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Gene drive technology has the potential to address major biological chal-

lenges. Well-studied homing suppression drives have been shown to be highly
efficient in Anopheles mosquitoes, but for other organisms, lower rates of drive
conversion prevent elimination of the target population. To tackle this issue,
we propose a gene drive design that has two targets: a drive homing site where
drive conversion takes place, and a distant site where cleavage induces
population suppression. We model this design and find that the two-target
system allows suppression to occur over a much wider range of drive con-
version efficiency. Specifically, the cutting efficiency now determines the
suppressive power of the drive, rather than the conversion efficiency as in
standard suppression drives. We construct a two-target drive in Drosophila
melanogaster and show that both components of the gene drive function
successfully. However, cleavage in the embryo from maternal deposition as
well as fitness costs in female drive heterozygotes both remain significant
challenges for both two-target and standard suppression drives. Overall, our
improved gene drive design has the potential to ease problems associated with
homing suppression gene drives for many species where drive conversion is

less efficient.

Gene drive technology could be a valuable tool to help address major
challenges posed by populations of pest species. These populations
include disease vectors, invasive species, and agricultural pests, for
which often no effective method of control is available'”. A gene drive
is a genetic element that biases its inheritance in its own favour,
allowing it to spread through a population over generations®. Synthetic
gene drives can be designed for population modification, for example,
to immunise a population of mosquitoes against malaria parasites’, or
for population suppression, for example, to eliminate a population of
mosquitoes® or invasive pests”'®. Released in the target population,
suppression gene drives are designed to spread at a rapid rate and

carry a recessive fitness cost, thus causing a decline in population size
or even complete elimination®*", Suppression gene drives have ben-
efits over conventional methods of control because they are species-
specific (and thus more ecologically friendly), as well as potentially
more efficient and more humane, though there are challenges
regarding localisation and containment for some drive types”.

There are many different types of gene drives, and what distin-
guishes them the most is how they handle the trade-off between effi-
ciency of spread and confinement>*¢. The most efficient and well-
studied type of suppression drive is the CRISPR-Cas9-based homing
drive. In drive heterozygotes, the gene drive copies itself to the
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homologous chromosome in the germline through a process called
“homing” or “drive conversion”. The gene drive incurs a recessive fit-
ness cost by being located inside a haplosufficient female fertility gene,
so homozygous females are sterile. Ideally, female infertility is com-
pletely recessive, so that there are no fitness costs for drive hetero-
zygotes. As the frequency of the gene drive increases, more sterile
female offspring are created, thus imposing a genetic load on the
population™. If the frequency of sterile females in the population is
sufficiently high, the population can be completely eliminated®’.
Although homing gene drives are very promising in theory, in
vivo tests in several organisms have revealed practical challenges, so
complete population suppression is not yet attainable in most spe-
cies (Fig. 1)”">"2°, Homing suppression gene drives face two major
challenges, the first being the formation of functional resistance
alleles'*°22, A typical gene drive is active in the germline, and the
primary way in which Cas9 cuts will be repaired is through
homology-directed repair®. In this pathway, the cell uses the drive
chromosome as a template, copying its sequence to the other
chromosome. Sometimes, particularly if the cut is made outside of
the time window in which this repair pathway is preferred, repair can
occur via end-joining instead. This repair pathway is error-prone and
often leads to small insertions and/or deletions. Because of these
mutations, the gene drive guide RNA (gRNA) usually cannot recog-
nise the new sequence, making it a resistance allele that can no
longer be converted to a drive allele. Resistance alleles that preserve
the function of the target gene (“r1” alleles) are problematic as there
is a very strong selection for this allele which will rescue the popu-
lation from the suppression drive'. Nonfunctional resistance alleles
(“r2” alleles), on the other hand, will not be able to rescue the
population because of their deleterious nature. Although r2 alleles
can reduce drive efficiency, the less common rl alleles are the bigger
problem because they will out-compete the gene drive in the
population. There are several strategies to avoid the formation of r1

alleles in suppression drives, which include targeting an extremely
conserved locus®, multiplexing gRNAs"?**, and using improved
promoters®* 2,

Besides rl alleles, a second challenge for suppression gene
drives is low drive conversion, which is the rate at which wild-type
alleles are converted into drive alleles'”*. In Anopheles mosquitoes,
drive conversion has been shown to reach 95-99%%*. In Aedes
mosquitoes and Drosophila melanogaster, on the other hand, the
conversion rate is usually significantly lower, around 50-70% for
most constructs?>**%3, In addition, it appears that multiplexing
gRNAs, which is a way to avoid rl alleles, may further reduce con-
version rates when using more than 2-4 gRNAs"?. This low-
efficiency results in partial population suppression instead of
population elimination. The amount by which the population size is
reduced compared to the expected population size in the absence of
the gene drive is related to the genetic load of the gene drive when it
reaches its equilibrium frequency in the population'. The genetic
load needed to eliminate a target population increases for higher
low-density growth rates (the reproductive advantage individuals
experience in the absence of competition). Drive conversion effi-
ciency seems to differ between species for the most commonly used
promoters, though improvements might be possible by testing
additional promoters'****327 or perhaps by more strongly loca-
lising the gene drive mRNA to the nucleus®.

To tackle this issue, we propose a gene drive design that has two
targets: a homing site where drive conversion takes place, and a distant
cutting site (where the drive is not present) for providing the fitness
cost for population suppression (Fig. 1). For the homing site, we har-
ness a modification drive that is located in an essential gene (thereby
disrupting it) while also providing a rescue for this gene (Fig. 1)*. A
previous study has already demonstrated the practical feasibility of
using a homing gene drive while also targeting another gene for
population modification®’, and another recent study has shown that
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Fig. 1| Overview of several homing gene drive designs, their advantages, and
major challenges they face. In the outcomes graphs, light blue = female fertility
gene, yellow = gene drive, orange/red = functional resistance allele, dark brown =
essential gene, dark blue = non-functional resistance allele (only the female fertility

target site is displayed for the distant-site suppression system). Additionally, in the
schematics, light brown = essential gene rescue. Primary problems for drive designs
are in black, and secondary problems are in grey.
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modifying a natural gene drive to also target a distant female fertility
gene is feasible for population suppression™. Thus, we model the two-
target design, comparing it to a standard homing suppression gene
drive, and find that this two-target system allows suppression to occur
over a much wider range of drive conversion efficiency. Most notably,
the suppressive power now depends usually on cutting efficiency at
the distant target instead of drive conversion, which is advantageous
because the total cutting rate is easier to increase and has often been
substantially higher than the drive conversion rate”'®?°*, We con-
struct this drive in Drosophila melanogaster and show that both com-
ponents function successfully. We analyse the relevant genomic
regions in which the drive components are inserted and find an
unexpected sequence complexity. Nevertheless, the drive conversion
rate is within the range generally observed in D. melanogaster, and the
cut-rate at the distant-site target is very high. However, high fitness
costs still thwart the drive’s success in cage populations, a factor that
could potentially be problematic in any suppression drive based on
targeting essential genes. Nevertheless, our improved gene drive
design enables the development of strong homing suppression gene
drives for a wide array of species where drive conversion is less
efficient.

Results

In our main modelling results, we show the results of three gene drives:
a standard female fertility homing suppression drive and two two-
target drives that target a female fertility gene at a distant site for
population suppression. These two-target drives are located in and

provide rescue for a haplolethal or a haplosufficient gene. Drive con-
version occurs normally in these, but they also cut and disrupt a
distant-site female fertility target without rescue. Figure 2 shows the
three drives’ components, their activity, and also the alleles and phe-
notypes that can result in gametes from drive activity.

Cut and conversion rate

Because the drive conversion rate is one of the most important para-
meters to determine the success of a suppression drive, we start by
varying it, together with the total cut rate (referring to germline
cutting)™>. Any wild-type alleles that are cut but not converted to drive
alleles are converted to nonfunctional resistance alleles (Fig. 3A). At
the distant female fertility gene target, there is no drive allele present,
so the total cut rate can only result in nonfunctional resistance alleles.
Besides these, all other parameters are fixed at optimum values (no
embryo resistance, no fitness costs, no functional resistance, and no
effect of Cas9 saturation). Figure 3B shows population size over time
after a gene drive introduction.

At 100% cutting and drive conversion, all three drives work
equally well, rapidly eliminating the population. As the conversion rate
decreases slightly, we still observe drive success, but stochasticity now
plays an important role in achieving population elimination for the
standard suppression drive. Further reducing drive conversion results
first in the failure of the standard suppression drive, and then the
haplosufficient rescue drive as well (though given more time it may still
achieve complete suppression), whereas the haplolethal rescue drive
remains successfully reliably and relatively efficient.
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Fig. 3 | Example population trajectories under varying cut and

conversion rates. A Schematic of drive activity rates in the germline. B Population
suppression with varying total cut and drive conversion rates. The gene drive is
introduced after generation 10 (the dotted line). The introduction frequency of gene

drive heterozygotes is 0.01, and the total population size is 100,000. Note that both
drive conversion rate and total cut rate are absolute rates, so the drive conversion
rate can never be higher than the total cut rate. For each combination of parameters,
we ran 10 model repetitions for each drive that are each shown as a translucent line.
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Fig. 4 | Drive performance under varying cut and conversion rates. A Complete
suppression success rate and (B) mean genetic load with variable total cut and drive
conversion rates. The complete suppression success rate is calculated as the

number of repetitions in which population elimination occurs within 100 genera-
tions after drive introduction divided by the total number of repetitions. For each
combination of parameters, we ran 10 model repetitions.

These major differences between drives can be explained by the
standard suppression drive relying on drive conversion to both spread
and suppress the population, whereas both two-target drives use two
separate loci for this (Fig. 2). The haplolethal distant-site drive can
make r2 alleles at the drive locus that are immediately removed due to
the haplolethal nature of the gene (Supplementary Fig. S1A). There-
fore, this gene drive spreads the most efficiently. The haplosufficient
rescue drive and the standard suppression drive also form deleterious
r2 alleles, but these can remain in the population due to slower
removal, which impairs drive spread because drive conversion will not
occur in drive/r2 heterozygotes (also an increase in r2 alleles cause a
mild increase in stochasticity). In addition, in the standard suppression
drive, not only do r2 alleles remain in the population and impair
homing, but they also decrease the drive frequency (female drive/r2
heterozygotes are sterile) (Supplementary Fig. S1).

As the cutting rate decreases with constant drive conversion, we
see that the standard suppression drive is not heavily impacted (its
genetic load depends heavily on the conversion rate, with germline
resistance alleles having little effect), whereas the distant-site sup-
pression drives do not lose their effectiveness until the total cut rate

falls significantly (Fig. 3 and Supplementary Fig. S2). Because the dis-
tant site drives the use of the total cut rate for disruption of the female
fertility target, this total cut rate largely determines the suppressive
power rather than drive conversion. Though the distant-site haplo-
sufficient rescue drive is slower to spread due to the reduced ability to
remove r2 alleles, they both eventually reach the same equilibrium
population suppression (Supplementary Fig. S2).

For each gene drive, we determined the complete suppression
success rate and the genetic load (Fig. 4). The genetic load is the
suppressive power of a drive, defined as the reduction in reproduction
of the population compared to a wild-type population of the same
size'. In Fig. 4A, we see that the standard suppression drive has the
smallest area of population elimination success, followed by the hap-
losufficient two-target drive, and then the haplolethal two-target drive.
The standard suppression drive requires a high drive conversion rate
to eliminate the population, whereas both two-target drives rely
mostly on the cut-rate alone. The same pattern is visible in the genetic
load in Fig. 4B, where the genetic load of the standard suppression
drive relies on the conversion rate only, whereas both two-target
drives rely almost entirely on the cut-rate for their genetic load.
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The haplosufficient rescue drive shows some more complex
dynamics in some areas of parameter space in Fig. 4B. When the cut
rate is 1, but the drive conversion is low, the genetic load is reduced
because the drive itself is not able to reach high frequency due to r2
alleles are blocking its progress (Supplementary Fig. S3). The drive
spreads best with the highest genetic load when the total cut rate is
somewhat below 1. At the same time, high cut rates are still necessary
at the distant sites to achieve population complete suppression
(Supplementary Fig. S3).

Another notable dynamic for both two-target drives in Fig. 4B is
the bottom row, where drive conversion is 0. Here, the two two-target
drives become identical to a version of two toxin-antidote drives
previously described called a TADE (Toxin Antidote Dominant
Embryo) suppression drive and a TARE (Toxin Antidote Recessive
Embryo) suppression drive®®. These drives show density-dependent
dynamics, so their ability to increase in frequency depends on their
frequency as well as their total cut-rate, hence the lack of suppression
success for the haplolethal rescue drive due to our small release size. In
the case of the haplolethal two-target drive, due to the additional
disruption of the distant-site female fertility gene, a cut-rate of at least
0.7 is necessary for the drive to increase in frequency. The TARE-like
suppression drive is not able to reach a high genetic load in the first
place®. Interestingly, at very low cut rates, we observe that the two-
target drives are able to remain in the population long enough for the
distant site to be disrupted up to a certain frequency, after which the
gene drive can sometimes induce a small genetic load during the
simulation.

Embryo cut rate and somatic expression effects on fitness

Two other important determinants of drive success are the embryo cut
rate and fitness costs in heterozygous females based on the disruption
of wild-type alleles when they are needed for fertility>?°. Embryo
cutting occurs when Cas9 and gRNA transcripts and proteins are
maternally deposited into oocytes. Any wild-type alleles (at the drive or
distant target site), especially paternal wild-type alleles after fertilisa-
tion, can be cleaved, which always results in resistance allele formation
at this stage (since the window for homology-directed repair is over).
This process impairs the drive’s spread much more than germline
resistance alleles because female drive progeny will be sterile, and
male drive progeny will be unable to perform drive conversion. Simi-
larly, undesired Cas9 expression in somatic cells, regardless of whether
it results in drive conversion or resistance allele formation, will disrupt
the wild-type alleles needed for female fertility, at least in some cells.
Depending on where and when the fertility target gene is needed, even
necessary germline expression could induce a similar fitness cost in
female drive heterozygotes (or any female with at least one drive allele
and at least one wild-type fertility target gene).

To assess the effects of the embryo cut rate and somatic expres-
sion fitness cost under moderate drive conversion, we model a total
cut rate of 0.9 and drive conversion rate of 0.5. These parameter
choices mimic values that have typically been achieved in species that
seem recalcitrant to gene drives, such as D. melanogaster and Aedes
mosquitoes?>**°*, Varying the embryo cut rate and somatic expres-
sion parameters over their full range (Fig. 5A), we see that the haplo-
lethal two-target drive is sensitive to high embryo cut rates, whereas
the haplosufficient two-target drive is not strongly affected by this.
Both are affected negatively by female heterozygote fitness costs,
which prevent success more easily for the weaker haplosufficient
drive. Looking at genetic load (Fig. 5B), the standard suppression drive
starts out weak, with increases in the embryo cut rate having roughly
half the effect of reduction of female fitness. The two-target drives
have a larger area of high genetic load compared to the area of com-
plete suppression success, representing areas where the drive is still
able to increase and eventually reach a higher genetic load, but not
within the time frame of the normal simulations. Higher initial release

frequencies could still allow these drives to succeed in a shorter
time frame.

To further show drive dynamics besides the eventual genetic load,
Supplementary Fig. S4 shows population size over time after the gene
drive introduction. The standard suppression drive cannot perform
well with these parameters, so it always reaches an equilibrium
population size, which is higher with increasing embryo cutting and
fitness costs. With no somatic fertility cost and no embryo cutting,
both two-target drives suppress the population rapidly. With an
increasing embryo cut-rate, all drives are slower for all three drives, but
the haplolethal two-target drive is especially sensitive to this, losing all
suppressive power (and the ability to increase in frequency at all) when
the embryo cut rate is high. This is because high embryo cutting at the
drive’s site results in the immediate removal of drive alleles in the
progeny of females (all progeny with nonfunctional resistance alleles
at this site are nonviable).

With decreasing drive female fitness from somatic Cas9 cleavage,
all drives are slower to suppress the population. Eventually, the drives
lose the ability to increase in frequency in the first place, with the exact
point being dependent on the drive (Supplementary Fig. S5). With low
embryo cutting, the haplolethal drive remains successful for lower
female fitness values, and this trend is reversed for higher embryo
cutting.

Functional resistance alleles

Functional r1 resistance alleles have been shown to be a major chal-
lenge for many gene drives, so we investigate how well these can be
handled by the two-target drive design. We only model r1 alleles at the
homing site of each drive, and not at the distant site. The rescue
modification drives can suffer from rl alleles that form due to incom-
plete homing, where only the rescue sequence is copied, but not the
rest of the gene drive®. Thus, even with multiplexed gRNAs, there may
be a lower limit for functional resistance for these sorts of drives. For a
standard suppression drive, this is not an issue. However, while mul-
tiplexing can likely reduce functional resistance to low levels®, this
could reduce the drive conversion rate with more than 2-4 gRNAs, or
with gRNAs that are further apart, both of which could cause drive
failure due to lack of genetic load, thus leading to practical limits for
multiplexing that may still permit functional resistance. At the distant
site, multiplexing is more flexible because either homology-directed
repair or end-joining can achieve the desired result. This could allow
for more gRNAs that target the most highly conserved sites through-
out the target gene, largely eliminating the chance to form functional
resistance alleles, much like CRISPR toxin-antidote drives®.

We compare the drives in a range of parameter spaces where all
are always successful in the absence of rl alleles (Supplementary
Fig. S6). We see that at relatively low r1 rates, the standard suppression
drive is the first to succumb to functional resistance allele formation in
the majority of repetitions (Fig. 6). This is because r1 alleles provide
immediate benefit, directly allowing females to be fertile, which results
in a rapid increase in the frequency of the rl allele at low population
density (Supplementary Figs. S6, S7). Thus, if a resistance allele forms,
it only needs to avoid stochastic loss for a small number of generations
before it will prevent population elimination. Only the haplolethal two-
target drive remains successful in most repetitions with a high r1 rate,
whereas both other drives fail in most or all repetitions. The haplo-
sufficient two-target drive remains successful in most replicates at
intermediate rl rates, whereas the standard suppression drive fails at
relatively low r1 rates. In both two-target drives, rl alleles have only a
modest advantage over the drive allele, and this is indirect. Individuals
will not experience the modest female heterozygote fitness cost if they
have only r1 and wild-type alleles at the drive site, and the r1 allele will
not itself disrupt the female fertility gene for progeny, potentially
increasing its chance of being passed on to a fertile female. However,
the drive will reach high frequency (Supplementary Fig. S7), meaning
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population elimination occurs within 100 generations after drive introduction. For
(A), the introduction frequency of gene drive heterozygotes is 0.1, and the total
population capacity is 100,000. The total cut rate is fixed to 0.9, and the drive
conversion rate is 0.5. For each combination of parameters, we ran 10 model
repetitions.

that most rl1 alleles will be together with drive alleles, limiting their
advantage and thus doing little to prevent suppression, which only
requires one drive allele to disrupt the distant-site female fertility gene.

gRNA saturation

Because the two-target drives need double the amount of gRNAs, the
drive as a whole may suffer from additional gRNA saturation compared
to a standard homing suppression drive. This means that the cutting
efficiency of each individual gRNA is reduced due to a limited amount
of Cas9 protein. Gene drives using multiplexing to avoid rl alleles
already face this challenge”, which would be amplified in two-target
drives. We do not model multiplexing explicitly, but instead assume
that an equal number of gRNAs will be used for the homing site and the
distant site, thus allowing us to reduce the cutting efficiency at each
site proportionally. Here, we calculated the genetic load for each drive
with various cut rates and gRNA saturation factors (Supplementary
Fig. S8). The gRNA saturation factor is the relative Cas9 activity level
with unlimited gRNAs (spread equally between all the gRNAs), with “1”

being the activity in the presence of a single gRNA". A saturation factor
of 1 thus means that the total cut rate is immediately split between any
number of gRNAs, while a rate of infinity (our default in previous
simulations) means that the cut-rate at each gRNA target is the same as
the cut rate of a 1-gRNA system.

The standard suppression drive is not impacted by this model of
gRNA saturation because this drive only targets a single site (it can be
thought of as the “baseline” in this scenario, even if it would have
multiple gRNAs in practice) (Supplementary Fig. S8). The two target
drives are both impacted by gRNA saturation, which reduces the
genetic load by a moderate amount if the gRNA saturation factor is
low. This reduction is low if the total cut rate is high (Supplementary
Fig. S9). For the haplosufficient drive with a high cut rate, gRNA
saturation actually has a positive effect on the drive because its opti-
mal cut rate is somewhat below 1 (Fig. 4 and Supplementary Fig. S10).
The current best estimate of the gRNA saturation factor is 1.5, though
this could potentially vary substantially between systems. Overall,
gRNA saturation is potentially problematic, though the two-target
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introduction of drive heterozygotes at 0.01 frequency into a population of
100,000. To compare the drives where they were all successful in the absence of
functional resistance alleles, we used a total cut rate of 1.0, a drive conversion rate
of 0.9, a somatic expression female fertility fitness effect of 0.9, and an embryo cut
rate of 0.1 in the progeny of female drive carriers. For each combination of para-
meters, we ran 50 model repetitions. Error bars show the 95% confidence intervals
around the mean.

drives would still usually be expected to have higher power than a
standard suppression drive, especially when the total cut rate is high.

Test of two-part gene drive in Drosophila melanogaster
We construct the two-target gene drive design in D. melanogaster by
reusing two previously built gene drives, a standard female fertility
suppression drive and a haplolethal modification drive, and combining
them”?, The homing construct is integrated in the haplolethal gene
RpL35A, whereas the distant target site is the haplosufficient female
fertility gene yellow-g (Fig. 7A). This drive was constructed based on
another successful drive reported previously*, by adding extra gRNAs
targeting yellow-g from a previous suppression drive” to convert the
original modification drive into a suppression drive.

Two independent EGFP-marked drive lines (named line 1A and line
1D) were generated. These drive lines were respectively crossed to a
DsRed-marked nanos-Cas9 line to produce heterozygous individuals
carrying one copy of the drive and one copy of the Cas9 allele, after
which these heterozygotes were crossed to w™® flies for assessing
drive efficiency. The drive inheritance rates of Line 1A were 78% for
drive males and 71% for drive females, while the inheritance rates of
Line 1D were 76% for drive males and 67% for drive females. In com-
parison, the inheritance for the drive in the absence of Cas9 was all
approximately 50%. Our fitted model indicates significant effects of
the cross (control or drive) (x*(1) =112.60, p < 0.001) and the sex of the
driving parent (y’(1) =13.89, p < 0. 001), but not between lines or any
interactions (Fig. 7B and Source Data Set S1). The drive inheritance
rates were much lower than the original haplolethal homing drive,

where drive inheritance rates for both male and female heterozygotes
were 91%. This difference is likely caused by gRNA saturation, meaning
that the two gRNAs of the homing drive had lower cut rates because
they shared the same amount of Cas9 with the additional four gRNAs
targeting yellow-g. Besides the difference between males and females,
the two gRNA lines performed slightly differently in drive conversion
rate as well.

Cage experiments

To characterise the population suppression activity of this drive, cage
experiments were set up by mixing drive carriers (heterozygous for the
drive allele and homozygous for Cas9) and a small fraction of Cas9
homozygous flies. These cages were followed for several discrete
generations, measuring drive carrier frequency by phenotyping all
adults. Though there was some stochasticity in population size due to
the single-bottle nature of the cages, the dynamic of the drive was
clear. Drive carrier proportions of most cages quickly decreased within
five generations (Fig. 8A). The population size for the two lower fre-
quency releases was unaffected, and for one of the high-release fre-
quency cages, the population size recovered after an initial reduction
(Fig. 8B, Source Data Set S2). However, the other high frequency
release cage showed complete population suppression in the second
generation even though drive carrier frequency was declining. In the
suppressed population, the five remaining flies all happened to be
females, whereas this was not the case in the population that recov-
ered. There, the five flies in that generation consisted of four females
(one of which lacked the drive) and one male (also without the drive),
allowing the population to grow immensely in the next generation.
This result implies that the distant-site suppression drive was func-
tional, though overall efficiency was low due to drive fitness costs
outweighing biased drive inheritance. It also confirms that near-
fixation of a gene drive will not be enough to suppress a population of
D. melanogaster, given their ability to produce many offspring from
just a few remaining individuals under the conditions of these cages.

Resistance alleles and fertility

While functional resistance is a possible explanation for the rapid
decline of a suppression drive from high frequency, we considered this
unlikely due to the use of multiplexed gRNAs and previous studies in
larger cages with similar drives finding no evidence of functional
resistance”. To explore the possible reason for poor cage perfor-
mance, a fertility test was conducted to assess the fitness of our drive
carriers (which was found to be reduced in both drives this two-target
drive is based on, but not to the extent of eliminating them from
cages®™>%). We observed a considerable reduction in egg viability in
females compared to males, particularly in those carrying the drive.
For females with the drive, 24% of eggs were viable in line 1A, and 19%
were viable in line 1D. In contrast, for males carrying the drive, 96% of
eggs were viable in line 1A, and 84% were viable in line 1D. In individuals
not carrying the drive, the average egg viability is similar between
males and females (Fig. 9 and Source Data Set S3). Interestingly, out-
liers in both drive-carrying and non-drive-carrying females indicate
that a similar mechanism might be behind the reduction in egg
viability. Our fitted model indicates significant effects of the sex of
the drive parent (¥’(1)=16.62, p<0.001), and line (1A or 1D)
(¥*(1) =8.12, p=10.004), as well as of interactions between cross (drive
carrying or not) and sex of drive parent (y*(1) =12.42, p < 0. 001), and
between cross and line (Y*(1) =5.12, p=0.024). We collected 16 and 18
drive daughters from drive females (which were offspring of the above
cross) of line 1A and line 1D, respectively, and crossed them to w'®
males. 87.50% from line 1A and 77.78% from line 1D were sterile (Sup-
plementary Table S1), which was likely caused by resistance allele
formation in the embryo at the yellow-g target site due to maternal
deposition of Cas9 and gRNAs. Indeed, sterile females were randomly
collected for sequencing, which indicated 100% cutting in the yellow-g
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target site. Another 16 non-drive progeny from a driven female and
Cas9 male cross were randomly collected for sequencing, showing
87.5% (14 out of 16) cutting in yellow-g. These results indicate that the
poor cage performance in this study is likely due to the fitness cost of
female drive heterozygotes together with high levels of embryo cut-
ting and subsequent resistance allele formation at both the female
fertility site and the haplolethal drive site, though it is currently unclear
to what extent each of these factors contributes.

In addition to the egg to adult viability, we measured the drive
inheritance of these offspring. The drive inheritance rate of line 1A was

67.82% +2.83% in drive males and 74.93% +3.73% in drive females,
while it was 75.99% +2.67% in drive males and 79.47% +4.62% in drive
females in line 1D (Supplementary Fig. S11). The drive inheritance rates
of these flies were somewhat higher than our previous test, where drive
heterozygotes had only a single copy of Cas9, except for drive males of
line 1A. The reason for this anomaly is unclear, particularly considering
that the lack of Cas9 appears to be a limiting factor in the performance
of the drive compared to the original modification drive it is based on.
In addition, although drive inheritance rates in the previous test were
higher in drive males than in drive females, this difference was not seen
in this later drive conversion test.

Whole-genome sequencing

To further investigate the difference in performance between lines 1A
and 1D, as well as the generally lower-than-expected homing efficiency,
we sequenced the genome of both drive lines using Nanopore
sequencing, because initial screening indicated the presence of repe-
ated regions. For line 1D, a single contig covered the entire gene drive,
showing that although the line contained the full construct as expec-
ted, the insertion was duplicated, including the cloning vector in
between the two copies (Supplementary Fig. S12C). This means that
line 1D contained an extra copy of the distant-site gRNAs cassette. For
line 1A, there were five separate contigs covering the gene drive. We
found that the distant-site drive construct was incorporated thrice,
with two vector backbones in between, and with inversions between
two gRNA cassettes (Supplementary Fig. S12B). This was likely caused
by recombination between gRNA cassettes during transformation.
Line 1A contained four gRNA cassettes, but both distant-site ones were
only partially present (two out of four distant-site gRNAs were elimi-
nated due to the recombination).

Discussion

In this study, we analysed the possibility of converting a modification
to a suppression drive by the addition of gRNAs targeting female fer-
tility or other essential genes without rescue. We found via modelling
that this can substantially increase the genetic load (suppressive
power) of the drive compared to a similar standard suppression drive
unless the drive conversion rate is already very high. Instead of the
genetic load being mainly determined by the drive conversion rate, it is
determined by the total germline cut rate in these two target drives.
We then tested such a drive in the model organism D. melanogaster,
which successfully biased its inheritance while cutting the distant
female fertility gene target at high rates. However, fitness costs in
driving heterozygous females were quite high for this drive, which
prevented success in most cage replicates despite high release fre-
quency. Nevertheless, two-target drive systems may be quite desirable
tools for the suppression of pests where high drive conversion is dif-
ficult to achieve but not high cut rates. Such high drive conversion has
only been consistently achieved in Anopheles mosquitoes, while sev-
eral other species have had substantially lower or inconsistent drive
conversion, such as Drosophila, Aedes, and mice?****3%3*% In these,
relatively high cut rates have often been achieved when drive con-
version is low, which would be necessary for the two-target drive
design to work in these species.

In the two-target suppression drive, population suppression is
largely decoupled from drive frequency increase. This is in contrast to
the standard homing suppression rive, where the drive allele itself is
mainly responsible for disrupting the suppression target. Thus, the
two-target drive can keep increasing in frequency and eventually cut
most female fertility target alleles. The standard suppression drive
reaches an equilibrium that allows many wild-type alleles to remain,
mostly accounting for its genetic load. Though the two-target sup-
pression drive allows for higher suppressive power, it still needs to be
able to increase in frequency in the first place. Thus, drive conversion
must be sufficiently high to overcome fitness costs due to somatic
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expression and embryo cutting (the latter of which is mostly important
at the distant site, though it could have a substantial negative effect at
the drive site if the drive targets a haplolethal gene there). These
performance parameters are still highly dependent on the Cas9 pro-
moter and, to a lesser extent, the target gene. For the target gene,
additional possibilities are available for two-target drives because they
can keep a high genetic load even when targeting X-linked female
fertility genes.

While our modelling results are promising for two-target drives
that lack high drive conversion rates, it should be noted that drive
conversion is still essential for determining the speed at which the
drive’s frequency will increase, which determines the time to popula-
tion elimination. Though this system can increase the genetic load,
such drives will still take longer to eliminate a population than a drive
with high drive conversion efficiency (regardless of whether such a
drive is a standard suppression drive or a two-target system). In more
complex environments such as two-dimensional continuous space,
this slowed rate of increase could potentially result in failed suppres-
sion due to the “chasing” effect, where wild-type individuals migrate
back into an area previously cleared by the gene drive, resulting in
cycles of suppression and re-establishment'?. However, this same study
included a powerful but slow drive that avoided this effect, which may
be analogous to a two-target system. Additional modelling is thus
needed to explore the outcomes of two-target drives in complex
scenarios®.

It should be noted that, like standard homing drives, measures to
limit or localise this drive may be necessary. The designs modelled in
this study could be threshold-dependent under certain narrow para-
meter combinations (for example, certain somatic expression fertility
effects and embryo cut rates). Outside of those ranges, such as stan-
dard homing drives, they could be designed to be self-limiting or
threshold-dependent by incorporating a daisy-drive* or tethered
design*. In addition, the fact that two-target drives target multiple loci
could have interesting potential for targeting a specific population

only based on locally fixed alleles®. In fact, the locally fixed allele
strategy would be easier to implement with a two-target drive because
the gRNAs targeting the female fertility gene would not need to be
close together to achieve high drive conversion efficiency.

In our experimental demonstration, the constructs functioned in
terms of drive conversion while cutting the distant site at high rates.
However, drive efficiency at the homing site was considerably lower
than the original modification rescue drive*®, for which duplications in
our drive lines could be the cause. Although the drive seems stable in
our lines based on the pooled genomic data of 25 individuals, it may
not have been during drive conversion due to the duplication of
homology arms, resulting in the loss of some regions. More impor-
tantly, during homology-directed repair, when the gene drive induces
a double-stranded break, DNA from the homologous chromosome
might form secondary structures due to the repeats in the gene drive.
This could potentially obstruct the repair machinery and cause repli-
cation stress**, reducing the relative efficiency of homology-directed
repair. In another recent homing rescue drive, a low homing efficiency
was observed, which increased when a repeated region was replaced
with a similar element that contained several mutations®. Considering
these, it seems advisable to avoid repeated regions as much as possible
in gene drive constructs, which could be done readily by simply
combining the gRNAs into a single cassette or using different gRNA
promoters.

Besides the structural problems, the lower efficiency could also be
due to Cas9 saturation from the additional gRNAs targeting the distant
site, since we used the same Cas9 as the original homing rescue drive®.
The fact that line 1A contained more homing gRNAs (both pro-
portionally and absolutely) could partially explain the higher inheri-
tance rate we observed. Since cut rates were very high at the distant
site, gRNA saturation likely had a smaller impact there. The cut-rate at
the homing site would be expected to decrease more than at the dis-
tant site, especially because the cut rate for the original modification
drive was not high in the first place®, at least compared to other
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homozygotes), or partially fertile (drive heterozygotes). Offspring is generated, and
for each individual offspring, Mendelian inheritance is modified by drive activity in
the parental germline. This means that drive conversion could be successful for one
offspring of a single drive parent, but not another. Additional drive activity from
maternally deposited Cas9 is also modelled, but not shown in this figure. Finally,
these offspring become the next generation of adults.

published drives in D. melanogaster. These issues could be more
readily avoided using entirely new designs with balanced numbers of
high-activity gRNAs for both target sites. In general, however, the fact
that two-target drives use a higher number of gRNAs than standard
homing drives could be a potential weakness due to gRNA saturation
reducing the cut-rate at each site. We expect this reduction to be
generally limited, though, because cutting rates are high for many
organisms, thus reducing the impact of gRNA saturation.

Arguably more problematic than the homing efficiency, the high
fitness cost in female heterozygotes prevented success in population
cages, and embryo cutting at both the drive site and the distant target
site further contributed to drive failure. This fitness cost was expected
to an extent because our two-target drive is based on a suppression
drive showing reduced fitness as well®. In the haplolethal modification
drive, drive carrier males showed no significant reduction in offspring
egg-to-pupa survival, but females did show a significant effect®®. This
fitness reduction would represent an additional fitness cost in our two
target drives and is likely from nonfunctional resistance alleles ren-
dering offspring nonviable. If formed in the germline, these alleles
would not have significant negative effects, but if formed in the
embryo, they could further contribute to reduced drive success. In the
earlier standard suppression drive targeting yellow-g, at first, offspring
from neither male or female drive parents showed a significant
reduction in the egg-to-pupa survival rate, but later crosses with drier
food conditions did show a significant reduction in egg-to-pupa sur-
vival rate, and inference from cage experiments showed even higher
fitness costs. This fitness cost likely indicates either leaky somatic
expression or disruption of yellow-g too early in the germline, where it
still might need to function. Together, these factors could all con-
tribute to the more severe fitness cost for female drive carriers with
our two-target drive, though we currently do not know what factor
contributes to what extent. In the original suppression drive, offspring

of drive carrier females were found to be sterile at high rates. This
infertility indicates significant embryo activity, which also had a similar
negative effect on the two-target drive. In the two-target drive, gRNA
saturation could have slightly ameliorated these effects due to the
presence of more gRNAs and cut rates being slightly reduced, but the
different genomic sites may change this, and reduction in drive con-
version efficiency for similar reasons would likely outweigh any
benefits.

All of these fitness costs will likely be similar for two-target drives
targeting different genes using nanos-Cas9, with the exception of
yellow-g potentially being required in the early germline. Therefore,
finding promoters that are exclusively expressed in the (late) germline
is essential for the future development of two-target drives (and any
suppression drive, for that matter), and promoters with little to no
embryo activity are also preferred. In the standard suppression drive,
however, the higher drive conversion rate (and lack of embryo cutting
at the haplolethal target) still allowed it to reach a moderate equili-
brium instead of declining to zero. If the two-target drive in our study
had similar or even somewhat lower drive conversion, but lower fer-
tility cost or embryo resistance allele formation, our model indicates
that it would have been able to increase in frequency in the population
and eventually eliminate it with high genetic load. Even in its current
form, our drive could potentially be successful with repeated releases,
analogous to a more powerful form of sterile insect technique, which is
far less powerful than a gene drive but still potentially useful in several
situations due to its self-limiting nature*®.

Overall, we have shown that for scenarios of low to moderate
drive conversion and high total germline cut rates, two-target drives
may offer substantially increased suppressive power. With further
efforts to find better Cas9 promoters and target gene combinations
with lower fitness costs, this unique drive design may unlock the
potential for strong population suppression in many scenarios.
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Methods

Ethical statement

This research complies with all relevant ethical regulations and was
approved by the Peking University biosafety office.

Modelling

We use a stochastic, individual-based model with non-overlapping
generations in a randomly mating population of fixed carrying capa-
city. We use the population genetics modelling software SLiM version
4.0.1" in combination with R version 4.1.0*. Our code can be found on
GitHub at https://github.com/NickyFaber/Two-target_drive.

Drive types. We have modelled 10 different types of homing sup-
pression drives. For ease of visualisation, we have chosen to show the
three most representative drives in the main results. A list of the rest of
the drives and their modelling results are in the Supplementary
Materials.

1. Drive with female fertility target

2. Haplolethal rescue drive with distant-site female fertility target

3. Haplosufficient rescue drive with distant-site female fertility target

For a detailed explanation of the mechanics and phenotypes of
these three drives, see the results. To model each drive, we include two
loci in SLiM: the homing site and an optional distant site. At the homing
site, there are four potential alleles: wild type, drive, rl (functional
resistance), and r2 (nonfunctional resistance). At the distant site, we
only model wild-type and r2 alleles (full freedom to choose any set of
gRNAs is assumed to reduce functional rl resistance to negligible
levels, see results). The structure and steps of the model are
described below.

Model structure. We have used previous work by Champer et al.
(2020) as a starting point for our modelling®. That study modelled
complex drive activity in the germline, including gRNA multiplexing
(the number of gRNAs used to target a site), timing of drive activity
(early or late germline), and gRNA saturation (the effect that a limited
supply of Cas9 reduces the cutting efficiency at each targeted site with
an increasing number of targets). Since our objective is to compare
various gene drive designs focusing on genetic load instead of on
resistance alleles, we have removed some of those complexities for
this study. We model the population and introduction of the gene
drives as follows:
* Generation 1: Population Initialisation
* Generation 1-10: Population equilibration without gene drive
* Generation 11: Introduction of heterozygous gene drive
individuals
* Generation 111 or 161: End of the model. As default, we run the
model for 111 generations (100 generations with gene drive).
When we calculate the genetic load, we run it for an additional 50
generations to increase the number of generations in which we
can determine the equilibrium genetic load.

In each generation, the model executes the following steps in
order (Fig. 10):

(1) Reproduction. In our model, the number of offspring that is
generated by each female is a product of the fertility status of the
female, her ability to find a mate, the carrying capacity, and the fitness
of the female.

* Fertility status check. A female could be infertile due to the drive
mechanism, both at the homing site and the distant site. These
loci are both checked for the presence of nonfunctional alleles,
that is, either a drive allele or an r2 allele. If the female has two of
these in any combination at least one locus, she does not generate
any offspring.

* Selecting a mate. A female randomly selects a male from the
population. If there are no males available, she does not generate
any offspring.

Generating offspring. In this study, we model density-dependent
fertility (rather than density-dependent mortality or a combina-
tion of the two). This is computationally efficient and still allows
easy density regulation. See Dhole et al. (2020) for a discussion on
how genetic load could translate to population size reductions for
different species-specific scenarios™. Different models would be
more suitable for particular species, but genetic load itself would
be dependent on the drive mechanism, regardless of the exact
form of density dependence. For each female, the number of
offspring (0) she generates in that generation (i) is based on a
binomial distribution:

0;=B(Opar, P, M

where i is the current generation, 0,4, is the maximum amount
of offspring per female, and p is the average fraction of this
maximum amount of offspring that will be generated. This
fraction is normally defined as ﬁ (each female must generate
two offspring to maintain the population at carrying capacity).
However, our model includes two further influences. First, p can
be increased when the population is below carrying capacity
because offspring will have more resources to survive, or vice
versa, which we call the carrying capacity factor (F¢c). Second, p
can be decreased in female drive carriers due to somatic
expression of the drive reducing fertility (because some wild-
type female fertility alleles are disrupted in somatic cells where
they are needed for fertility), which we call the somatic
expression fertility factor (Fsgr). Thus, p is defined as:

2
Pi=Fcc, * Fser, 55— 2

max

The carrying capacity factor is defined so that at very low
population densities, it is close to the maximum growth rate (r),
at carrying capacity (K), it is close to 1, and above carrying
capacity, it is between 0 and 1. This leads to a logistic growth
curve:
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where N is the number of adults in the population.

Fertility scaling is done for females with at least one drive allele.
Somatic expression of the drive can impact female fertility by pre-
maturely disrupting wild-type fertility gene alleles. One of our mod-
elled drives targets a female fertility gene at the homing site without
rescue and the other two at the distant site. We only model somatic
expression fitness costs for the drive sites without rescue. The total
fertility cost is calculated per female as being additive as follows:

1
FSEF:mHM * MPur , (4)

where m is the somatic expression fertility cost multiplier, from O
(complete sterility) to 1 (no fertility cost), H,, is the number of wild-
type alleles at the homing female fertility site (which can onlybe O or 1,
since the other allele must be the drive), and D,,, is the number of wild-
type alleles at the distant female fertility target. At the distant locus,
individuals with two wild-type alleles will be less impacted by the
fertility cost, since it is less likely that both copies of the fertility gene
are disrupted due to somatic expression.
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(2) Gene drive activity. After all the offspring are generated, each
offspring’s genotype is modified based on the drive activity in the
parents’ germline. Drive activity in the parental germlines is modelled
for each offspring independently. Cutting, homing, and the creation of
resistance alleles are stochastic.

* Germline gene drive activity. For both parents of each offspring,
the presence of the drive in their genome is checked. If at least one
copy of the drive is present, the gene drive is active in the germ-
line. First, the cut-rate is a parameter in our model, but it can be
impacted by gRNA saturation as follows:

P, =1—(1-P)t, 5

where P _is the cut-rate adjusted for gRNA saturation, [ is the
number of loci, either 1 or 2 depending on whether the drive
targets a distant site in addition to the homing site (we assume
equal gRNA multiplexing at both sites), P, is the global cut-rate,
and sis the Cas9 saturation factor, which can range from 1 (which
means 1 gRNA is enough to saturate all Cas9 proteins, so the cut-
rate for each gRNA rapidly declines as more gRNAs are added) to
infinite (which means no amount of gRNAs is enough to saturate
the Cas9 proteins, so the cut-rate at each gRNA remains the same
regardless of the number of gRNAs). If a randomly generated
number between 0 and 1 is higher than this cut-rate, cutting
occurs. We do this separately for the distant site alleles as well, if
present. At the distant site, cutting always results in an r2 allele.
We made this choice based on the following assumptions: (1)
with a high cut rate, wildtype loci on both chromosomes are
likely to be cut simultaneously, reducing the chances of
successful homology-directed repair, (2) alleles repaired back
to wildtype can be re-cut multiple times, with a lower likelihood
of homology-directed repair occurring each time, and (3) if the
cut rate is high, most gene drive individuals will inherit one r2
allele from their drive parent, making it more likely that
homology-directed repair will produce a second r2 allele. Our
experiments in D. melanogaster showed that most offspring had
r2 alleles at the yellow-g locus, indicating that homology-
directed repair back to a wild-type allele is rare in our system.
At the drive locus, however, homing can occur if there is
successful cutting based on the homing success rate (Pp,). The
homing success rate is defined at the beginning of the model
based on the conversion rate (Pc,,,), Which is a parameter:

P
Py="", ©6)

c

where P,,,, can only be as high as P.. If homing is successful,
again based on Py, the allele is converted to a drive allele. If there
was cutting, but no homing, the locus is converted into an rl
allele with a probability equal to the r1 formation rate. Otherwise,
it will become an r2 allele.

* Embryo gene drive activity. In the early embryo, we model mater-
nal deposition of drive Cas9 and gRNAs. Potential cuts that occur
here always result in a resistance allele (which can be r1 or r2 as
above). The cut-rate (P, ) is calculated the same as in Formula (5),
except the exponent is additionally multiplied by a maternal
deposition factor (d) that accounts for either a drive heterozygous
or homozygous mother:

P, =1—(1— P14, @)

where P, is the embryo cut rate, which is a parameter in our
model. The maternal deposition factor is based on experimental
data showing that the cut-rate is higher in embryos with a drive/
wild-type heterozygous mother than expected due to drive

conversion, so d is 1.83 and 2 for drive/wild-type heterozygotes
and drive homozygotes, respectively. It would remain 1 for fertile
drive/resistance allele heterozygotes"”.

* Offspring viability. After drive activity in the parental germline,
inheritance, and embryo activity, we check if the offspring’s
resulting genotype is still viable. All drives that target either a
haplolethal gene (where any nonfunctional resistance allele
makes individuals nonviable) or a haplosufficient gene (where
only nonfunctional resistance allele homozygotes are nonviable)
could result in nonviable offspring. These offspring are removed
from the population.

(3) Mortality. We model discrete, non-overlapping generations,
so we remove the entire parental generation after offspring have been
generated.

(4) Calculating genetic load. Because our model is stochastic,
populations can be suppressed if the genetic load is close to but lower
than the deterministic requirement, which is below 1 and depends on the
maximum growth rate of the population. Therefore, in order to calculate
genetic load with precision for drives with high genetic loads, we run a
module in the model in which we artificially raise the number of off-
spring a female produces by dividing it by a certain bonus factor (that
ranges between O and 1)*°. These are later corrected for when we cal-
culate the genetic load. Thus, the bonus factor has no biological meaning
and is purely intended to precisely measure an outcome under sto-
chastic variation. With this approach, the population is not eliminated
unless the genetic load is practically 1, allowing for precise measure-
ments of high genetic load for several generations when the drive is at its
equilibrium frequency. This bonus factor (Fp) is calculated as follows:

Fp == (8)

where Nr is the number of females, and Ngr is the number of fertile
females.

Then, in the next generation, the number of offspring calculated
in Formula (1) is increased as follows:

0,
OFBi = ﬁr %)

rounded to a whole number. In addition, in genetic load simula-
tions, gene drive carriers are introduced at 0.5 frequency, and the
model is run for 150 generations after introducing the gene drive. The
mean genetic load is calculated as the mean genetic load over the last
10 generations. The low-density growth rate and the maximum num-
ber of offspring are set at a factor 10 higher than default (so 100 and
500 instead of 10 and 50, respectively) in order to calculate the genetic
load precisely despite stochasticity.

(5) Tracking outcomes of interest. For each generation, we cal-
culate population size, genetic load, and genotype frequencies at both
the homing site and the distant site. We calculate the genetic load (G)
based on the observed and expected population size in the next gen-
eration (Vs and Nexp..,r respectively):

G =1 Ni#Fp
i T

10
NeXpHI )

where Fg is the above mentioned bonus factor we apply.
Nexp is based on the number of females (N7 and the carrying
capacity factor Fcc defined in Equation (3):

Nexp, =2 % Np * Fec, 1
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where Fccis the same carrying capacity factor defined in Equation (3),
and again multiplying by 2 because each female must generate two
offspring to maintain the population at carrying capacity.

Experimental work

Plasmid construction. The starting plasmids TTTgRNAt and
TTTgRNAtRNAi were used for building gRNA helper plasmids for
knock-in*. The gRNA cassette used in the donor plasmid was obtained
from HSDygU4%. A two-step assembly process was done to generate
donor plasmids (SI Appendix, Methods). Q5 High-Fidelity DNA Poly-
merase used for PCR and enzymes for digestion were purchased from
New England Biolabs. PCR and restriction digestion products were
purified with Zymo Research Gel DNA Recovery Kit, and plasmids were
assembled by using HiFi DNA Assembly Cloning Kit and subsequently
transformed into DH5a competent cells from TIANGEN. ZymoPure
Midiprep Kit (Zymo Research) was used to prepare donor constructs
for embryo injection. Oligo synthesis and Sanger sequencing was done
by BGI Genomics. All the primers, plasmids, and construction proce-
dures used in this study can be found in the Supplementary Informa-
tion. Plasmid maps are available on GitHub (https:/github.com/
NickyFaber/Two-target_drive) in GenBank format created using ApE
software®’.

Generation of transgenic lines. All of the transgenic lines were gen-
erated via CRISPR/Cas9 homology-directed repair. D. melanogaster
injections were completed by UniHuaii, with a mixture consisting of
the donor plasmid, Cas9 helper plasmid, and gRNA helper plasmid
targeting the insertion site. To be specific, the donor plasmid
HSDrgU2U4v2 (518 ng/ul) was injected into AHDr352v2 flies* along
with TTTrgU2t (150 ng/ul), which provided gRNAs for transformation,
and Cas9-expressing helper plasmid TTChsp70c9 (450 ng/ul) to gen-
erate the drive line. The other donor plasmid SNcONR (506 ng/ul) was
injected into w™® flies along with helper plasmids BHDabg1 (100 ng/ul)
and TTChsp70c9 (459 ng/ul) to construct a nanos-Cas9 line. Surviving
GO flies were crossed to w™® flies, and G1 adults were screened for
transgenic inserts based on the presence of green or red fluorescence
in the eyes. Flies were reared in an incubator at 25 °C following a14/10 h
day/night cycle.

For phenotyping, flies were first anaesthetised with CO, and then
screened for fluorescence using the NIGHTSEA system (SFA-GR). The
homozygosity of flies was scored by the fluorescence intensity and
confirmed by sequencing.

Drive conversion. Drive (gRNA-expressing line) males were crossed to
Cas9 females to generate heterozygous offspring, which was subse-
quently out-crossed to w'™®, The drive inheritance and sex of offspring
were recorded. To confirm whether the distant target site in yellow-g
was disrupted, individuals containing both drive and Cas9 alleles were
randomly collected for genomic DNA extraction and genotyping. A
fragment covering yellow-g target sites was amplified with primers
52_YGLeft S_F3 and 54 YGRight_S_R6 (see GitHub DNA files).

Small cage study. Drive heterozygous males with red fluorescence
from the Cas9 allele were crossed to homozygous Cas9 females for
several generations to produce a line that was heterozygous for the
drive and homozygous for Cas9 (D/+; Cas9/Cas9). Two experimental
groups were set up with different initial release frequencies. In the
higher release frequency group, four drive females were crossed to
four drive males, while in the medium release frequency group, four
drive females were crossed with four drive males, and one Cas9 virgin
female was crossed to Cas9 males. Thus, the high drive frequency
release (generation number 0) was 0.5 (1.0 carrier frequency), and the
medium drive frequency release was 0.4 (0.8 carrier frequency). These
adults were allowed to mate in vials for one day before moving females
into a separate bottle for oviposition. Females were allowed to lay eggs

(which represented “generation 0”) for three days and were then
removed from bottles. When most pupae eclosed to adults, they were
moved to a new bottle for a one-day oviposition before being removed
and phenotyped. Hereafter, only one-day oviposition was conducted
in each generation. The adults of each generation were scored for eye
fluorescence phenotype and sex.

Fecundity and fertility test. To minimise batch effects caused by food
quality or population density flies with different genotypes used for
this test were generated from the same parental cross and reared in the
same bottle. First, males that were heterozygous for the drive and
homozygous for Cas9 were crossed to Cas9 homozygous females,
generating offspring with different genotypes. Next, these offspring
were individually crossed to Cas9 homozygous males or females and
allowed to lay eggs for three days. Adults in the same vial were moved
to a new vial each day, and the number of eggs was counted in each
vial. Offspring were allowed to hatch, and the egg-to-adult survival rate
and adult phenotypes of these offspring were scored. Female drive
offspring were randomly collected and crossed to Cas9 males, after
which the sterile females were genotyped for the yellow-g distant site.

Statistics & reproducibility. All samples are listed in the figure cap-
tions and Source Data Sets. No data were excluded from the analyses.
No statistical method was used to predetermine the sample size. The
experiments were not randomised because the experimenter needed
to set up and track specific crosses. The investigators were not blinded
to allocation during experiments and outcome assessment because
the main experimenter needed to set up and track specific crosses.

Phenotype data analysis. For the statistical analysis of our experi-
mental data, we fit generalised linear mixed-effects models containing
our fixed experimental factors (genotype of the cross, drive indivi-
duals’ sex, and transformed line 1A or 1D), as well as a random effect to
correct for batch effects (each vial was considered an independent
batch). Briefly, we fit two models with a binomially distributed
response variable using a logit link and maximum likelihood estima-
tion: one for gene drive inheritance and one for egg-to-adult survival.
First, we fit a full model with all fixed effects and interactions and
compared what random effect structure fits the data best. In the best
model for gene drive inheritance, the random batch effect depended
on the genotype (control crosses showed normal Mendelian inheri-
tance, whereas the drive crosses showed increased variance in inheri-
tance rates, which is likely an effect of pre-meiotic germline drive
activity). In the best model for egg-to-adult survival, the batch effect
depended on the sex of the drive parents (which is likely an effect of
maternal deposition of Cas9 and gRNAs, though this data shows an
interesting binary-like distribution). Then, we sequentially removed
the least significant fixed effect from each model (starting with inter-
actions) until only significant effects were left. To calculate the mean
and standard error for each group, we fit a model with the same ran-
dom batch effect, but with each group as a fixed effect. The analysis
was performed using R (4.4.0) with support from the gimmTMB
(1.1.9)°° and DHARMa (0.4.6)"' packages. The code and model sum-
maries are available on GitHub (https://github.com/NickyFaber/Two-
target_drive).

Whole genome sequencing. From lines 1A and 1D each, 25 flies were
pooled for DNA isolation using QIAGENs DNeasy Blood & Tissue Kit. A
Nanopore library was prepared and sequenced on a MinlON Mk1C
(Oxford Nanopore). We used built-in adaptive sampling software to
enrich the 8 Mb region around the gene drive on chromosome 3R%. An
overall sequencing depth of 40-50X coverage was reached in non-
enriched regions of the genome, while around 70X coverage was
obtained in the enriched region. Base-calling was done using Oxford
Nanopore’s basecaller Dorado™, de novo genomes were assembled
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using Flye software**, and reads were mapped to validate and manually
curate the assembly around the gene drive sequences using IGV>,
Annotation of the consensus sequence was done manually in ApE*.
Annotated sequences for both lines are available in GenBank format on
GitHub (https://github.com/NickyFaber/Two-target_drive), and raw
sequencing data is deposited on the European Nucleotide Archive
(PRJEB80216).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper and its Source Data files. Our code is on GitHub (https://github.
com/NickyFaber/Two-target_drive), and sequencing data is on the Eur-
opean Nucleotide Archive under accession code PRJEB80216. Source
data are provided in this paper.

Code availability
All code supporting the findings of this study is available on GitHub
(https://github.com/NickyFaber/Two-target_drive)®.
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