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Abstract: Scientists have long sought a technology to humanely control populations of damaging
invasive pests in a species-specific manner. Gene drive technology could see this become a reality.
This review charts the twists and turns on the road to developing gene drives in vertebrates. We focus
on rodents, as these will likely be the first targets, and trace the journey from the early understanding
of selfish genetic elements to engineering gene drives in mice; before discussing future research
focuses and the crucial role that public perception and governance will play in the application of this
technology. The realisation of robust gene drive strategies in vertebrate pests has the potential to
revolutionise biocontrol.
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1. Introduction

Invasive vertebrate species impact our environment, economy and society. Although
their spread can have beneficial aspects, invasive species can disrupt ecosystems, reduce
biodiversity and threaten livelihoods. Damaging invasive species are classified as invasive
pests, and examples include: rabbits (Oryctolagus cuniculus) and feral cats (Felis catus) in
Australia, American mink (Neovison vison) and grey squirrel (Sciurus carolinensis) in the
United Kingdom, Burmese pythons (Python bivittatus) and wild boar (Sus scrofa) in the
United States of America (US), and the omnipresent infestation of rats and mice around
the globe [1-3]. The burden of invasive pests has been worsened by the increases in global
trade, travel and climate change [4]. Current pest management tools for vertebrate pests
are crude, costly, inhumane and often inadequate to cope with the scale of the problem.
The ability to humanely control damaging invasive pests has long been a goal of scientists.

Of the numerous invasive vertebrate pests, mice and rats (Muridae) are recognised
as some of the most prolific and will be the primary focus of this review, although the
techniques described could be adapted to most vertebrate pests. At an economic level,
the worldwide losses caused by mice and rats are enormous. It has been conservatively
estimated that in Asia, each year, rats consume over 30 million tons of rice [5]. That is
enough rice to feed 180 million people per year. In outbreak years, domestic damage to
Australian wheat reduces the country’s total agricultural production from 3 to 4% [6]. In
the US, it is estimated that introduced rats cost the economy more than $27 billion per year.
In addition to agricultural impacts, in many countries and oceanic islands, invasive rodents
are also a major cause of reduction in bird populations due to their predation of native
chicks and bird eggs [7,8]. In response, mitigation and eradication strategies are required.

Current efforts to eradicate rats and mice include traps, poisons and biological controls,
such as the introduction of predators or diseases. The application of rodenticides can be
expensive due to costs associated with regulation compliance, dispersal methods, size
of the treated area, and the toxicant itself [9]. Mechanical traps are more humane than
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rodenticides as they have less impact on non-target animals, humans or overall ecosystem
health. However, placing traps and collecting the caught animals is labour-intensive and
usually inadequate to eradicate a rodent population without additional methods [10].
Scientists may now be able to utilise the growing body of knowledge on selfish genetic
elements and recent advances in genome engineering technologies to develop species-
specific, humane and cost-effective genetic pest management tools.

2. Selfish Genetic Elements

First revealed in 1866 by a monk named Gregor Mendel, the conventional rules of
inheritance, also known as Mendelian inheritance, determine that offspring have a 50%
chance of inheriting an allele from one of their parents. As only half the offspring inherit
the allele, the frequency of that allele in future generations will be comparable to the
frequency of that allele in the parents’ generation. Selfish genetic elements are described
as an exception to the conventional rules of inheritance. With selfish genetic elements,
offspring have more than a 50% chance of inheriting a genetic element from a parent, and
therefore a specific genotype will increase in the population over time. Such an element is
said to ‘drive’” within a population [11,12].

Scientists have known about selfish genetic elements that violate Mendel’s rules since
the late 1880s. At a molecular level, they are sequences of DNA, such as genes or their
fragments, for which inheritance is biased in their favour [11]. These elements achieve
drive through one or more of three key mechanisms (Figure 1). 1. Interference: with this
strategy, a gene gains an advantage by disrupting the transmission of an alternative gene.
An example of a selfish element that operates by interference is the t-haplotype in mice,
described in the meiotic drive section of this review. 2. Over-replication: these elements
bias their transmission to the next generation by being replicated more than other genes in
an animal. Transposable elements are an example of this mechanism. 3. Gonotaxis: where
genetic elements bias movement towards the germline. Some B-chromosomes, which
are accessory chromosomes that are not essential for the life of a species, act selfishly by
replicating themselves and moving to the germline and avoiding the somatic cells [11].
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Figure 1. Examples of the three known primary mechanisms by which selfish genetic elements
achieve “drive’. (a). Interference. A killer gene (K) can kill non-K-bearing sperm. This would benefit
the K gene’s chance of fertilising an egg. (b). Over-replication. A transposable element (T) makes a
second copy of itself, and one daughter cell inherits one copy while the other inherits two copies. (c).
Gonotaxis. A B-chromosome replicates itself, and both copies move to the germline and avoid the
somatic cells. Image adapted from Burt and Trivers [11].

One important particularity of selfish genetic elements is that they do not need to
contribute to the reproductive success or fitness of the host organism to drive success-
fully [11]. In addition to the examples highlighted in Figure 1, homing endonuclease genes
and meiotic drives represent two important examples of natural selfish genetic elements,
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having evolved several times in different taxa. Due to the significance of meiotic drives
and homing endonuclease genes in the development of engineered selfish genetic elements,
a brief description of these elements is provided below.

2.1. Homing Endonuclease Genes

Homing endonuclease genes (HEGs) achieve drive through an over-replication mecha-
nism. These genes are situated on a chromosome within a specific DNA sequence that they
recognise and cut. HEGs encode an endonuclease that cuts the recognition sequence on the
chromosome that is homologous to the original chromosome containing the HEG. After the
recognition sequence is cut, homologous recombination is used to copy the HEG into the
cut in the homologous sequence. When this process occurs in the germ cells, the proportion
of eggs or sperm that contain the HEG is greater than 50%, and therefore, the HEG can
drive itself through the population [13]. HEGs are present in eukaryotes, archaea and
bacteria, where their recognition sequences are found at low frequencies in the genome [14].
Well-characterised examples of HEGs include the fungal homing endonuclease I-Ppol from
Physarum polycephaleum and I-Scel from Saccharomyces cerevisiae, which target 15 bp and 18
bp DNA motifs, respectively [15,16].

2.2. Meiotic Drive

The meiotic drive is a method by which a selfish genetic element can achieve drive
through an interference mechanism [17]. The most studied natural meiotic drive in ver-
tebrates is the t-haplotype of the house mouse (Mus musculus) [18,19]. The t-haplotype
consists of a series of linked, independent T-complex distorter genes and a T-complex
responder gene that are inherited together. When present in the heterozygous (Tt) state
in males, the wild-type sperm show motility deficiencies and are functionally inactive, so
more than 90% of the eggs are fertilised by t-haplotype harbouring sperm. This requires
the combined action of the distorter genes, which attacks gametes, and a responder gene,
which protects gametes carrying the t-haplotype. This action leads to morphological defects
in spermatozoa that do not carry a t-haplotype due to excessive activation of the SMOK
gene [20-22].

3. Harnessing Evolution

Although the scientific community has recognised selfish genetic elements since the
late 19th century, the idea of using these elements as a means to control natural popula-
tions did not surface until the mid-20th century [11]. In 1960, Craig, Hickey & Vandehey
suggested using a breeding program in which a “male-producing factor”, naturally present
in some male mosquitoes, could be harnessed to control mosquito populations. Hickey
and Craig [23] went on to identify the genomic region responsible for this phenomenon.
Their logic behind this control strategy was that when male mosquitoes with this male-
producing factor breed, most of their offspring then develop as males. It was, therefore,
postulated that environmental releases of mosquitoes carrying this male-producing factor
could potentially “reduce the number of females below the level required for efficient
disease transmission” [24].

In the 1960s, Craig, Hickey and the other early pioneers did not yet have the molecular
tools to engineer animals harbouring desirable genes. More than 30 years of biological
research took place before the necessary genetic engineering tools became available. In 2003,
Austin Burt proposed using HEGs to drive modified genes through a population [25]. Burt’s
seminal work describing his idea, in combination with advanced knowledge about genetics
and modern molecular tools, bolstered the field of inquiry into synthetic ‘gene drives’.
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4. What Are Gene Drives?

There is a growing acceptance that the term ‘gene drives’ simply refers to engineered
selfish genetic elements. However, the terms ‘gene drive” and “selfish genetic element’
are still used interchangeably. A 2016 report by the National Academies of Sciences [26]
defined gene drives as “systems of biased inheritance in which the ability of a genetic
element to pass from a parent to its offspring through sexual reproduction is enhanced”.
Therefore, the result of a gene drive is the preferential increase in a specific genotype from
one generation to the next, potentially spreading throughout the population. Figure 2
illustrates an idealised difference between Mendelian inheritance and inheritance through
a gene drive.

Mendelian inheritance Gene drive inheritance
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Figure 2. Mendelian and gene drive inheritance. Left: Mendelian inheritance of an altered gene.
Right: Inheritance of a gene drive. Image adapted from McFarlane, Whitelaw, and Lillico [27].

Although this review focuses on gene drives for controlling populations of vertebrate
pests, these elements have been proposed for numerous applications; perhaps the most
prominent of these is to reduce populations of malaria-transmitting mosquitoes [28-30]. In
this context, gene drives could provide a new means of tackling a disease that still infects
200 million people and causes 400,000 deaths each year [31]. Other potential applications
outside pest control include genetically immunising populations of animals against disease
and improving the sustainability of agriculture by reducing the demand for pesticides
and herbicides [12,32]. Synthetic gene drives could have remarkable benefits for the
environment, society and the economy.

5. Genetic Engineering

To develop synthetic gene drives, scientists required precision genetic engineering
technologies, that facilitated site-specific modifications to the genome. Initial successes in
the mid-1980s with precision genetic engineering were accomplished by microinjecting
DNA sequences with high homology to the targeted genomic sequence into cells [33].
These experiments utilised a homologous recombination-dependent approach, which took
advantage of the cell’s own DNA repair machinery to replace a targeted genetic locus with
an introduced DNA sequence. However, the targeted engineering events occurred at very
low rates (around 11in 3 x 10* cells), even with the benefit of antibiotic selection [34].

6. Nuclease-Assisted Genetic Engineering

A key breakthrough in the field of genetic engineering was the realisation that double-
stranded DNA breaks (DSBs) greatly stimulated cellular DNA repair mechanisms [35,36].
All eukaryotic cells efficiently repair DSBs using one of three primary pathways: non-
homologous end-joining (NHE]), microhomology-mediated end-joining (MME]) or via a
form of homologous recombination, known as homology-directed repair (HDR; Figure 3).
NHE] simply joins the broken ends of the DNA, this can create small insertion or deletion
mutations (indels); MME] can occur when short microhomologies exist, both upstream
and downstream of the DSB, the two microhomologies can be annealed, often resulting in



Appl. Biosci. 2023, 2

56

I I

X X

TITTTTITITIT
| HDR

T

deletions of the intervening sequence; HDR uses a homologous DNA template to replace
the broken region with high fidelity [37-39]. Thus, the induction of directed DSBs at a
genomic locus of interest can stimulate HDR-based genetic engineering efficiency (Figure 3).
As targeted DSBs in the genome could be introduced by nucleases, this method has become
known as nuclease-assisted genetic engineering. It is the same premise that HEGs have
naturally evolved to use and the logic behind Austin Burt’s idea of applying HEGs for
developing synthetic gene drives.
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Figure 3. Nuclease-assisted genetic engineering. A double-strand DNA break (DSB) from a site-
specific nuclease could lead to precise modification through homology-directed repair (HDR) in the
presence of a DNA repair template, in the form of double-stranded DNA or a single-strand DNA
oligonucleotide, both of which must contain homology arms. DSBs can also be repaired through non-
homologous end joining (NHE]), which frequently leads to small insertions and deletions (indels), or
microhomology-mediated end-joining (MME]J), which often results in deletion.

Early nuclease-assisted genetic engineering experiments using HEGs demonstrated
that DSBs increased the frequency of template integration [35]. In 2011, Windbichler
et al. [40] collaborated with Austin Burt to describe the use of a HEG to create a gene drive
in mosquitoes. In this instance, a mosquito was engineered with a HEG recognition site
near a fluorescence gene, and on the expression of the HEG from a donor DNA plasmid,
the recognition site was cut, allowing the HEG to be copied into the target site via HDR.
The increased transmission of the HEG demonstrated these nucleases have the potential
for developing gene drives. However, the practical utility of HEGs to target any genomic
loci at will was limited by the long and highly specific DNA recognition sequences (14 to
40 bp) of these enzymes. Furthermore, the engineering of HEGs was extremely challenging
for researchers because the DNA recognition sites and cleavage functions of these enzymes
are intertwined in a single domain [41-43]

Fortunately, the possibility of manipulating genomes at will captivated scientists’ at-
tention from all corners of biology. The initial challenges posed by early genetic engineering
tools were soon overcome by developing a new genre of truly programmable nucleases.
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7. ZFNs and TALENs

Programmable nucleases have transformed the field of genetic engineering. This
class of nucleases can be engineered to bind to a specific nucleotide sequence in the
genome and subsequently generate a DSB at a user-defined site. Zinc finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALENSs) were the first classes of
programmable nuclease to be developed. These nucleases are engineered DNA binding
proteins that facilitate targeted cutting of the genome in a similar way to HEGs [44]. ZFNs
combine a nuclease domain derived from a restriction enzyme (typically Fokl) with a DNA
binding domain mediated by zinc fingers. As with ZFNs, TALENSs typically utilise the
same nuclease domain from Fokl. In place of the zinc fingers, TALENs use an alternative
DNA-binding domain called a Transcription Activator-Like effector (TALE), derived from
the plant pathogenic bacterium Xanthomonas [45].

Although both ZFNs and TALENS are highly specific genome editors that have suc-
cessfully modified the genome of many species, including mice and rats, their creation can
be time-consuming and labour-intensive; requiring a new protein pair to be created for
every DNA sequence to be edited [46,47]. Simoni et al. [48] demonstrated that ZFNs and
TALENS could be used to develop gene drives much like HEGs, with homing frequencies
of 34% and 49% to available target loci, respectively, in Drosophila melanogaster. Although,
in many instances these systems are not transmitted reliably due to the number of repet-
itive elements within their design and their subsequent tendency to recombine, leading
to their loss of function. Unfortunately, both ZFNs and TALENs were not optimal gene
drive systems.

Then, CRISPR arrived [49-51].

8. CRISPR-Cas

The arrival of the RNA-guided CRISPR-Cas (Clustered regularly interspaced short
palindromic repeats-CRISPR-associated protein) system has been game-changing. The
system was evolved as an adaptive immune system in bacteria and archaea, and was first
observed in Escherichia coli in 1987 by its striking genomic structure [52]. The system uses
a set of Cas genes to incorporate exogenous DNA sequences into the CRISPR locus, and
subsequently transcribes them as RNA templates that guide the Cas proteins to cleave
homologous invasive DNA or RNA [53]. However, the system was not repurposed into
a genome editing tool until 2012 when Jinek et al. published their seminal paper. In the
proceeding years, six types of CRISPR-Cas systems had been identified. Of these, the type
II CRISPR-SpCas9 derived from Streptococcus pyogenes is, presently, the most widely used
as a genome editing tool [54,55].

The S. pyogenes type II CRISPR-Cas system consists of a SpCas9 nuclease and two
RNAs; CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tractrRNA). The crRNA
and tracrRNA hybridise to form a guide RNA (gRNA) before complexing with SpCas9 [56].
SpCas9 is directed to the target site by a 20 nt sequence of the crRNA that Watson—Crick
base-pairs with the target DNA sequence [49]. However, crRNA and tracrRNA can be
fused to form a 102 nt single-guide RNA [50], which is referred to as a single-guide RNA
(sgRNA). Once the gRNA guides the SpCas9 to the target site, the cleavage of the target
site only occurs if a protospacer adjacent motif (PAM) and a defined 3 nt sequence at the 3’
end of the crRNA sequence is present. For SpCas9, the PAM sequence is 5-NGG, although
it can recognise other noncanonical 5-NAG and 5'-NGA PAMs to a lesser extent [57]. At
an overall structural level, SpCas9 contains two nuclease domains, HNH and RuvC, each
of which cleaves one strand of the target DNA (Figure 4). In SpCas9, these domains cleave
3 bp upstream from the PAM sequence, leaving blunt ends [57-59]
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Figure 4. A schematic representation of Streptococcus pyogenes Cas9 (SpCas9). SpCas9 is programmed
here with a single guide RNA (sgRNA). The sgRNA comprises a site-specific CRISPR RNA (crRNA;
black) and an auxiliary transactivating crRNA (tracrRNA; pink). Two nuclease domains (RuvC and
HNH) both cut one DNA strand 3 bp upstream from the protospacer adjacent motif (PAM; 5-NGG;
red) to generate a double-strand DNA break. Image created with Biorender.com.

In contrast to ZFNs and TALENs, which require the design of proteins that are encoded
by large repetitive DNA segments (500 to 1500 bp) for each new target site, CRISPR-SpCas9
can be easily adapted to target almost any genomic sequence by simply exchanging the
crRNA sequence. The Cas protein component remains unchanged, alleviating the need
for complex protein engineering. Therefore, the reagents are simple, cheap and quick to
design and generate [60].

9. CRISPR-Based Gene Drives

CRISPR-Cas allows scientists to engineer synthetic gene drives in a standard molecular
laboratory. SpCas9-based gene drives have been developed in yeast [61], D. melanogaster [62],
three species of mosquitoes [30,63,64] and most recently, in mice [65-67]. These studies
have demonstrated mechanisms of how gene drives could be used to achieve two potential
outcomes:

1.  Population suppression: the spread of a genetic element that causes the number of
individuals in a population to decrease.

2. Population replacement: the spread of a genetic element that causes a population’s
genotype to change.

To date, gene drive systems with the intention of population suppression have been
engineered in proof-of-concept studies in mosquitoes, drosophila, and mice [30,64,65,68-70].
However, gene drives with the alternative aim of population replacement, rather than
suppression, have been developed in the same three species, as well as yeast [61-63,66].

For this review, we will concentrate on strategies for population suppression in verte-
brates, with a specific focus on mice, to establish gene drives in vertebrates. In addition
to being invasive pests, we have more information on mice at the population, genetic and
ecological levels than for most other potential targets of genetic pest management [71,72].
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Importantly, we also have highly developed tools for manipulating the genomes of mice.
For these reasons, almost all vertebrate gene drive research has been undertaken in mice.

10. Driving Population Suppression

Gene drives could enable humane population suppression by distorting the sex-ratio
of a damaging pest population in a species-specific manner. By distorting the sex ratio of
the breeding population away from the favoured Fisherian ratio of 1:1 male to female, these
strategies could manipulate the reproductive performance of a population. In most pest
species, including mice and rats, female procreative capacity is responsible for maintaining
the overall population size [73,74]. Therefore, an effective means of population suppression
is to bias the sex ratio of the breeding population in favour of males. This could be
accomplished by either spreading female infertility through a population or by ensuring
all or most offspring born are male [30,68]. A largely male breeding population will result
in population suppression, while an all-male breeding population will lead to eradication.

One possibility that has been suggested and is currently under investigation is to
engineer the mouse t-haplotype to carry the sex-determining Sry gene in genetic females
so they develop as males but are sterile because they lack essential Y-linked genes for
sperm development [75-77]. However, this approach may face challenges as two labo-
ratory studies on independent mouse populations have found that male mice carrying
the t-haplotype fertilise only around 20% of offspring when competing against wild-type
males [78,79]. This can be attributed to the relative sperm competitiveness of t-haplotype
males compared to wild-type males and may explain why the frequency of the t-haplotype
in wild populations is relatively low, typically ranging between 5 and 30% [18,80].

10.1. tCRISPR

An extension of the concept of using the t-haplotype to spread a population-suppressing
genotype is the tCRISPR approach [65]. This method involves integrating a tCRISPR cas-
sette harbouring a Cas nuclease and one or more gRNAs into a neutral intergenic region
within the t-haplotype. The Cas and gRNAs are expressed in the male germline to cut and
generate loss-of-function copies of a haplosufficient female fertility gene through the NHE]
or MME] error-prone repair pathways. The idea is that the t-haplotype segregation distor-
tion in males will increase the frequency of the tCRISPR cassette within the population,
which in turn, will continuously generate loss-of-function copies of the targeted haplosuffi-
cient female fertility gene. With each generation, the frequency of infertile homozygous
females carrying faulty copies of the targeted haplosufficient female fertility gene will in-
crease, ultimately reducing population size. The team has successfully engineered a SpCas9
tCRISPR mouse, targeting the prolactin gene (Prl). The modified t-haplotype exhibited
biased transmission (95%), and loss-of-function alleles in the Prl gene were at a frequency
of 80% [65,81]. The team’s models predict that these levels are sufficient for eradication.
Although promising, the formation of functionally resistant alleles in the haplosufficient
female fertility gene and unpredicted fitness costs remain to be explored in more detail.

10.2. X-Shredder

An alternative approach is the X-shredder (XS) strategy—a type of synthetic meiotic
drive that employs a driving Y-chromosome. In XY heterogametic species, such as rodents,
an XSis a type of sex-ratio distorting gene drive that cuts the X-chromosome at multiple sites
during spermatogenesis—shredding the X-chromosome beyond repair [73]. To engineer
an XS using CRISPR, an XS cassette is inserted within a neutral intergenic region of the Y-
chromosome. The cassette encodes a Cas nuclease, which is expressed under the control of a
spermatogenesis-specific promoter, and one or more gRNAs that target conserved repetitive
sequences unique to the X-chromosome (Figure 5). Given that the X-chromosomes will
be destroyed during spermatogenesis, most sperm that mature and reach the oocyte for
fertilisation are Y-bearing, resulting in bias towards male offspring. By placing the XS
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cassette on the Y-chromosome, all male offspring will inherit the XS cassette and continue
transmitting the XS to subsequent generations [27].

Y Y X

Shred

Figure 5. X-Shredder (XS). During sperm production, Cas nuclease and guide RNA(s) are expressed
from the XS cassette (orange) located on the Y-chromosome (Y) shred the X-chromosome (X) beyond
repair. This results in a bias towards the production of Y-bearing sperm and most offspring being
XS males.

Significant progress has been made in developing this concept in insects. A CRISPR-
based XS system has been engineered in mosquitoes, resulting in a male bias among
offspring that ranges from 86.1% to 94.8% in laboratory-contained populations [68]. Al-
though successful in mosquitos, there are technical challenges that face the adaption of an
XS into rodents. These include identifying appropriate spermatogenesis-specific promoters
and the transcriptional silencing of mammalian sex chromosomes during meiosis. The
latter may hinder the expression of the Cas nuclease from the Y-chromosome and the
accessibility of the X-chromosome for shredding [27].

Y-CHOPE (Y-CHromosome deletion using Orthogonal Programmable Endonucleases)
is a proposed alternative to the X-shredder strategy, which aims to shred the Y-chromosome
instead of the X, converting XY males into fertile XO females [82]. For Y-CHOPE to effec-
tively result in population decline, it requires the use of two different Cas endonucleases
systems: one for homing the Y-CHOPE cassette to an autosome, and another for shredding
the Y-chromosome. While Prowse et al. [82] successfully demonstrated the elimination of
the Y-chromosome in mouse cells using a transiently expressed Cas nuclease and gRNAs,
Y-CHOPE still faces significant challenges. These include the reliance on efficient homing
of the Y-CHOPE cassette and the possibility of temporarily increasing the population size
in polygynous species until males become limited.

10.3. Homing-Based Gene Drives

CRISPR-based homing gene drives were theorised and named after Austin Burt’s
homing endonuclease gene drive approach, which drives through an over-replication
mechanism. A homing gene drive works by copying or ‘homing’ itself into a specified
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target site in the genome. To build a CRISPR-based homing gene drive, an animal is
engineered to harbour a gene drive cassette that expresses a Cas endonuclease, such as
SpCas9, and one or more gRNAs. The Cas nuclease and gRNAs are expressed from one
allele to cut at a target site on the sister allele on the homologous chromosome (Figure 6).
After the CRISPR-mediated cleavage, HDR results in the CRISPR machinery and any
additional genetic payload (trait of interest) included in the gene drive cassette being
copied onto the homologous chromosome. This process ensures the cell is homozygous
for the gene drive cassette. When this process occurs in the germ cells, the proportion
of mature gametes in an animal that contains the gene drive cassette is greater than 50%,
and therefore the cassette could drive itself through the population, spreading the trait of
interest [25,27,73].

GD WT WT->GD GD GD

Figure 6. CRISPR-based homing gene drive (GD). The GD cassette (purple) expresses Cas and
one or more guide RNAs that cut the sister allele on the homologous wild-type (WT) chromosome.

The cell then repairs the cut by homology-direct repair (HDR), using the GD chromosome as the
repair template. This process copies the GD cassette and any genetic payload (trait) onto the WT
chromosome and ensures that most of the mature gametes in the animal carry the GD cassette, passing
on to most or all the offspring. With this strategy, the guide RNAs must not cut the GD cassette.

In 2019, a team led by Dr Kimberly Cooper at the University of California San Diego,
published a successful homing-based gene drive in mice, capable of driving a fluorescent
genetic element embedded in the mouse tyrosinase (Tyr) gene, through the female germline.
Tyr affects mouse coat colour, which enabled the frequency of the gene drive to be tracked
over generations by monitoring coat colour and confirmed by PCR-based genotyping.
Their successful gene drive design achieved up to 72% transmission in the female germline,
but no homing was observed in males harbouring the same gene drive system [66]. The
team hypothesised that sex-specific differences were due to the timing of SpCas9 nuclease
expression during meiosis. To investigate this further, the team developed a new gene drive
strategy with adjusted the timing of SpCas9 expression during meiosis. With this approach,
they achieved homing in both females and males [67]. Although the transmission levels
were low, importantly, the team demonstrated that CRISPR-based homing gene drives can
function in mammals.

In parallel, Dr Paul Thomas and his colleagues were working on their own mouse gene
drive systems. They developed and tested two systems that were able to generate indels
at target sites but observed no homing of the gene drive allele. The team published an in-
depth analysis of the mice [83]. The insights from their analysis align with previous reports,
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highlighting the importance of robust and specific SpCas9 expression during meiosis for
efficient CRISPR-based homing gene drives. These studies have revealed the nuanced
challenges homing gene drives in mammals face compared to insect counterparts. Ongoing
efforts developing homing gene drives in rodents are focused on identifying promoters
that provide a sufficient level of SpCas9 expression during meiosis 1.

Once a suitable promoter is identified, a homing gene drive could be used for popula-
tion suppression. The system could be targeted to a haplosufficient female-fertility gene
to disrupt the coding sequence of the gene, rendering homozygous female offspring infer-
tile. In contrast, males and heterozygous females will retain normal fertility and continue
transmitting the drive. With every generation, the sex-ratio of the breeding population
will become more biased toward males, eventually resulting in a population decline due
to the lack of fertile females available as breeding partners [30,84]. Hammond et al. [30]
developed this system in mosquitos and achieved transmission rates of 91.4 to 99.6% in
caged populations. Further investment and research is needed if similar transmission levels
are to be achieved in vertebrates.

11. Containment Strategies

The forms of gene drive described above may only require the release of a small
number of animals to spread through a population. The extent of the spread would be
limited by naturally arising resistant alleles that prevent CRISPR from recognising its target
site. Resistant alleles could exist in the population before release or originate from indels
generated when CRISPR-mediated cleavage is repaired by the error-prone NHE] pathway
and alters the 20nt crRNA recognition sequence [85,86]. The rate of NHE]J-mediated repair
will depend on the species, target site and timing of SpCas9 expression. Given that natural
selection tends to favour equal sex ratios, resistant alleles that restore function would
spread rapidly through the population to equalise the sex ratio [27,87].

If enough genetic information is known about the target pest population, scientists
can leverage naturally present genetic differences between populations of the same species
to restrict the spread of a gene drive. These genetic differences between subpopulations are
known as ‘private alleles’. Targeting CRISPR to a specific private allele, which could be a
single nucleotide alteration, would restrict the spread of the drive to only the population of
animals carrying that private allele [88,89]. The caveat with containing a gene drive using
private alleles is that widespread DNA sequencing of the population needs to occur prior
to developing a gene drive strategy.

Compared to a homing gene drive, XS is less likely to be contained using private alleles
and less prone to inactivation by resistant alleles because the strategy targets multiple sites
and, therefore, would require an animal to simultaneously acquire multiple resistant alleles
to halt the drive. It has been suggested that the impact of resistant alleles generated by
homing gene drives could be reduced by using multiple gRNAs closely spaced along
the target region [12]. Several in silico and in vivo studies have now demonstrated that
multiple gRNAs can assist homing gene drives to evade drive resistance and successfully
spread through pest populations [70,84,90,91]. Even if drive resistance were to prevail, it
would be possible to release a second gene drive targeting a different sequence, such as the
newly acquired resistant allele, to continue suppressing the population.

If a gene drive were not limited by private or resistant alleles, it could potentially
spread through the entire species. Therefore, it is essential to have strategies in place that
can deliberately inactivate a gene drive that was causing unforeseen impacts. Fortunately,
both homing gene drives and XS systems could be inactivated by the releasing animals
that have engineered resistant alleles or a reversal gene drive that immunises the animal
against the original drive [12]. However, these reactive stop buttons are not ideal as timely
deployment requires that appropriate animals have been generated, gained regulatory
approval, and are in sufficient a number at the required location.

More proactive approaches are needed, and scientists are working to develop gene
drives that are inherently self-limiting—that is, they stay in a population transiently and
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could, therefore, be localised to targeted populations. Numerous self-limiting gene drive
concepts have been proposed, and there is a growing body of evidence for the development
and application [92-97]. Of these, daisy drives have been the focus of several in silico
population modelling studies and have been well-publicised; daisy drives include: ‘daisy-
chain’ and ‘daisyfield” drives. These systems are complex and have yet to be engineered
for population suppression in any species; however, there is value in describing them here
as future development would put the power in the hands of communities to locally deploy
a gene drive, avoiding the need for complex geopolitical agreements that will be required
for the release of a self-perpetuating gene drive.

11.1. Daisy-Chain System

In daisy-chain gene drive systems, the CRISPR components are scattered throughout
the genome so that none of them can be copied on its own. Each element is reliant on the
presence of another element to spread. Although each element is physically separated in
the genome, they are functionally arranged in a daisy chain. As can be seen in Figure 7a,
element C causes element B to drive, and element B causes element A to drive. Element C
cannot drive, so its abundance is limited by the number of daisy-drive animals released.
That means B will initially increase in frequency, then decline as C elements become
scarce. In time, A will increase even more rapidly, but will eventually run out of B and
disappear [96].

With a sufficient understanding of the target population, daisy chains provide a genetic
clock that could be programmed to function for an approximate number of generations
before running out of genetic fuel. The elements of a daisy-chain system are analogous to
the booster stages of a genetic rocket: those at the base of the daisy chain help lift off until
they run out of fuel and are successively lost (Figure 7b). In silico modelling shows that
releasing a daisy-chain drive with a five-element chain is hundreds of times more efficient
than releasing one with only element A [96].

(a) . - ) (b)

Daisy-chain .. "o o 1
drive: C » B » A P
A c
= « Fast spread
o * Transient
C&\ I e * Local

Wi WB WA

P

cut B J
—
repair |

W BB AA 0 Generations 200

o

Figure 7. Daisy-chains drive system. (a) A daisy chain separates the CRISPR components throughout
the genome, but these components functionally operate so that each daisy element drives the next
element in the chain. The element at the end of the chain, in this case, C is not copied and is lost in
half of offspring. In those animals that have lost C, B is no longer copied and is lost; this process
continues until the drive system is inactivated. (b) The loss of nondriving elements to mendelian
inheritance is analogous to a rocket running out of fuel. Adding more elements (genetic fuel) to
the daisy chain allows the system to spread further before it runs out of genetic fuel and no longer
spreads in the population. Image from Esvelt & Gemmell [98] (CC BY 4.0).

In theory, daisy-chain systems can do anything a standard homing gene-drive system
can achieve, although the complexity of engineering such a system and having it stably
inherited poses a significant hurdle. Daisy-chain drives were theorised in 2016; at present,
a daisy chain of two or more homing elements has not been reported.



Appl. Biosci. 2023, 2

64

(@)

Daisyfield

drive:

11.2. Daisyfield System

Another option is to use a form of daisy drive that does not require each of the booster
elements to home via HDR. This significantly reduces engineering complexity. Instead
of a daisy chain of linked elements (C—B—A), a daisyfield system scatters B elements
(gRNA expression cassettes), throughout neutral loci in the genome (Figure 8a). If at least
one of these is present, element A (Cas nuclease) will be copied, propagating the trait of
interest. Depending on the location of the Cas nuclease, this could knock out a gene of
interest by disrupting the coding sequence or propagate a genetic cargo that contains a trait
of interest. With every generation of mating with wild-type animals, it halves the number
of daisy B elements (gRNAs), eventually burning out as the generational clock winds down
(Figure 8b) [95,99].

Compared to a daisy-chain drive, a daisyfield system should be much simpler to
engineer. For example, the element A (Cas nuclease) could be targeted to the site of interest
using CRISPR-assisted genome engineering and the B elements (gRNA expression cassettes)
scattered through the genome using lentiviral integration to generate a daisyfield animal.
Daisyfield drives consisting of one B element have been successfully constructed as a

‘split drive’ confinement strategies [61], and the engineering technicalities of increasing the

number B elements should not be inhibitory.
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Figure 8. Daisyfield system. Daisyfield drive systems scatter multiple daisy elements encoding
the same guide RNAs. (a) The simple Daisyfield design depicted has four elements that target
the wild-type allele where the Cas nuclease and genetic payload are to be inserted. Cutting and
subsequent homology-directed repair (HDR) copies the payload and Cas nuclease into the cut site in
the wild type allele. (b) Daisyfield drives are equivalent to using multiple parallel rocket boosters,
half of which run out of genetic fuel and are lost to Mendelian inheritance with each generation of
mating to wild-type animals. Image from Esvelt [100] (CC BY 4.0).

12. Public Perception

Genetically engineered animals typically pose minimal risk to the environment. Most
engineered traits are for human benefit and will not be favoured by natural selection. By
contrast, gene drives could spread through a population even if they reduce the fitness of
each carrier animal. This gives gene drives the potential to unintentionally affect extraneous
ecosystems [12,27]. Although technical and regulatory hurdles exist for the practical use
of gene-drive-based control of invasive species, perhaps the most significant hurdle to be
overcome will be public acceptance of the technology.

Public acceptance starts with open, trustworthy research. Researchers involved in
the field have been keen to highlight the importance of transparency when undertaking
research and have stated this commitment by disclosing research plans before commenc-
ing [101,102]. With previous emerging biotechnologies, such as the first genetically modi-
fied foods, the authority of scientists centred on their knowledge and expertise; with gene
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drives, a “moral authority” has become increasingly valued [103]. To help gene-drive
scientists make morally correct decisions, lay society is involved in the development and
application process. Dr Kevin Esvelt and his team have been strong proponents of this
approach. As part of their Mice Against Ticks project, society members in the proposed
release zone are regularly engaged to share their suggestions and concerns, and scientists
adjust their research accordingly [104].

In addition to the importance of open and trustworthy science, the public acceptance
of gene drives will also be swayed by whether its use is sufficiently warranted to solve
the problems being addressed. A Pew Research Centre study by Funk and Hefferon [105]
indicated that public attitudes toward the use of genetic engineering on animals, at least in
the US, are often supportive if the technology is being applied to a serious human health
issue, such as mosquitoes transmitting disease. The US public was less supportive of other
uses involving the environment, such as reviving extinct species to restore biodiversity.
Whether the public considers the damage from invasive vertebrates a problem that warrants
the use of gene drives is yet to be determined.

The acceptance of gene drives among the general public will continue to be compli-
cated by the complex science that underlies the technology, making it difficult for scientists
to communicate to the public and challenging for the public to grasp without knowledge
of genetics and reproduction [106]. In most cases, the target audience will not achieve a
detailed understanding of gene drive technology. Still, the public should be aware of the
risks and potential benefits of using gene drives. If used wisely and the risks managed
appropriately, gene drives could transform public health, agriculture and ecosystem con-
servation; but for these benefits to be realised, the public must be supportive. As seen with
previous biotechnologies, public support is less likely to be determined by scientific debate
but will hinge on the trustworthiness of research, the problem the technology addresses
and the outcomes of initial trials.

13. Governance and Regulations

With gene-drive research progressing, adequate regulations and governance for the
environmental release of gene-drive organisms must be in place before a release can occur.
There are regulations in place in many countries to guard against the unintended effects
of releasing genetically engineered organisms into the environment. However, these
regulations were developed for animals with conventional genetic modifications that are
typically for welfare or human benefit and reduce the animal’s fitness outside a controlled
environment. Current regulations call for a step-by-step process where the first releases
are in small numbers in isolated areas [107]. With gene drives, the intention is for the
engineered animal genotypes to spread, to some extent, in the environment, so there is a
need to amend established regulations.

Although there are many cases of genetically modified organisms being legally re-
leased into the wild, at present, no nation has regulations in place specifically for gene
drives and the release of an organism with an engineered gene drive has not been recorded.
The most broad-ranging and widely accepted international governance system for genetic
resources and biosafety is the United Nations Convention on Biological Diversity (UNCBD),
as implemented through the Cartagena and Nagoya Protocols [26,108]. The regulatory
systems that many countries have developed in response to the Cartagena Protocol, are
predicated on a strong precautionary, nearly preventative approach. To cope with the
unique aspects of gene drive, existing approaches to governance need to be adapted. In-
tegrating new policies and laws for gene drives into existing international governance
poses significant challenges, but it is necessary, and this need was highlighted in 2020 by a
UNCBD Ad Hoc Technical Expert Group (AHTEG) Report on Risk Assessment [109].

14. Conclusions

1.  Theroad towards gene drive technology has traced centuries of scientific investigation
and technological breakthroughs. The study and understanding of naturally occurring
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selfish genetic elements, such as homing endonuclease genes and meiotic drive, has
been essential to conceptualising synthetic gene drives.

2. To engineer synthetic gene drives, scientists required precision genetic engineering
technologies. Due to their complex protein designs, initial attempts using early
genome engineering nucleases struggled. The repurposing of CRISPR-SpCas9 into a
genome engineering tool overcame many of these challenges and allowed synthetic
gene drives to be engineered in a standard molecular laboratory.

3.  CRISPR-based gene drives have been engineered in yeast, D. melanogaster, three
species of mosquitoes and most recently in mice. The gene drives developed in mice
have had lower transmission rates than previous invertebrate gene drives. Studies of
synthetic mouse gene drives have revealed the challenges of engineering gene drives
in mammals.

4. Future research efforts aim to optimise vertebrate gene drive designs to improve
transmission rates. For homing gene drives, this includes identifying or engineering
promoters that provide robust and specific SpCas9 expression during meiosis L. In the
immediate future, non-homing gene drive designs, such as tCRISPR or X-shredder
may be more feasible in vertebrate species.

5. Gene drives for real-world application should include built-in molecular containment
strategies to help contain the spread and stop unforeseen impacts. There is a range
of molecular-safeguarding options for vertebrates, including targeting private alleles
and daisy drives. These molecular containment approaches should be used in parallel
to efforts that physically isolate the target population.

6.  Public acceptance and governance will determine the speed and extent of application.
Public acceptance will hinge on the trustworthiness of research, the problem the
technology addresses and the outcomes of initial trials. Before gene drives can be
applied as a vertebrate biocontrol tool, updating governance and regulations to
include the environmental release of gene-drive organisms is required.

7. The application of gene drive for vertebrate biocontrol will have profound implications
for society, our economy and the environment. With technological development
progressing swiftly, public and political engagement must move in parallel to ensure
applications align with society’s values.
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