | §

Qoo ,00@k0c000QPQ000000Q

bgen | F, -Cas9 | ;

sds3 |FZ —CasQ|§ o

Ol’/o Zd% 46% 66% Bd% 106%
-w®P¢ progeny with white-eyed or mosaic phenotype

(a)

Figure S5.3: Somatic eye phenotype in the —wSP® progeny of double heterozygote split drive carriers.
The percentage of —wSPe progeny that display a mosaic or total loss of eye pigment phenotype. Fs
progeny are segregated by the drive-carrying Fi’s sex (o, @), the Fo’s Cas9 transgene inheritance (—Cas9,
+Cas9), the Cas9 regulatory sequences (sds3, bgen, nup50), and the Fao’s sex (o, ). The circle size
indicates the number of progeny that make up that group, and circle colour indicates if the Cas9 carrying
Fy grandparent was male (Blue) or female (Orange). The set of progeny that came from drive Fy carrying
females are indicated with ’Maternal Deposition’. The set of progeny that inherited a Cas9 element are
indicated with ’Somatic Cas9 Expression’. Due to the sex-linkage of the w®P¢ element from F; drive
males the number of Fy progeny are unequally distributed among the groups for each sex. This sex-bias is
more pronounced for the —w%P¢ progeny than for the +wSP® progeny due to the the effects of homing.
Circles are absent if no progeny matched that grouping. Within matched crosses (each row), differences in
the white phenotype rate corresponding to the Cas9 carrying Fy’s sex cannot be solely attributed to a
grandparent enhanced somatic phenotype for —wSP® progeny. White phenotype rates for +wSP¢ progeny
are shown in Fig Note that inheritance of the wSP® element also prevents the potential inheritance
from the drive parent of an undamaged wild-type white gene or a white gene mutation that retains its

function (r1) in pigment production. As such, any difference in white phenotype rates between +wSPe
and —wSP® progeny cannot be solely attributed to gRNA expression from wSP¢ in the Fy progeny.
Cas9 Drive Fy | Cas9 Fy | Positives | Total Events % p-value | Threshold | Odds ratio
-Cas9 d N/A 11 592 1.9% | 1.95E-01 ns 1.7
sds8 d g 41 216 19.0% | 6.79E-22 kK 17.5
sds3 d Q 19 102 18.6% | 4.93E-13 HoK 17.2
bgen J d 24 464 5.2% | 3.99E-06 ook 4.8
bgcn g Q 32 160 20.0% | 2.89E-19 HoE 18.4
nups0 g d 210 869 24.2% | 3.50E-57 ok 22.3
nups0 J Q 315 1387 22.7% | 1.02E-61 Hok 21.0
Li et al. nup50 J J 3 690 0.4% | 1.93E-01 ns 0.4
Li et al. nup50 J Q 3 688 0.4% | 1.94E-01 ns 0.4
Table S5.13: Homing significance test based on the recombination of the +wSP¢ allele

and sex-determining region. The total events are all female Fys for the @ Cas9 Fy (and
therefore o wP® Fy) crosses. Positives are +w%P® female Fys which should only occur
through recombination. For g Cas9 F, crosses male Fys are considered. In each case, a
two-sided Fisher’s exact test is performed with 13/1203 as the expected outcome (this
includes recombination of the white allele in the -Cas9 cross). Significance thresholds: *
for <0.05, ** for <0.01, *** for <0.001.
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Li et al. nup50 +wCPe —wGPe
Cross ? g ? g
ME/WE | WT | ME/WE | WT | ME/WE | WT | ME/WE | WT

Fi: gw®Pe;nup50-Cas9 x QLVP .

Fo: oot x oo 650 | 654 0 3 0 2 0 687
Fi: oLVP x QwSPe:nup50-Cas9

Fo: o Cas x uobe 757 0 790 0 0 162 0 175
Fi: o wCPenup50-Cas9 x QLVP

Fo: ¢ wePe x 9Cas 0 3 701 669 0 685 0 1
Fi: oLVP x Quw&Pe;nup50-Cas9

b w90 743 0 763 0 3 175 1 185

Table S5.14: Fy progeny of nup50-Cas9 and wP¢ double heterozygotes crossed to wild
type taken from Li et al. Mosaic eyes (ME), white eyes (WE). Data are, in row order,
from Li et al. supplemental files 4f, 4e, 4d, and 4c.

Cas9 drive F; | Cas9 Fy | o Fas | g+9 Fas % p-value | Threshold | Odds ratio
-Cas9 d N/A 611 1203 50.8% | 1.00E-+00 ns 1.00
sds8 d ot 216 450 48.0% | 5.65E-01 ns 0.95
sds3 d Q 112 214 52.3% | 8.49E-01 ns 1.03
bgen o d 464 885 52.4% | 6.77E-01 ns 1.03
bgen Jd Q 229 389 58.9% | 1.29E-01 ns 1.16
nup50 J Jd 869 1819 47.8% | 3.48E-01 ns 0.94
nups0 Jd Q 1539 2926 52.6% | 5.57E-01 ns 1.04

Li et al. nup50 d d 690 1996 34.6% | 7.91E-09 ok 0.68

Li et al. nup50 J Q 1371 2059 66.6% | 8.10E-06 rork 1.31

Table S5.15: Meiotic drive significance test based on sex bias in Fy progeny. In each
case, a two-sided Fisher’s exact test is performed with 611/1203 as the expected outcome.
Significance thresholds: * for <0.05, ** for <0.01, *** for <0.001.
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Chapter 6

Conclusions

The central theme of this thesis has been understanding the interaction of transgene
design with the nuclease process that underlies gene drive performance. We have shown
that daisy-chain gene drives can be powerful tools for limiting genetic modification to
target populations. However, their effectiveness is highly dependent on the efficiency
and fidelity of the inheritance biasing process. We next performed a systematic
meta-analysis of experimental homing gene drive data. This allowed us to investigate
on a large scale the effect of sex and deposition on many different gene drive designs.
Based on the analysis performed for our meta-analysis, we discovered that homing
gene drives may not always function through homing. We analyse new experimental
results that indicate that DNA repair outcomes underlying gene drive inheritance can
vary between experimental conditions.

Potentially, the most important question that our work raises is about the predictability
of fundamental features of gene drives, such as their inheritance biasing mechanism.
In chapter 5, we attempt to replicate previous work with individuals derived from
the same transgenic lines. We find that inheritance bias occurred through separate
mechanisms in our replication attempt. This difference in the mechanism depends
on factors that we do not currently understand. We would probably have ascribed
this difference to any of a range of design features if we had not performed an exact
replication cross. I think this type of misattribution frequently occurs in the literature.

We have developed a framework for systematically analysing different design factors.
We found that anything beyond the most basic gene drive design elements cannot
be interrogated with the current approach to gene drive testing. Many experimental,
biological, and transgene design factors are simply not independently varied. As
such, ascribing an improvement in performance to a different nuclease promoter or
target gene is often not justified given the many (under-emphasised) other differences
between experiments. For example, we and others have discussed the observation that
homing gene drives seem to function disproportionately well in Anopheles mosquitoes.
Based on the work presented in our meta-analysis, I am less confident that this is
actually a reflection of species biology and not due to a technical design bottleneck.
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Most of the papers I identified as relevant in our literature search came out during the
period of my PhD. The body of literature is becoming more expansive than any student
can usefully absorb. I think it is vital that we develop systems to more effectively
make use of this body of work to identify the gaps in our understanding and perform
deliberate replications informed by previous work. The systematic and detailed
evaluation of published data has led to the discovery of multiple surprising/anomalous
observations in the published literature. The work in chapter 5 led to new insights in
collaboration with the original authors. However, in a different case, it sadly led to
the retraction of a publication due to oversights in the experimental methods. This
outcome is highly damaging, especially to the junior scientist involved. During data
extraction, I observed less severe discrepancies in other published works. This is an
inevitable part of the human endeavour of science, but current publication systems
are not well suited to correct these kinds of errors. The correction process is hurt by
using the same processes to signal misconduct, increasing the stakes and stigma for
correcting genuine errors#®. A less all-or-nothing approach to scientific corrections
and evolving documents would aid in keeping the scientific record clean. Replications
can also be applied to computational modelling, as I did in chapter 3. I think it would
be a valuable contribution to the field to do this more broadly both as a validation of
the models and as a way to make explicit different assumptions and approaches.

Our findings of unexpected repair outcomes after CRISPR editing fit with the work
studying the use of nuclease for gene therapy. There is increasing evidence that Cas9
can cause large deletions and genomic rearrangements that can often go undetected by
common PCR-based molecular assays®®2%229  Furthermore, gene editing can select
for cells with deregulated responses to DNA damage (p53 is often implicated )%,
Nuclease gene drives are intended to generate DNA damage over many generations
on a population scale. It may be worth investigating whether nuclease-based gene
drives can similarly apply selective pressures’ against DNA damage checkpoints of
the individuals that carry them. Selection for individuals with a dysregulated DNA
response may in turn, lead to higher intrinsic mutation rates. Normally, this would
be detrimental to the target population, as the germline mutation rate will have
been fine-tuned by evolution®*?. However, it may be adaptive in a scenario in which
humans are suddenly (on an evolutionary timescale) actively trying to eradicate them
through various means. The actual selective processes are more complex than that
presented above, and it may instead be that a homing drive selects for higher-fidelity
repair leading to a lower mutation rate. For a suppression drive, it also requires the
gene drive to be successful enough to spread and select for DNA damage insensitivity
but not be so successful as actually to achieve its goal. Follow-up computational
modelling can be useful to explore if the above mechanisms are a plausible route
towards unintended outcomes.

In our modelling of daisy-chain gene drives, we focused on the spreading of genetic
trait through a target population (population replacement). While we performed a
set of simulations of different suppression strategies, these mostly highlighted how
much more challenging suppression will be with a self-limiting approach. Pursuing
a replacement strategy introduces significant additional complexity to any genetic
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biocontrol intervention. Regulators and sponsors need extensive evidence on safety
and efficacy to consider the approval of any transgenic biocontrol intervention. Most
genetic biocontrol field trials measure entomological outcomes in the form of a reduc-
tion in the pest population®¥38 402337235 Measuring actual endpoints, such as disease
burden or crop yield, is much more expensive and complex?®. However, the link
between insect population suppression and epidemiological endpoints often already
has a strong evidence base from the use of pesticides®*”. There are no clear analo-
gous interventions on which population replacement strategies can rely on to justify
measuring only entomological outcomes (i.e., transgene introgression). Therefore, it
may be significantly harder to prove with a field trial that population replacement is
effective compared to population suppression.

A range of gene drive effector modifications are currently being developed#3439 hut
it is untested how transgenic replacement approaches will be received by regulators
and governments. In the United States, suppression and replacement strategies
are regulated by separate agencies®. The persistence of the modification in the
population may lead regulators to require more extensive safety studies. However,
while replacement may have some drawbacks compared to suppression, our modelling
clearly shows that it is much more practical to achieve®. Furthermore, the introduction
of wolbachia into wild Aedes populations by the World Mosquito Programme is a
replacement strategy and one of, if not the, largest genetic biocontrol projects currently
in progress®*. This clearly shows that replacement strategies can be effective and
approved.

Daisy-chain gene drives and other self-limiting drives are extremely promising. However,
their prominence in the public consciousness carries some risks. There are serious
questions about whether we can technically make hyperefficient self-limiting systems
and whether they will remain self-limiting once released. As such, society and
regulators may currently be considering®? the use of an idealised technology with
fewer drawbacks that researchers fail to deliver. This may come at the cost of having a
public discourse about whether those serious public health challenges merit the use of
self-perpetuating gene drives or self-limiting systems that are not as efficient. I hope
our work goes towards informing this discussion by critically evaluating the technical
feasibility of certain designs. At the very least, our work highlights areas of technical
development that are needed to make daisy-chain gene drives viable.

Gene drives based on programmable nucleases have the promise of functioning as
a platform technology that can be implemented in many different species of pests.
However, the efficiency of current homing gene drives in the academic literature
is often hit-and-miss. Similar gene drive designs have worked well in one species
and poorly in another. Recent work I contributed to during this PhD shows that
after many attempts®#29%12 high inheritance bias efficiencies can be achieved in
A. aegypti®. While this is an important advance, many challenges remain, and if
development proceeds similarly in other species, that will severely restrict what species
this technology may practically be applied in. Moreover, it is not self-evident that
shifting the general cost/benefit of genetic biocontrol through technological progress
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will be sufficient.

Throughout the world, there are many irradiation-based genetic-biocontrol facilities
operating for tens of species“*®. Each species has unique cost/benefit calculations
given their rearing requirements, time to maturity, diet, sex-sorting requirements,
irradiation sensitivity, dispersal range, promiscuity, density dependence, etc. The
foundation of the field of synthetic gene drives is that genetic biocontrol will massively
benefit from becoming more efficient through technological advancements. Successful
SIT programmes have been implemented for Cochliomyia hominivoraz (new world
screwworm), Pectinophora gossypiella (pink bollworm), Cydia pomonella (codling
moth), Cactoblastis cactorum (cactus moth), Teia anartoides (painted apple moth),
and Thaumatotibia leucotreta (false codling moth)"®. However, invariably these insects
remain pests elsewhere in the world. Clearly, a variety of factors, such as geography,
infrastructure, funding, and governance, contribute to this. However, it is likely
difficult to identify cases where a more efficient technology is necessary and sufficient
to overcome this.

While scaling is notoriously difficult for any biotechnology®**, the principle of genetic
biocontrol has many favourable attributes in this regard. The standard approach to
mass rearing already relies on non-specialised manual labour and largely standard
equipment“*. On the other hand, several scaling challenges can be a significant
bottleneck, regardless of the underlying efficiency of the technology. The logistics of
performing releases may be costly and not fully balanced by the suppression efficiency
of the individual insect (e.g., releasing one insect every 100m will have limited savings

compared to one hundred insects per 100m).

Instead of efficiency, demand (customer acquisition cost in commercial settings) may
be the most substantial bottleneck for genetic biocontrol. There are a number of
factors that can make the application model of genetic biocontrol complex. Delayed
outcomes, regulation, costly to prove efficacy (field trials), often a mismatch between
funders and beneficiaries, holdouts, freeloaders, and concerns over acceptance by end
users in the case of crop pests (customers of the customers). Possibly most importantly,
insect releases are generally not compatible with existing pest control (i.e., chemical
pesticides) workflows, markets, and metrics (although they can be complementary
in their mode of action). This likely creates enormous inertia and a high burden on
genetic biocontrol programmes to educate stakeholders on the underlying principles
and convince them that it is worth pursuing.

The increased adoption of genetic biocontrol may require substantial innovations in its
business model, product, and outreach instead of (only) underlying technical innovation.
This may include pest control as a service, supporting alternative participation
structures (e.g., collectives instead of individual farmers), engaging with influencers
(e.g., grower organisations), rebranding (green technology), and addressing perceived
reputational risks by users. However, increasing the efficiency of the technology
by orders of magnitude through the use of self-limiting gene drives may well give
the headroom to overcome these non-technical challenges and costs. In addition,
sentiments around genetic engineering and gene drive may shift in the future and may
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even become a "selling" point as high-profile projects succeed.

In conclusion, the field of genetic biocontrol has already demonstrated its usefulness in
combating a diverse range of insect pests through irradiation-based techniques. The
future of genetic biocontrol hinges not only on technological advancements such as
self-limiting gene drives but also on improving the way we communicate their potential
and the systems we develop for informed decision-making.
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