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Abstract1

Gene drive technology has the potential to address major bi-2

ological challenges, including the management of disease vec-3

tors, invasive species, and agricultural pests. After releasing4

individuals carrying the gene drive in the target population,5

suppression gene drives are designed to spread at a rapid rate6

and carry a recessive fitness cost, thus bringing about a decline7

in population size or even complete suppression. Well-studied8

homing suppression drives have been shown to be highly effi-9

cient in Anopheles mosquitoes and were successful in eliminat-10

ing large cage populations. However, for other organisms, in-11

cluding Aedes mosquitoes, homing gene drives are so far too in-12

efficient to achieve complete population suppression, mainly due13

to lower rates of drive conversion, which is the rate at which wild14

type alleles are converted into drive alleles. Low drive conver-15

sion is also a major issue in vertebrates, as indicated by experi-16

ments in mice. To tackle this issue, we propose a novel gene drive17

design that has two targets: a homing site where the drive is lo-18

cated and drive conversion takes place (with rescue for an es-19

sential gene), and a distant site for providing the fitness cost for20

population suppression (preferably a female fertility gene, for21

which no rescue is provided). We modeled this design and found22

that the two-target system allows suppression to occur over a23

much wider range of drive conversion efficiency. Specifically,24

in the new design, the suppressive power depends mostly on to-25

tal gRNA cutting efficiency instead of just drive conversion ef-26

ficiency, which is advantageous because cut rates are often sub-27

stantially higher than drive conversion rates. We constructed28

a proof of concept in Drosophila melanogaster and show that29

both components of the gene drive function successfully. How-30

ever, embryo drive activity from maternally deposited Cas9 as31

well as fitness costs for female drive heterozygotes both remain32

significant challenges for two-target and standard suppression33

drives. Overall, our improved gene drive design eases the de-34

velopment of strong homing suppression gene drives for many35

species where drive conversion is less efficient.36
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Introduction40

Gene drive technology has the potential to address major bio-41

logical challenges, including the management of disease vec-42

tors, invasive species, and agricultural pests(1–5). A gene43

drive is a genetic element that skews its own inheritance ra- 44

tio to over 50% in the offspring of heterozygote parents(6). 45

Synthetic gene drives can be designed for population modifi- 46

cation, for example to immunise a population of mosquitoes 47

against malaria parasites(7), or for population suppression, 48

for example to eliminate a population of mosquitoes(8) or 49

invasive pests(9, 10). Released in the target population, sup- 50

pression gene drives are designed to spread at a rapid rate 51

and carry a recessive fitness cost, thus causing a decline in 52

population size or even complete elimination(8, 11, 12). Sup- 53

pression gene drives have benefits over conventional methods 54

of control because they are species-specific (and thus more 55

ecologically friendly), as well as potentially more efficient 56

and more humane in the case of vertebrates, though there are 57

challenges regarding localisation and containment for some 58

drive types(13). 59

There are many different types of gene drive and what 60

distinguishes them the most is how they handle the trade-off 61

between efficiency of spread and confinement(2, 5, 6). The 62

most efficient and well-studied type of suppression drive is 63

the CRISPR-Cas9-based homing drive. In drive heterozy- 64

gotes, the gene drive copies itself to the homologous chro- 65

mosome in the germline through a process called "homing" 66

or "drive conversion". The gene drive incurs a recessive fit- 67

ness cost by being located inside a haplosufficient female fer- 68

tility gene, so drive homozygous females are sterile. Ideally, 69

the female infertility is completely recessive, so there are no 70

fitness costs for drive heterozygotes. As the frequency of 71

the gene drive increases, more sterile female offspring are 72

created, thus imposing a genetic load on the population(14). 73

If the frequency of sterile females in the population is suffi- 74

ciently high, the population size will decline(2, 9). 75

Although homing gene drives are very promising in the- 76

ory, in vivo tests in several organisms have revealed practical 77

challenges, so complete population suppression is not yet at- 78

tainable in most species (see Figure 1)(9, 13, 15–20). Hom- 79

ing suppression gene drives face two major challenges, the 80

first being formation of functional resistance alleles(16, 20– 81

22). A typical gene drive is active in the germline, and the 82

primary way in which Cas9 cuts will be repaired is through 83

homology-directed repair(23). In this pathway, the cell uses 84

the drive chromosome as a template, copying its sequence to 85
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Figure 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 = 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 in grey.

the other chromosome. Sometimes, particularly if the cut is86

made outside of the time window in which this repair path-87

way is preferred, repair can occur via end-joining instead.88

This repair pathway is error-prone and often leads to small89

insertions and/or deletions. Because of these mutations, the90

gene drive guide RNA (gRNA) usually cannot recognise the91

new sequence, making it a resistance allele that can no longer92

be converted to a drive allele. Resistance alleles that preserve93

the function of the target gene, or "r1" alleles, are problem-94

atic as there is very strong selection for this allele which will95

rescue the population from the suppression drive(16). Non-96

functional resistance alleles ("r2" alleles), on the other hand,97

will not be able to rescue the population because of their dele-98

terious nature(20). Although r2 alleles can reduce drive ef-99

ficiency, the less common r1 alleles are the bigger problem100

because they will outcompete the gene drive in the popula-101

tion. There are several strategies to avoid the formation of r1102

alleles in suppression drives, which include targeting an ex-103

tremely conserved locus(8), multiplexing gRNAs(19, 24, 25),104

and using improved promoters(26–28).105

Besides r1 alleles, a second challenge for suppression106

gene drives is low drive conversion, which is the rate at which 107

wild type alleles are converted into drive alleles(17, 25). In 108

Anopheles mosquitoes, drive conversion has been shown to 109

reach 95-99%(8, 29). In Aedes mosquitoes and Drosophila 110

melanogaster on the other hand, the conversion rate was 111

usually significantly lower, around 50 to 70% for most 112

constructs(20, 25, 30–32). Additionally, it appears that mul- 113

tiplexing, which is a way to avoid r1 alleles, may further re- 114

duce conversion rates beyond 2-4 gRNAs(19, 25). This low 115

efficiency results in partial population suppression instead of 116

population elimination. The amount by which the popula- 117

tion size is reduced compared to the expected population size 118

in the absence of the gene drive is the genetic load of the 119

gene drive when its reaches its equilibrium frequency in the 120

population(14). In an infinitely large population, the genetic 121

load needed for elimination is one minus the inverse of the 122

low-density growth rate (the reproductive advantage individ- 123

uals experience in the absence of competition), but in smaller 124

or less fecund populations, genetic drift and stochasticity 125

can somewhat ease this requirement. Drive conversion effi- 126

ciency seems to be partially based on the species for the most 127
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A Modelling

commonly used promoters, though improvements might be128

made by regulating the expression of the gene drive to more129

precisely coincide with the window for homology-directed130

repair(17, 26, 28, 33, 34), or perhaps by more strongly local-131

ising the gene drive mRNA to the nucleus(35).132

To tackle this issue, we propose a novel gene drive design133

that has two targets: a homing site where drive conversion134

takes place, and a distant cutting site (where the drive is not135

present) for providing the fitness cost for population suppres-136

sion (see Figure 1). For the homing site, we will harness a137

modification drive that is located in an essential gene (thereby138

disrupting it) while also providing a rescue for this gene (see139

Figure 1)(36). A previous study has already demonstrated140

the practical feasibility of using a homing gene drive while141

also targeting another gene for population modification(37),142

and another recent study has shown that modifying a natu-143

ral gene drive to also target a distant female fertility gene is144

feasible for population suppression(10). Thus, we model the145

two-target design, comparing it to standard homing suppres-146

sion gene drives, and find that this two-target system allows147

suppression to occur over a much wider range of drive con-148

version efficiency. Most notably, the suppressive power now149

depends usually on cutting efficiency at the distant target in-150

stead of drive conversion, which is advantageous because the151

total cutting rate is easier to increase and has often been sub-152

stantially higher than drive conversion rate(17, 18, 20, 32).153

We constructed a proof of concept of this drive in Drosophila154

melanogaster and show that both components function suc-155

cessfully. The drive conversion rate was within the range156

generally observed in D. melanogaster, and the cut rate at the157

distant-site target was very high. However, high fitness costs158

still thwarted the drive’s success in cage populations, a fac-159

tor that could potentially be problematic in any suppression160

drive based on targeting essential genes. Nevertheless, our161

improved gene drive design enables development of strong162

homing suppression gene drives for a wide array of species163

where drive conversion is less efficient.164

Methods165

A. Modelling. We use a stochastic, individual-based model166

with non-overlapping generations in a randomly mating pop-167

ulation of fixed carrying capacity. We use the population ge-168

netics modelling software SLiM version 4.0.1 (38) in combi-169

nation with R version 4.1.0 (39). Our code can be found on170

GitHub at https://github.com/NickyFaber/Two-target_drive.171

A.1. Drive types. We have modelled 10 different types of172

homing suppression drives. For ease of visualisation, we173

have chosen to show the three most representative drives in174

the main results. A list of the rest of the drives and their mod-175

elling results are in the Supplementary Materials.176

1. Drive with female fertility target177

2. Haplolethal rescue drive with distant-site female fertil-178

ity target179

3. Haplosufficient rescue drive with distant-site female180

fertility target181

For a detailed explanation of the mechanics and pheno- 182

types of these three drives, see the results. To model each 183

drive, we include two loci in SLiM: the homing site and an 184

optional distant-site. At the homing site, there are four poten- 185

tial alleles: wild type, drive, r1 (functional resistance), and r2 186

(nonfunctional resistance). At the distant site, we only model 187

wild-type and r2 alleles (full freedom to choose any set of 188

gRNAs is assumed to reduce functional r1 resistance to negli- 189

gible levels, see results). The structure and steps of the model 190

are described below. 191

A.2. Model structure. We have used previous work by Cham- 192

per et al. (2020) as a starting point for our modelling(19). 193

That study modelled complex drive activity in the germline, 194

including gRNA multiplexing, timing of drive activity, and 195

gRNA saturation. Since our objective is to compare various 196

gene drive designs focusing on genetic load instead of on re- 197

sistance alleles, we have removed some of those complexities 198

for this study. We model the population and introduction of 199

the gene drives as follows: 200

• Generation 1: Population initialization 201

• Generation 1-10: Population equilibration without 202

gene drive 203

• Generation 11: Introduction of heterozygous gene 204

drive individuals 205

• Generation 111 or 161: End of the model. As default, 206

we run the model for 111 generations (100 generations 207

with gene drive). When we calculate the genetic load, 208

we run it for an additional 50 generations to increase 209

the number of generations in which we can determine 210

the equilibrium genetic load. 211

In each generation, the model executes the following 212

steps in order (see Figure 2): 213

1) Reproduction. In our model, the number of offspring 214

that is generated by each female is a product of the fertility 215

status of the female, her ability to find a mate, the carrying 216

capacity, and the fitness of the female. 217

• Fertility status check. A female could be infertile due 218

to the drive mechanism, both at the homing site and 219

the distant site. These loci are both checked for the 220

presence of nonfunctional alleles, that is, either a drive 221

allele or an r2 allele. If the female has two of these 222

in any combination at at least one locus, she does not 223

generate any offspring. 224

• Selecting a mate. A female randomly selects a male 225

from the population. If there are no males available, 226

she does not generate any offspring. 227

• Generating offspring. For each female, the number of 228

offspring she generates in that generation (i) is based 229

on a binomial distribution: 230

Oi = B(Omax,pi), (1)

where i is the current generation, Omax is the maxi- 231

mum amount of offspring per female, and p is the av- 232

erage fraction of this maximum amount of offspring 233

that will be generated. This fraction is normally de- 234

fined as 2
Omax

(each female must generate two off- 235
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Figure 2. Model overview, showing a simplified sequence of steps the model goes through every generation. Each circle represents an individual, and its color shows
the genotype. We show a simple homing gene drive with only wild type (blue) and drive (yellow) alleles. The two-target drives will show different dynamics dependent on
their design (see figure 3). After each female picks a male for mating, we calculate the reproductive potential of these females. Then, based on drive genotype, females
can be either completely fertile, or completely sterile (drive 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 modeled, but not shown in this figure. Finally, these offspring become the next generation of
adults.

spring to maintain the population at carrying capacity).236

However, our model includes two further influences.237

First, p can be increased when the population is be-238

low carrying capacity because offspring will have more239

resources to survive, or vice versa, which we call the240

carrying capacity factor (CCF ). Second, p can be de-241

creased in female drive carriers due to somatic expres-242

sion of the drive reducing fertility (because some wild-243

type female fertility alleles are disrupted in somatic244

cells where they are needed for fertility), which we call245

the somatic expression fertility factor (SEFF ). Thus,246

p is defined as:247

pi = CCFi ∗SEFFi ∗ 2
Omax

. (2)

The carrying capacity factor is defined so that at very248

low population densities, it is close to the maximum249

growth rate (r), at carrying capacity (K), it is close to250

1, and above carrying capacity, it is between 0 and 1.251

This leads to a logistic growth curve:252

CCFi = r

(r −1)∗ Ni
K +1

, (3)

where N is the number of adults in the population.253

Fertility scaling is done for females with at least one 254

drive allele. Somatic expression of the drive can im- 255

pact female fertility by prematurely disrupting wild- 256

type fertility gene alleles. One of our modelled drives 257

targets a female fertility gene at the homing site with- 258

out rescue and the other two at the distant site. We only 259

model somatic expression fitness costs for the drive 260

sites without rescue. The total fertility cost is calcu- 261

lated per female as follows: 262

SEFF = mHwt ∗m
1

Dwt , (4)

where m is the somatic expression fertility cost multi- 263

plier, from 0 (complete sterility) to 1 (no fertility cost), 264

Hwt is the number of wild type alleles at the homing 265

female fertility site (which can only be 0 or 1, since the 266

other allele must be the drive), and Dwt is the number 267

of wild-type alleles at the distant female fertility target. 268

At the distant locus, individuals with two wild-type al- 269

leles will be less impacted by the fertility cost, since it 270

is less likely that both copies of the fertility gene are 271

disrupted due to somatic expression. 272

2) Gene drive activity. After all the offspring is gen- 273

erated, each offspring’s genotype is modified based on the 274
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A Modelling

drive activity in the parents’ germline. Drive activity in the275

parental germlines is modelled for each offspring indepen-276

dently. Cutting, homing, and the creation of resistance alleles277

is stochastic.278

• Germline gene drive activity. For both parents of each279

offspring, the presence of the drive in their genome is280

checked. If at least one copy of the drive is present, the281

gene drive is active in the germline. First, the cut rate282

is a parameter in our model, but it can be impacted by283

gRNA saturation as follows:284

Pcs = 1− (1−Pc)
s

s+l−1 , (5)

where Pcs is the cut rate adjusted for gRNA satura-285

tion, l is the number of loci, either 1 or 2 depending286

on whether the drive targets a distant site in addition287

to the homing site (we assume equal gRNA multiplex-288

ing at both sites), Pc is the global cut rate, and s is the289

Cas9 saturation factor, which can range from 1 (which290

means 1 gRNA is enough to saturate all Cas9 proteins,291

so the cut rate for each gRNA rapidly declines as more292

gRNAs are added) to infinite (which means no amount293

of gRNAs is enough to saturate the Cas9 proteins, so294

the cut rate at each gRNA remains the same regardless295

of the number of gRNAs). If a randomly generated296

number between 0 and 1 is higher than this cut rate,297

cutting occurs. We do this separately for the distant298

site alleles as well, if present.299

At the distant site, cutting always results in an r2 allele.300

At the drive locus however, homing can occur if there301

was successful cutting based on the homing success302

rate (Ph). The homing success rate is defined at the303

beginning of the model based on the conversion rate304

(Pconv), which is a parameter:305

Ph = Pconv

Pc
, (6)

where Pconv can only be as high as Pc. If homing is306

successful, again based on Ph, the allele is converted307

to a drive allele. If there was cutting, but no homing,308

the locus is converted into an r1 allele with a proba-309

bility equal to the r1 formation rate. Otherwise, it will310

become an r2 allele.311

• Embryo gene drive activity. In the early embryo, we312

model maternal deposition of drive Cas9 and gRNAs.313

Potential cuts that occur here always result in a resis-314

tance allele (which can be r1 or r2 as above). The cut315

rate (Pes ) is calculated the same as in Formula 5, ex-316

cept the exponent is additionally multiplied by a mater-317

nal deposition factor (d) that accounts for either a drive318

heterozygous or homozygous mother:319

Pes = 1− (1−Pe)
s∗d

s+l−1 , (7)

where Pe is the embryo cut rate, which is a param-320

eter in our model. The maternal deposition factor is321

based on experimental data showing that the cut rate322

is higher in embryos with a drive/wild-type heterozy-323

gous mother than expected due to drive conversion, so324

d is 1.83 and 2 for drive/wild-type heterozygotes and 325

drive homozygotes, respectively. It would remain 1 for 326

fertile drive/resistance allele heterozygotes(19). 327

• Offspring viability. After drive activity in the parental 328

germline, inheritance, and embryo activity, we check 329

if the offspring’s resulting genotype is still viable. All 330

drives that target either a haplolethal gene (where any 331

nonfunctional resistance allele makes individuals non- 332

viable) or haplosufficient gene (where only nonfunc- 333

tional resistance allele homozygotes are nonviable) 334

could result in nonviable offspring. These offspring 335

are removed from the population. 336

3) Mortality. We model discrete, non-overlapping gen- 337

erations, so we remove the entire parental generation after 338

offspring have been generated. 339

4) Calculating genetic load. Because our model is 340

stochastic, populations can be suppressed if the genetic load 341

is close to, but lower than the deterministic requirement, 342

which is below 1 and depends on the maximum growth rate 343

of the population. Therefore, in order to calculate genetic 344

load with precision for drives with high genetic loads, we run 345

a module in the model in which we artificially raise the num- 346

ber of offspring a female produces by multiplying it with a 347

certain bonus factor(19). These are later corrected for when 348

we calculate the genetic load. With this approach, the popu- 349

lation is not eliminated unless the genetic load is practically 350

1, allowing for precise measurements of high genetic load 351

for several generations when the drive is at its equilibrium 352

frequency. This bonus factor (BF ) is calculated as follows: 353

BFi =
Ffi

Fi
, (8)

where F is the number of females, and Ff is the number of 354

fertile females. 355

Then, in the next generation, the number of offspring cal- 356

culated in Formula 1 is increased as follows: 357

OBFi
= Oi

BFi
, (9)

rounded to a whole number. Additionally, in genetic 358

load simulations, gene drive carriers are introduced at 0.5 fre- 359

quency, and the model is run for 150 generations after intro- 360

ducing the gene drive. The mean genetic load is calculated as 361

the mean genetic load over the last 10 generations. The low- 362

density growth rate and the maximum number of offspring 363

are set a factor 10 higher than default (so 100 and 500 instead 364

of 10 and 50, respectively). 365

5) Tracking outcomes of interest. Each generation, we 366

calculate population size, genetic load, and genotype fre- 367

quencies at both the homing site and the distant site. We 368

calculate the genetic load (GL) based on the observed and 369

expected population size in the next generation (Ni+1 and 370

Nexpi+1 , respectively): 371

GLi = 1− Ni+1 ∗BFi

Nexpi+1
, (10)

where BF is the above mentioned bonus factor we apply. 372
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Nexp is based on the number of females (F ) and the car-373

rying capacity factor CFF defined in Equation 3:374

Nexpi
= 2∗Fi ∗CCFi, (11)

where CFF is the same carrying capacity factor defined in375

Equation 3, and again multiplying by 2 because each female376

must generate two offspring to maintain the population at car-377

rying capacity.378

B. Experimental work.379

B.1. Plasmid construction. The starting plasmids TTTgR-380

NAt and TTTgRNAtRNAi were used for building gRNA381

helper plasmids for knock-in(36). The gRNA cassette used382

in the donor plasmid was obtained from HSDygU4(25).383

A two-step assembly process was done to generate donor384

plasmids (SI Appendix, Methods). Q5 High-Fidelity DNA385

Polymerase used for PCR and enzymes for digestion were386

purchased from New England Biolabs. PCR and restriction387

digestion products were purified with Zymo Research388

Gel DNA Recovery Kit, and plasmids were assembled by389

using HiFi DNA Assembly Cloning Kit and subsequently390

transformed into DH5α competent cells from TIANGEN.391

ZymoPure Midiprep Kit (Zymo Research) was used to392

prepare donor constructs for embryo injection. Oligo syn-393

thesis and sanger sequencing was done by BGI Genomics.394

All the primers, plasmids, and construction procedures395

used in this study can be found in can be found in SI396

Appendix, Methods. Plasmid maps are available on GitHub397

(https://github.com/NickyFaber/HaploLethalFertilityDrive)398

in ApE format(40).399

B.2. Generation of transgenic lines.. Fly injection was com-400

pleted by UniHuaii. The donor plasmid HSDrgU2U4v2 (518401

ng/ul) was injected into AHDr352v2 flies(36) along with TT-402

TrgU2t (150 ng/ul), which provided gRNAs for transforma-403

tion, and Cas9-expressing helper plasmid TTChsp70c9 (450404

ng/ul) to generate the drive line. The other donor plasmid405

SNc9NR (506 ng/ul) was injected into w1118 flies along with406

helper plasmids BHDabg1 (100 ng/ul) and TTChsp70c9 (459407

ng/ul) to construct a nanos-Cas9 line. Surviving G0 flies408

were crossed to w1118 flies, and G1 adults were screened409

for transgenic inserts based on the presence of green or red410

fluorescence in the eyes. Flies were reared in an incubator at411

25°C following a 14/10-h day/night cycle.412

For phenotyping, flies were first anesthetized with CO2413

and then screened for fluorescence using the NIGHTSEA414

system (SFA-GR). The homozygosity of flies was scored by415

the fluorescence intensity and confirmed by sequencing.416

B.3. Drive conversion. Drive (gRNA-expressing line) males417

were crossed to Cas9 females to generate heterozygous off-418

spring, which was subsequently out-crossed to w1118. The419

drive inheritance and sex of offspring were recorded. To con-420

firm whether the distant target site in yellow-g was disrupted,421

individuals containing both drive and Cas9 alleles were ran-422

domly collected for genomic DNA extraction and genotyp-423

ing. A fragment covering yellow-g target sites was amplified424

with primers 52_YGLeft_S_F3 and 54_YGRight_S_R6 (see 425

GitHub DNA files). 426

B.4. Small cage study. Drive heterozygous males with red 427

fluorescence from the Cas9 allele were crossed to homozy- 428

gous Cas9 females for several generations to produce a line 429

that was heterozygous for the drive and homozygous for Cas9 430

(D/+; Cas9/Cas9). Two experimental groups were set up with 431

different initial release frequencies. In the higher release fre- 432

quency group, four drive females were crossed to four drive 433

males, while in the medium release frequency group, four 434

drive females were crossed with four drive males, and one 435

Cas9 virgin female was crossed to Cas9 males. Thus, the high 436

drive frequency release should theoretically be 0.5 (1.0 car- 437

rier frequency), and the medium drive frequency release 0.4 438

(0.8 carrier frequency). These adults were allowed to mate in 439

vials for one day before moving females into a separate bot- 440

tle for oviposition. Females were allowed to lay eggs (which 441

represented “generation 0”) for three days and were then re- 442

moved from bottles. When most pupae eclosed to adults, they 443

were moved to a new bottle for a one-day oviposition be- 444

fore being removed and phenotyped. Hereafter, only one-day 445

oviposition was conducted in each generation. The adults of 446

each generation were scored for eye fluorescence phenotype 447

and sex. 448

B.5. Fecundity and fertility test. To minimize batch effects 449

caused by food quality or population density, flies with differ- 450

ent genotypes used for this test were generated from the same 451

parental cross and reared in the same bottle. First, males that 452

were heterozygous for the drive and homozygous for Cas9 453

were crossed to Cas9 homozygous females, generating off- 454

spring with different genotypes. Next, these offspring were 455

individually crossed to Cas9 homozygous males or females 456

and allowed to lay eggs for three days. Adults in the same 457

vial were moved to a new vial each day, and the number of 458

eggs was counted in each vial. Offspring were allowed to 459

hatch, and the egg-to-adult survival rate and adult phenotypes 460

of these offspring were scored. Female drive offspring were 461

randomly collected and crossed to Cas9 males, after which 462

the sterile females were genotyped for the yellow-g distant 463

site. 464

Results 465

A. Modelling the two-target gene drive performance. 466

In our main results, we show the modelling results of three 467

gene drives: a standard female fertility homing suppression 468

drive and two two-target drives that target a female fertility 469

gene at a distant site for population suppression. These two- 470

target drives are located in and provide rescue for a haplo- 471

lethal or a haplosufficient gene. Drive conversion occurs nor- 472

mally in these, but they also cut and disrupt a distant-site fe- 473

male fertility target without rescue. Figure 3 shows the three 474

drives’ loci and dynamics, and also the alleles and pheno- 475

types that can result in gametes from drive activity. 476

A.1. Cut and conversion rate. Because the drive conversion 477

rate is one of the most important parameters to determine the 478
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A Modelling the two-target gene drive performance

Figure 3. Overview of our three modelled drives, their activity, and the resulting gamete genotypes and phenotypes. We do not show functional resistance alleles, but
their phenotypes would be the same as wild-type. Light blue = female fertility gene, yellow = gene drive, dark blue = non-functional resistance allele, dark brown = haplolethal
essential gene, light brown = haplolethal essential gene rescue, dark pink = haplosufficient essential gene, light pink = haplosufficient essential gene rescue.

success of a suppression drive, we start by varying it, together479

with the total cut rate (referring to germline cutting)(12). Any480

wild-type alleles that are cut but not converted to drive alleles481

are converted to nonfunctional resistance alleles (Figure 4A).482

At the distant female fertility gene target, there is no drive483

allele present, so the total cut rate can only result in nonfunc-484

tional resistance alleles. Besides these, all other parameters485

are fixed at optimum values (no embryo resistance, no fitness486

costs, no functional resistance, and no effect of Cas9 satura-487

tion). Figure 4B shows population size over time after a gene488

drive introduction.489

At 100% cutting and drive conversion, all three drives490

work equally well, rapidly eliminating the population. As the491

conversion rate decreases to 0.8, we still observe drive suc-492

cess, but stochasticity now plays an important role in achiev-493

ing population elimination for the standard suppression drive.494

The haplosufficient rescue drive with distant-site suppression495

experiences such fluctuations as the drive conversion is fur-496

ther reduced, but it still achieves rapid success when drive497

conversion is 0.6, at which point the standard suppression498

drive fails. Only the haplolethal rescue drive with distant-site499

suppression is still able to reliably achieve population elimi- 500

nation. 501

These major differences between drives can be explained 502

by the standard suppression drive relying on drive conver- 503

sion to both spread and suppress the population, whereas both 504

two-target drives use two separate loci for this (Figure 3). The 505

haplolethal distant-site drive can make r2 alleles at the drive 506

locus that are immediately removed due to the haplolethal 507

nature of the gene (Figure S1A). Therefore, this gene drive 508

spreads the most efficiently. The haplosufficient rescue drive 509

and the standard suppression drive also form deleterious r2 510

alleles, but these can remain in the population due to slower 511

removal, which impairs drive spread because drive conver- 512

sion will not occur in drive/r2 heterozygotes. Additionally, 513

in the standard suppression drive, not only do r2 alleles re- 514

main in the population and impair homing, but they also de- 515

crease the drive frequency (female drive/r2 heterozygotes are 516

sterile) (Figure S1). 517

As the cutting rate decreases with constant drive conver- 518

sion, we see that the standard suppression drive is not heav- 519

ily impacted (its genetic load depends heavily on the conver- 520
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Figure 4. Example population trajectories under varying cut and conversion
rates. A) Schematic of drive activity rates in the germline. B) Population suppres-
sion 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 het-
erozygotes 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.

sion rate, with germline resistance alleles having little effect),521

whereas the distant-site suppression drives do not lose their522

effectiveness until the total cut rate falls to 0.6 (Figure 4 and523

Figure S2). Because the distant site drives use the total cut524

rate for disruption of the female fertility gene target, this total525

cut rate largely determines the suppressive power rather than526

drive conversion. Though the distant-site haplosufficient res-527

cue drive is slower to spread due to reduced ability to remove528

r2 alleles, they both eventually reach the same equilibrium529

population suppression (Figure S2).530

For each gene drive, we determined the complete sup-531

pression success rate and the genetic load (Figure 5). The532

genetic load is the suppressive power of a drive, defined as533

the reduction in reproduction of the population compared to534

a wild-type population of the same size(14). In Figure 5A, 535

we see that the standard suppression drive has the smallest 536

area of population elimination success, followed by the hap- 537

losufficient two-target drive, and then the haplolethal two- 538

target drive. The standard suppression drive requires a high 539

drive conversion rate to eliminate the population, whereas 540

both two-target drives rely mostly on the cut rate alone. The 541

same pattern is visible in the genetic load in Figure 5B, where 542

the genetic load of the standard suppression drive relies on 543

the conversion rate only, whereas both two-target drives rely 544

almost entirely on the cut rate for their genetic load. 545

The haplosufficient rescue drive shows some more com- 546

plex dynamics in some areas of parameter space in Figure 547

5B. When the cut rate is 1 but the drive conversion is low, 548

the genetic load is reduced because the drive itself is not 549

able reach high frequency due to r2 alleles are blocking its 550

progress (Figure S3). The drive spreads best with the highest 551

genetic load when the total cut rate is somewhat below 1. At 552

the same time, high cut rates are still necessary at the distant 553

site to achieve population complete suppression (Figure S3). 554

Another notable dynamic for both two-target drives in 555

Figure 5B is the bottom row, where drive conversion is 0. 556

Here, the two two-target drives become identical to a version 557

of two toxin-antidote drives previously described called a 558

TADE (Toxin Antidote Dominant Embryo) suppression drive 559

and a TARE (Toxin Antidote Recessive Embryo) suppression 560

drive(41). These drives show density-dependent dynamics, 561

so their ability to increase in frequency depends on their fre- 562

quency as well as their total cut rate, hence the lack of sup- 563

pression success for the haplolethal rescue drive due to our 564

small release size. In the case of the haplolethal two-target 565

drive, due to the additional disruption of the distant-site fe- 566

male fertility gene, a cut rate of at least 0.7 is necessary for 567

the drive to increase in frequency. The TARE-like suppres- 568

sion drive is not able to reach a high genetic load in the first 569

place(41). Interestingly, at very low cut rates, we observe 570

that the two-target drives are able to remain in the population 571

long enough for the distant-site to be disrupted up to a certain 572

frequency, after which the gene drive can sometimes induce 573

a small genetic load during the simulation. 574

A.2. Embryo cut rate and somatic expression effects on fit- 575

ness. Two other important determinants of drive success are 576

the embryo cut rate and fitness costs in heterozygous females 577

based on the disruption of wild-type alleles when they are 578

needed for fertility(25, 29). Embryo cutting occurs when 579

Cas9 and gRNAs are maternally deposited into the embryo 580

post-fertilisation. Any wild-type alleles (at the drive or dis- 581

tant target site), especially paternal wild-type alleles, can be 582

cleaved, which always results in resistance allele formation 583

at this stage (since the window for homology-directed re- 584

pair is over). This process impairs the drive’s spread much 585

more than germline resistance alleles because female drive 586

progeny will be sterile, and male drive progeny will be un- 587

able to perform drive conversion. Similarly, undesired Cas9 588

expression in somatic cells, regardless of whether it results in 589

drive conversion or resistance allele formation, will disrupt 590

the wild-type alleles needed for female fertility, at least in 591
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A Modelling the two-target gene drive performance

Figure 5. 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 generations after drive
introduction divided by the total number of repetitions. For each combination of parameters, we ran 10 model repetitions.

some cells. Depending on where and when the fertility target592

gene is needed, even necessary germline expression could in-593

duce a similar fitness cost in female drive heterozygotes (or594

any female with at least one drive allele and at least one wild-595

type fertility target gene).596

To assess the effects of embryo resistance and fitness597

cost under moderate drive conversion, we model a total cut598

rate of 0.9 and drive conversion rate of 0.5. Varying these599

two parameters over their full range (Figure 6A), we see600

that the haplolethal two-target drive is sensitive to high em-601

bryo cut rates, whereas the haplosufficient two-target drive602

is not strongly affected by this. Both are affected negatively603

by female heterozygote fitness costs, which prevent success604

more easily for the weaker haplosufficient drive. Looking 605

at genetic load (Figure 6B), the standard suppression drive 606

starts out weak, with increases in the embryo cut rate hav- 607

ing roughly half the effect of reduction of female fitness. 608

The two-target drives have a larger area of high genetic load 609

compared to the area of complete suppression success, rep- 610

resenting areas where the drive is still able to increase and 611

eventually reach higher genetic load, but not within the time 612

frame of the normal simulations. Higher initial release fre- 613

quencies could still allow these drives to succeed in a shorter 614

time frame. 615

To further show drive dynamics besides the eventual ge- 616

netic load, Figure S5 shows population size over time af- 617
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Figure 6. Drive performance under varying somatic and embryonic drive activity. A) Complete suppression success rate and B) mean genetic load under variable
female fitness in drive heterozygotes from somatic expression fertility effects and variable embryo cut rates in the progeny of drive females. The complete suppression success
rate is calculated as the fraction of simulations in which 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.

ter the gene drive introduction. The standard suppression618

drive cannot perform well with these parameters, so it al-619

ways reaches an equilibrium population size, which is higher620

with increasing embryo cutting and fitness cost. With no so-621

matic fertility cost and no embryo cutting, both two-target622

drives suppress the population rapidly. With an increasing623

embryo cut rate, all drives are slower for all three drives, but624

the haplolethal two-target drive is especially sensitive to this,625

losing all suppressive power (and the ability to increase in626

frequency at all) when the embryo cut rate is high. This is 627

because high embryo cutting at the drive’s site results in im- 628

mediate removal of drive alleles in the progeny of females 629

(all progeny with nonfunctional resistance alleles at this site 630

are nonviable). 631

With decreasing drive female fitness from somatic Cas9 632

cleavage, all drives are slower to suppress the population. 633

Eventually, the drives lose the ability to increase in frequency 634

in the first place, with the exact point being dependent on the 635
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A Modelling the two-target gene drive performance

drive (Figure S6). With low embryo cutting, the haplolethal636

drive remains successful for lower female fitness values, and637

this trend is reversed for higher embryo cutting.638

A.3. Functional resistance alleles. Functional r1 resistance639

alleles have been shown to be a major challenge for many640

gene drives, so we investigate how well these can be handled641

by the two-target drive design. We only model r1 alleles at642

the homing site of each drive, and not at the distant site. The643

rescue modification drives can suffer from r1 alleles that form644

due to incomplete homing, where only the rescue sequence is645

copied, but not the rest of the gene drive(19). Thus, even with646

multiplexed gRNAs, there may be a lower limit for functional647

resistance for these sorts of drives. For a standard suppres-648

sion drive, this is not an issue. However, while multiplex-649

ing can likely reduce functional resistance to low levels(25),650

this could reduce the drive conversion rate with more than651

2-4 gRNAs, or with gRNAs that are further apart, both of652

which could cause drive failure due to lack of genetic load,653

thus leading to practical limits for multiplexing that may still654

permit functional resistance. At the distant site, multiplexing655

is more flexible because either homology-directed repair or656

end-joining can achieve the desired result. This could allow657

for more gRNAs that target the most highly conserved sites658

throughout the target gene, largely eliminating the chance to659

form functional resistance alleles, much like CRISPR toxin-660

antidote drives(42).661

We compare the drives in a range of parameter space662

where all are always successful in the absence of r1 alleles663

(Figure S8). We see that at relatively low r1 rates, the stan-664

dard suppression drive is the first to succumb to functional665

resistance allele formation in some simulations (Figure 7).666

This is because r1 alleles provide immediate benefit, directly667

allowing females to be fertile, which results in rapid increase668

in frequency of the r1 allele at low population density (Fig-669

ure S9). Thus, if a resistance allele forms, it only needs to670

avoid stochastic loss for a small number of generations be-671

fore it will prevent population elimination. Both two-target672

drives remain successful in all repetitions up to an r1 rate673

of 0.1. Then, the haplosufficient two-target drive fails in all674

repetitions, whereas the haplolethal two-target drive remains675

successful in most, but not all, replicates (Figure S8). In these676

drives, r1 alleles have only a modest advantage over the drive677

allele, and this is indirect. Individuals will not experience the678

modest female heterozygote fitness cost if they have only r1679

and wild-type alleles at the drive site, and the r1 allele will680

not itself disrupt the female fertility gene for progeny, po-681

tentially increasing its chance of being passed on to a fertile682

female. However, the drive will reach high frequency (Fig-683

ure S9), meaning that most r1 alleles will be together with684

drive alleles, limiting their advantage and thus doing little to685

prevent suppression, which only requires one drive allele to686

disrupt the distant-site female fertility gene.687

A.4. gRNA saturation. Because the two-target drives need688

double the amount of gRNAs, the drive as a whole may suf-689

fer from additional gRNA saturation compared to a standard690

homing suppression drive. This means that the cutting ef-691

Figure 7. Impact of functional resistance alleles on drive performance. Suc-
cessful population elimination under various functional resistance allele formation
rates. The r1 formation rate is the relative rate of resistance alleles that are func-
tional, rather than nonfunctional r2 alleles. The model is run for 100 generations
after an 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 1.0, drive conversion rate 0.9,
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 parameters, we
ran 50 model repetitions.

ficiency of each individual gRNA is reduced due to limited 692

amount of Cas9 protein. Gene drives using multiplexing to 693

avoid r1 alleles already face this challenge(19), which would 694

be amplified in two-target drives. We do not model multi- 695

plexing explicitly, but instead assume that an equal number 696

of gRNAs will be used for the homing site and the distant 697

site, thus allowing us to reduce the cutting efficiency at each 698

site proportionally. Here, we calculated the genetic load for 699

each drive with various cut rates and gRNA saturation factors 700

(Figure 8). The gRNA saturation factor is the relative Cas9 701

activity level with unlimited gRNAs (spread equally between 702

all the gRNAs), with "1" being the activity in the presence of 703

a single gRNA(19). A saturation factor of 1 thus means that 704

the total cut rate is immediately split between any number of 705

gRNAs, while a rate of infinity (our default in previous sim- 706

ulations) means that the cut rate at each gRNA target is the 707

same as the cut rate of a 1-gRNA system. 708

The standard suppression drive is not impacted by this 709

model of gRNA saturation because this drive only targets a 710

single site (it can be thought of as the "baseline" in this sce- 711

nario, even if it would have multiple gRNAs in practice) (Fig- 712

ure 8). The two-target drives are both impacted by gRNA sat- 713

uration, which reduces the genetic load a moderate amount 714

if the gRNA saturation factor is low. This reduction is low 715

if the total cut rate is high (Figure S12). For the haplosuf- 716

ficient drive with a cut rate of 0.99, gRNA saturation ac- 717
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Figure 8. Mean genetic load with variable gRNA saturation factor and total cut rates. The gRNA saturation factor is modelled as relative Cas9 activity with unlimited
gRNAs compared to the activity with a single gRNA. We assume that the distant site target gene drives have double the amount of gRNAs compared to a standard suppression
drive and that the cut rates are equally reduced at both sites (the two sites are assumed to have the same number of gRNAs). The specified total cut rate is the rate for
unlimited gRNA saturation factor. We used a drive conversion rate 0.5, somatic expression female fertility effect of 1, and embryo cut rate of 0. For each combination of
parameters, we ran 10 model repetitions.

tually has a positive effect on the drive because its optimal718

cut rate is somewhat lower than 0.99 (Figure S13). The cur-719

rent best estimate of the gRNA saturation factor is 1.5(19),720

though this could potentially vary substantially between sys-721

tems. Overall, gRNA saturation is potentially problematic,722

though the two-target drives would still usually be expected723

to have higher power than a standard suppression drive, es-724

pecially when the total cut rate is high.725

B. Proof of concept of two-part gene drive in726

Drosophila melanogaster. We constructed the two-target727

gene drive design by reusing two previously built gene drives,728

a standard female fertility suppression drive and a haplolethal729

modification drive, and combining them(25, 36). We show730

that the gene drive has moderate drive conversion in both731

male and female drive heterozygotes, and that cutting at the732

distant site is highly efficient. However, we also show that733

drive heterozygous females suffer a significant fertility cost734

that usually prevented the gene drive from eliminating cage735

populations.736

B.1. Drive crosses. To demonstrate a proof-of-principle for737

this novel drive design, we developed a suppression drive738

in D. melanogaster, with the drive construct integrated in739

the haplolethal gene RpL35A. The distant target site is the740

haplosufficient female fertility gene yellow-g (Figure 9A).741

This drive was constructed based on another successful drive742

reported previously(36), by adding extra gRNAs targeting743

yellow-g from a previous suppression drive(25) to convert the744

original modification drive into a suppression drive.745

Two independent EGFP-marked drive lines (named as746

line 1A and line 1D) were generated. These drive lines were 747

respectively crossed to a DsRed-marked nanos-Cas9 line to 748

produce heterozygous individuals carrying one copy of the 749

drive and one copy of the Cas9 allele, after which these het- 750

erozygotes were crossed to w1118 flies for assessing drive 751

efficiency. The drive inheritance rates of Line 1A were 78% 752

for drive males and 73% for drive females, while the in- 753

heritance rates of Line 1D were 73% for drive males and 754

67% for drive females, significantly higher than the 50% 755

expected with Mendelian inheritance (Binomial exact test, 756

p < 0.0001**** for all four comparisons) (Figure 9B, Sup- 757

plementary Data Set S1). The drive inheritance rates were 758

much lower than the original haplolethal homing drive, where 759

drive inheritance rates for both male and female heterozy- 760

gotes were 91%. This difference is likely caused by gRNA 761

saturation, meaning that the two gRNAs of the homing drive 762

had lower cut rates because they shared the same amount 763

of Cas9 with the additional four gRNAs targeting yellow-g. 764

Besides the difference between males and females, the two 765

gRNA lines performed slightly differently in drive conver- 766

sion rate as well. To find the cause of this difference, Sanger 767

sequencing was conducted to compare their genomic struc- 768

tures. Sequencing results showed that line 1D contained the 769

full construct as expected, while line 1A showed recombina- 770

tion inside the construct (flipping of the DNA between the 771

U6 promoters for the gRNA cassettes targeting yellow-g and 772

RpL35A). 773

B.2. Cage experiments. To characterize the population sup- 774

pression activity of this drive, cage experiments were set up 775

by mixing drive carriers (heterozygous for the drive allele and 776
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B Proof of concept of two-part gene drive in Drosophila melanogaster

homozygous for Cas9) and a small fraction of Cas9 homozy-777

gous flies. These cages were followed for several discrete778

generations, measuring drive carrier frequency by phenotyp-779

ing all adults. Though there was some stochasticity in pop-780

ulation size due to the single bottle nature of the cages, the781

dynamic of the drive was clear. Drive carrier proportions of782

most cages quickly decreased within five generations (Fig-783

ure 10A). The population size for the two lower frequency784

Figure 9. Drive construct and inheritance rates. A) The drive allele is inserted
into the haplolethal gene RpL35A and contains a recoded version as rescue to
avoid gRNA cleavage. It is expected that only offspring inheriting two functional
copies of RpL35A (which can be either a drive or wild-type allele) can survive. The
two blue lightning bolts show the gRNA sites for cleaving RpL35A and homing,
while the four brown lightning bolts show the gRNA sites for disrupting yellow-g, a
haplosufficient female fertility gene located at a distant site. B) The drive inheritance
rate indicates the percentage of offspring with EGFP fluorescence from the cross
between heterozygotes (containing one copy of drive and one copy of Cas9) and
w1118 flies (without drive and Cas9). The size of each dot represents the total
number of offspring. The inheritance rate of paternal drive is significantly higher
than that of maternal drive in both line 1A (Fisher’s exact test, p = 0.0153) and line
1D (p = 0.0057).

releases was unaffected, and for one of the high release fre- 785

quency cages, the population size recovered after an initial 786

reduction (Figure 10B, Supplementary Data Set S2). How- 787

ever, the other high frequency release cage showed complete 788

population suppression in the second generation even though 789

drive carrier frequency was declining. In the suppressed pop- 790

ulation, the five remaining flies all happened to be females, 791

whereas this was not the case in the population that recov- 792

ered. There, the five flies in that generation consisted of 793

four females (one of which lacked the drive) and one male 794

(also without the drive), allowing the population to grow im- 795

mensely in the next generation. This result implies that the 796

distant-site suppression drive was functional, though overall 797

efficiency was low due to drive fitness costs outweighing bi- 798

ased drive inheritance. It also confirms that near-fixation of a 799

gene drive will not be enough to suppress a population of D. 800

melanogaster, given their ability to produce many offspring 801

from just a few remaining individuals under the conditions of 802

these cages. 803

B.3. Resistance alleles and fertility. While functional resis- 804

tance is a possible explanation for the rapid decline of a sup- 805

pression drive from high frequency, we considered this un- 806

likely due to the use of multiplexed gRNAs and previous 807

studies in larger cages with similar drives finding no evidence 808

of functional resistance(25, 36). To explore the possible rea- 809

son for poor cage performance, a fertility test was conducted 810

to assess the fitness of our drive carriers (which was found 811

to be reduced in both drives this two-target drive is based on, 812

but not to the extent of eliminating them from cages(25, 36)). 813

This fitness cost is based on egg viability from drive females, 814

which was much lower compared with drive males and con- 815

trols without the drive. In non-drive females, egg viability 816

was and perhaps also slightly lower (Figure 11, Supplemen- 817

tary data set S3), though this latter effect could potentially 818

be ascribed to a batch effect due to the purported haplosuffi- 819

ciency of yellow-g. We collected 16 and 18 drive daughters 820

from drive females (which were offspring of the above cross) 821

of line 1A and line 1D, respectively, and crossed them to 822

w1118 males. 87.50% from line 1A and 77.78% from line 1D 823

were sterile (Supplementary data set S4), which was likely 824

caused by resistance allele formation in the embryo at the 825

yellow-g target site due to maternal deposition of Cas9 and 826

gRNAs. Indeed, these sterile females were collected for se- 827

quencing, which indicated 100% cutting in the yellow-g tar- 828

get site. Another 16 non-drive progeny from drive female 829

and Cas9 male cross were randomly collected for sequenc- 830

ing, showing 87.5% (14 out of 16) cutting in yellow-g. These 831

results indicate that the poor cage performance in this study 832

is likely due to fitness cost of female drive heterozygotes to- 833

gether with high levels of embryo resistance allele formation 834

at the female fertility site and some embryo resistance allele 835

formation a the drive site, though it is currently unclear to 836

what extent each of these factors contributes. 837

In addition to the egg to adult viability, we measured 838

the drive inheritance of these offspring. The drive inheri- 839

tance rate of line 1A was 67.67% ± 2.25% in drive males 840

and 73.71% ± 3.33% in drive females, while it was 75.96% ± 841
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2.83% in drive males and 77.75% ± 4.21% in drive females in842

line 1D (Figure S15). The drive inheritance rates of these flies843

were somewhat higher than our previous test where drive het-844

erozygotes had only a single copy of Cas9, except for drive845

males of line 1A. The reason for this anomaly is unclear, par-846

ticularly considering that lack of Cas9 appears to be a lim-847

iting factor in the performance of the drive compared to the848

original modification drive it is based off. Additionally, al-849

though drive inheritance rates in the previous test were higher850

in drive males than drive females, this difference was not seen851

in this later drive conversion test.852

Figure 10. Small cage experiments. Heterozygous flies carrying one copy of the
drive allele and two copies of Cas9 were used to generate progeny for “generation
zero” of four small cages (the two medium release cages also included a non-drive
female that was also homozygous for Cas9). A) Drive carrier frequency and B)
population size in each generation.

Discussion 853

In this study, we analyzed the possibility of converting a mod- 854

ification to a suppression drive by addition of gRNAs target- 855

ing a female fertility or other essential gene without rescue. 856

We found via modelling that this can substantially increase 857

the genetic load (suppressive power) of the drive compared 858

to a similar standard suppression drive, unless the drive con- 859

version rate is already very high. Instead of the genetic load 860

being mainly determined by the drive conversion rate, it is 861

determined by the total germline cut rate in these two-target 862

drives. We then demonstrated such a drive in the model or- 863

ganism D. melanogaster, which successfully biased its inher- 864

itance while cutting the distant female fertility gene target 865

at high rates. However, fitness costs in drive heterozygous 866

females were quite high for this drive, which prevented suc- 867

cess in most cage replicates despite high release frequency. 868

Nevertheless, two-target drive systems may be quite desir- 869

able tools for suppression of pests where high drive con- 870

version is difficult to achieve but not high cut rates. Such 871

high drive conversion has only been consistently achieved in 872

Anopheles mosquitoes, while several other species have had 873

substantially lower or inconsistent drive conversion, such as 874

Drosophila, Aedes, and mice(20, 24, 25, 30, 32, 37). In these, 875

relatively high cut rates have often been achieved when drive 876

conversion is low, which would be necessary for the two- 877

target drive design to work in these species. 878

In the two-target suppression drive, population suppres- 879

sion is largely decoupled from drive frequency increase. This 880

is in contrast to the standard homing suppression rive, where 881

the drive allele itself is mainly responsible for disrupting the 882

suppression target. Thus, the two-target drive can keep in- 883

creasing in frequency and eventually cut most female fer- 884

tility target alleles. The standard suppression drive reaches 885

an equilibrium that allows many wild-type alleles to remain, 886

mostly accounting for its genetic load. Though the two-target 887

suppression drive allows for higher suppressive power, it still 888

needs to be able to increase in frequency in the first place. 889

Thus, drive conversion must be sufficiently high to overcome 890

fitness costs and embryo resistance (the latter of which is 891

mostly important at the distant site, though it could have a 892

substantial negative effect at the drive site if the drive targets 893

a haplolethal gene there). These performance parameters are 894

still highly dependent on the Cas9 promoter and to a lesser 895

extent, the target gene. For the target gene, additional pos- 896

sibilities are available for two-target drives because they can 897

keep high genetic load even when targeting X-linked female 898

fertility genes. 899

While our modeling results are promising for two-target 900

drives that lack high drive conversion rates, it should be noted 901

that drive conversion is still essential for determining the 902

speed at which the drive’s frequency will increase, which de- 903

termines the time to population elimination. Though this sys- 904

tem can increase the genetic load, such drives will still take 905

longer to eliminate a population than a drive with high drive 906

conversion efficiency (regardless of whether such a drive is a 907

standard suppression drive or a two-target system). In more 908

complex environments such as two-dimensional continuous 909
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B Proof of concept of two-part gene drive in Drosophila melanogaster

Figure 11. Egg viability test. The individuals tested in this experiment were all homozygous for Cas9, but different in the drive site and distant site, for which genotypes are
listed at the top. “+”, “D” and “r” respectively represent wild-type allele, drive allele and nonfunctional (yellow-g target site) resistant allele. Note that while cut rates at the
yellow-g site were high, it is possible that a small fraction of flies marked as having an “r” at the target site were in fact homozygous for wild-type at this site.

space, this slowed rate of increase could potentially result in910

failed suppression due to the “chasing” effect, where wild911

type individuals migrate back into an area previously cleared912

by the gene drive, resulting in cycles of suppression and re-913

establishment(12). However, this same study included a pow-914

erful but slow drive that avoided this effect, which may be915

analogous to a two-target system. Additional modeling is916

thus needed to explore the outcomes of two-target drives in917

complex scenarios.918

In our experimental demonstration, the constructs func-919

tioned generally as expected, performing drive conversion920

while cutting the distant site at high rates. However, drive921

efficiency at the homing site was considerably lower than the922

original modification rescue drive(36). Because we used the923

same Cas9 and gRNAs, the reason for this was likely Cas9924

saturation from the additional gRNAs targeting the distant925

site. With only two gRNAs for the homing site and four gR-926

NAs for the distant site (both selected based on previously927

available constructs(25, 36)), the cut rate at the homing site928

would be expected to decrease more than at the distant site929

(in our model we assume that the same number of gRNAs930

target each site), especially because the cut rate for the orig-931

inal modification drive was not high in the first place(36), at932

least compared to other published drives in D. melanogaster.933

These issues could be more readily avoided using entirely934

new designs with balanced numbers of gRNAs.935

Arguably more problematic, the high fitness cost in fe-936

male heterozygotes prevented success in population cages,937

and embryo resistance at both the drive site and the distant- 938

target site further contributed to drive failure. This fitness 939

cost was expected to an extent because our two-target drive 940

is based on a suppression drive showing reduced fitness as 941

well(25). In the haplolethal modification drive, drive carrier 942

males showed no significant reduction in offspring egg-to- 943

pupa survival, but females did show a significant effect(36). 944

This fitness reduction would represent an addition fitness cost 945

in our two target drive and is likely from nonfunctional resis- 946

tance alleles rendering offspring nonviable. If formed in the 947

germline, these alleles would not have significant negative ef- 948

fects, but if formed in the embryo, it could further contribute 949

to reduced drive success. In the earlier standard suppression 950

drive targeting yellow-g, at first, offspring from neither male 951

or female drive parents showed a significant reduction in the 952

egg-to-pupa survival rate, but later crosses with drier food 953

conditions did show a significant reduction in egg-to-pupa 954

survival rate, and inference from cage experiments showed 955

even higher fitness costs. This fitness cost likely indicates ei- 956

ther leaky somatic expression or disruption of yellow-g too 957

early in the germline where it still might need to function. 958

Together, these factors could all contribute to the more severe 959

fitness cost for female drive carriers with our two-target drive, 960

though we currently do not know what factor contributes to 961

what extent. In the original suppression drive, offspring of 962

drive carrier females were found to be sterile at high rates. 963

This infertility indicates significant embryo activity, which 964

also had a similar negative effect on the two-target drive. 965
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In the two-target drive, gRNA saturation could have slightly966

ameliorated these effects due to the presence of more gR-967

NAs and cut rates being slightly reduced, but the different968

genomic site may change this, and reduction in drive conver-969

sion efficiency for similar reasons would likely outweigh any970

benefits.971

All of these fitness costs will likely be similar for two-972

target drives targeting different genes using nanos-Cas9, with973

the exception of yellow-g potentially being required in the974

early germline. Therefore, finding promoters that are exclu-975

sively expressed in the (late) germline is essential for future976

development of two-target drives (and any suppression drive977

for that matter), and promoters with little to no embryo ac-978

tivity are also preferred. In the standard suppression drive,979

however, the higher drive conversion rate (and lack of em-980

bryo cutting at the haplolethal target) still allowed it to reach a981

moderate equilibrium instead of declining to zero. If the two-982

target drive in our study had similar or even somewhat lower983

drive conversion, our model indicates that it would have been984

able to increase in frequency in the population and eventually985

eliminate it with high genetic load. Even in current form, our986

drive could potentially be successful with repeated releases,987

analogous to a more powerful form of sterile insect tech-988

nique, which is far less powerful than a gene drive but still989

potentially useful in several situations due to its self-limiting990

nature(43).991

Overall, we have shown that for scenarios of low to mod-992

erate drive conversion and high total germline cut rates, two-993

target drives may offer substantially increased suppressive994

power. With further efforts to find better Cas9 promoters and995

target gene combinations with lower fitness costs, this unique996

drive design may unlock the potential for strong population997

suppression in many scenarios.998
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Supplementary Materials

A. Supplementary methods.

A.1. Drive types. We have modelled 10 different types of
homing suppression drives. The first three in the list below
are shown in the main results. Modelling for the rest of the
drives are shown here in the Supplementary Materials.

1. Drive with female fertility target

2. Haplolethal rescue drive with distant-site female fertil-
ity target

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

4. X-linked female fertility target

5. Haplolethal rescue drive with distant-site X-linked fe-
male fertility target

6. Haplosufficient rescue drive with distant-site X-linked
female fertility target

7. Haplosufficient but essential target

8. Haplolethal rescue drive with distant-site haplosuffi-
cient but essential target

9. Haplosufficient rescue drive with distant-site haplosuf-
ficient but essential target

10. Standard female fertility drive with distant-site female
fertility target

The methods are all described in the main text, except for
one detail for drives number 7, 8 and 9. Since these drives
target an essential gene instead of a female fertility gene to
achieve population suppression, we have implemented the
somatic expression fitness cost as an embryo viability effect
rather than a female fertility effect. The formula remains the
same as in Formula 4.

B. Supplementary results.

B.1. Additional drive types. Besides our three main types
of drives, we have modelled seven more (see Section A.1).
These seven include various drives with X-linked targets and
viability targets (that affect both sexes, rather than only fe-
cundity and only in females), plus one drive that does not
include a rescue element and instead operates similar to a
standard suppression drive at its homing site (while still tar-
geting a second distant female fertility gene).

First, although the standard drive loses suppressive power
more quickly when the female fertility gene is X-linked(44),
the two distant-site drives show no significant decrease in
suppressive power when the main drive is on the autosome
and the distant target is X-linked (Figure S4). This difference
is that homing can still occur in both sexes in this situation,
allowing the drive to increase in frequency more rapidly. Be-
cause there are many genes located on the X chromosome
that are differentially expressed between males and females
and might play a role in female fertility(45, 46), this possibil-
ity could increase the number of potential target genes while
still retaining high drive efficiency.

Second, a standard gene drive that targets a both-sex
viability genes requires higher performance to achieve the
same success as a drive targeting female fertility (Figure S4).
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Distant-site targeting of such a gene does increase the genetic
load, but performance is still weaker than a female fertility
target, especially if the rescue element is for a haplosuffi-
cient gene. In this latter variant, higher total cut rates be-
yond the level of the drive conversion rate will first increase
but eventually reduce the drive’s genetic load, even though it
still offers superior performance to a standard drive targeting
a both-sex viability gene.

Third, the standard female fertility drive with an extra
distant-site female fertility target has an area of complete sup-
pression success where none of the other drives do with lower
total cut rate (because cutting at both targets now contributes
to genetic load), though the drive conversion rate still needs
to be relatively high for success. This drive always performs
worse with higher total cut rate if the drive conversion rate is
fixed.

We further show that the two-target drives that target fe-
male fertility are more robust against embryo cutting and so-
matic expression fitness costs than their standard drive coun-
terparts (Figure S7), although it must be noted that some
drives (including the standard X-linked drive and standard vi-
ability drive) are already unable to achieve any genetic load
under the chosen parameters.

Modelling functional resistance, we show that two drives
appear superior to all others, still achieving complete popu-
lation suppression in most replicates: the haplolethal rescue
drive with distant site female fertility target, and the same
drive with an X-linked fertility target (Figure S10 and S11).
Though some of the modelled drives are unable to achieve
complete population suppression even in the absence of func-
tional resistance alleles, we show that the two-target drives
are consistently better than their single-target counterparts
drives targeting the same gene in preventing functional re-
sistance alleles from rescuing the population.

Finally, we find that all two-target drives are similarly im-
pacted by gRNA saturation (Figure S14), with the notable ex-
ception of the haplosufficient rescue drive with a distant-site
viability target. This drive benefits most from the conversion
rate being close to the cut rate (Figure S4), so gRNA satura-
tion can benefit the drive in some cases. For the same reason,
though most drives show a higher genetic load with a higher
cut rate, the standard female fertility drive with distant-site
female fertility target shows a somewhat reversed trend.

C. Supplementary figures.
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C Supplementary figures

Figure S1. Example allele frequency trajectories. A) homing site and B) distant site allele frequencies under a conversion rate of 0.6 and varying total cut rate. 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.
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Figure S2. Population suppression under varying cut rates. Population size under a conversion rate of 0.6 and varying cut 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.
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C Supplementary figures

Figure S3. Example allele frequency trajectories. A) homing site and B) distant site allele frequencies under a conversion rate of 0.3 and varying total cut rate. 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.
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Figure S4. Drive performance heatmaps for additional drive variants. A) Population elimination success rate, B) mean genetic load, and C) number of generations before
population elimination for all ten gene drive types under various cut and conversion rates. In C, the coloured circles in the heatmap show the 95% confidence interval around
the mean. The complete suppression success rate is calculated as the number of repetitions in which complete suppression occurs divided by the total number of repetitions.
Because the model stops at 111 generations, a last generation of 111 means that suppression was not successful. For each combination of parameters, we ran 10 model
repetitions.
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C Supplementary figures

Figure S5. Population trajectories under variable somatic and embryonic drive activity. female fitness in drive heterozygotes from somatic expression fertility effects
and variable embryo cut rates in the progeny of drive females. The gene drive is introduced after generation 10 (the dotted line), and the model is run for a further 100
generations. The introduction frequency of gene drive heterozygotes is 0.01, 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 the somatic expression fertility effect, 1 means there is no reduction in fertility, and 0 means females are completely sterile when the gene drive is
present. For each combination of parameters, we ran 10 model repetitions.
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Figure S6. Example allele frequency trajectories. A) homing site and B) distant site allele frequencies under an embryo cut rate of 0.4 and varying somatic expression
fitness multipliers. 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. For each combination of parameters, we ran 10 model repetitions for each drive.
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C Supplementary figures

Figure S7. Drive performance heatmaps for additional drive variants. A) Population elimination success rate, B) mean genetic load, and C) number of generations before
population elimination for all ten gene drive types under various embryo cut rates and somatic expression multipliers. In C, the coloured circles in the heatmap show the 95%
confidence interval around the mean. The complete suppression success rate is calculated as the number of repetitions in which complete suppression occurs divided by
the total number of repetitions. Because the model stops at 111 generations, a last generation of 111 means that suppression was not successful. For each combination of
parameters, we ran 10 model repetitions.
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Figure S8. Example population trajectories under varying relative functional resistance rates. Population suppression with varying functional resistance 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. For
each combination of parameters, we ran 50 model repetitions for each drive.
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C Supplementary figures

Figure S9. Example allele frequency trajectories. A) homing site and B) distant site allele frequencies under varying functional resistance 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. For each
combination of parameters, we ran 50 model repetitions for each drive.
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Figure S10. Impact of functional resistance alleles on drive performance. Complete suppression success rate under various functional resistance allele formation rates.
The r1 formation rate is the relative rate of resistance alleles that are functional, rather than nonfunctional r2 alleles. The model is run for 100 generations after an introduction
of drive heterozygotes at 0.01 frequency into a population of 100,000. We used a total cut rate 1.0, drive conversion rate 0.9, somatic expression female fertility fitness effect
of 0.9, and an embryo cut rate of 0.1 in the progeny of female drive carriers. The complete suppression success rate is calculated as the number of repetitions in which
complete suppression occurs divided by the total number of repetitions. Because the model stops at 111 generations, a last generation of 111 means that suppression was
not successful. For each combination of parameters, we ran 50 model repetitions.
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C Supplementary figures

Figure S11. Impact of functional resistance alleles on drive performance. Population suppression with varying functional resistance rates. The r1 formation rate is the
relative rate of resistance alleles that are functional, rather than nonfunctional r2 alleles. The model is run for 100 generations after an introduction of drive heterozygotes at
0.01 frequency into a population of 100,000. We used a total cut rate 1.0, drive conversion rate 0.9, 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 parameters, we ran 50 model repetitions.
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Figure S12. Example population trajectories under varying gRNA saturation factors and total cut 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. We used a drive conversion rate 0.9, somatic expression
female fertility fitness effect of 1, and an embryo cut rate of 0 in the progeny of female drive carriers. For each combination of parameters, we ran 10 model repetitions for
each drive.
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C Supplementary figures

Figure S13. Example allele frequency trajectories. A) homing site and B) distant site allele frequencies under varying gRNA saturation and total cut 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. We used a
drive conversion rate 0.9, somatic expression female fertility fitness effect of 1, and an embryo cut rate of 0 in the progeny of female drive carriers. For each combination of
parameters, we ran 10 model repetitions for each drive.
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Figure S14. Mean genetic load with variable gRNA saturation factor and total cut rates. The gRNA saturation factor is modelled as relative Cas9 activity with unlimited
gRNAs compared to the activity with a single gRNA. We assume that the distant site target gene drives have double the amount of gRNAs compared to a standard suppression
drive and that the cut rates are equally reduced at both sites (the two sites are assumed to have the same number of gRNAs). The specified total cut rate is the rate for
unlimited gRNA saturation factor. We used a drive conversion rate 0.9, somatic expression female fertility fitness effect of 1, and an embryo cut rate of 0 in the progeny of
female drive carriers. For each combination of parameters, we ran 10 model repetitions.
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C Supplementary figures

Figure S15. Drive inheritance rates of fertility experiment. The drive inheritance rate indicates the percentage of offspring with EGFP fluorescence from the cross between
drive heterozygotes and Cas9 homozygotes with w1118 flies (without drive and Cas9). The size of each dot represents the total number of offspring.
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