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SUMMARY

Gene drives are genetic constructs that can spread deleterious alleles with potential application to popula-
tion suppression of harmful species. As gene drives can potentially spill over to other populations or species,
control measures and fail-safe strategiesmust be considered. Gene drives can generate a rapid change in the
population’s genetic composition, leading to substantial demographic decline, processes that are expected
to occur at a similar timescale during gene drive spread. We developed a gene drive model that combines
evolutionary and demographic dynamics in a two-population setting. The model demonstrates how feed-
back between these dynamics generates additional outcomes to those generated by the evolutionary dy-
namics alone. We identify an outcome of particular interest where short-term suppression of the target pop-
ulation is followed by gene swamping and loss of the gene drive. This outcome can prevent spillover and is
robust to the evolution of resistance, suggesting it may be suitable as a fail-safe strategy for gene drive
deployment.

INTRODUCTION

Gene drives are genetic constructs that allow the spread of dele-

terious alleles by violating Mendelian inheritance patterns.1 With

CRISPR-Cas9-based technology, gene drives can potentially be

used to suppress or eliminate wild populations,2,3 and they have

the potential for revolutionizing biocontrol.4 However, there are

substantial concerns that need to be addressed before deploy-

ment in the wild can be considered, including the spillover of

the gene drive to other populations or species5,6 and the evolu-

tion of resistance to the gene drive.7 Addressing these concerns

is complicated by the possible interaction between the evolu-

tionary dynamics of the spread of the gene drive in the popula-

tion and its demographic impacts. In potential gene drive de-

ployments, due to the rapid spread of the gene drive allele,

evolutionary and demographic effects are expected to occur at

similar timescales8; feedback between these processes may

substantially shape the outcome.9 Therefore, in order to inform

gene drive design and to develop novel strategies for mitigating

the risks of gene drive deployments, investigating the evolu-

tionary-demographic dynamics of gene drives is crucial.

Mathematical and computational modeling has been instru-

mental in guiding gene drive research, allowing the study of

key aspects in the behavior of gene drives prior to their deploy-

ment.10,11 Population genetic models investigating the evolu-

tionary dynamics of non-Mendelian inheritance were developed

decades before the recent development of CRISPR-based

drives,12,13 and they were subsequently adjusted tomore specif-

ically model CRISPR-based gene drives.14,15 Some models

focus on whether gene drives could effectively spread in a single

population,13–15 while others focus on spread of the gene drive

between discrete populations6,16 or across a continuous land-

scape.9,17,18 These models showed that, in cases in which the

gene drive spreads in a population or region regardless of its

initial frequency, it will spill over to all other connected popula-

tions or regions. This risk can be mitigated by designing gene

drives that are specific to the genetics of the target population19

or by using more complex genetic architectures that have

slower spread dynamics such as daisy-chain drives20 or split

drives.21,22 Without such elaborations of the gene drive

construct, only with threshold-dependent gene drives (i.e., cases

where the gene drive spreads only when its frequency is above a

critical threshold) are spillovers potentially avoidable. Modeling

efforts have also been directed to studying the evolution or resis-

tance to the gene drive constructs,23 showing that in some

cases, resistance alleles are expected to spread rapidly in a pop-

ulation once they appear,24 leading to the loss of the gene drive

allele and increasing the chance of future deployments failing.

The consequence of feedback from the demographic changes

caused by the gene drive on the evolutionary dynamics has been

studied in continuous-space models and has been shown to

affect the outcome of gene drive deployment.9,25 In these

models, the decrease in local density caused by the negative de-

mographic effect of the gene drive allele can prevent the gene

drive from spreading or lead to long-term persistence of the

gene drive, with fluctuations of both the gene drive allele fre-

quency and local population density. While these models

demonstrate that demography can crucially affect the success

of deployment in a continuous-space setting, where only a single

region is considered, it is unclear how demographic feedback
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would affect the spillover of the gene drive from the target

population to other, non-target, populations. In particular, demo-

graphic changes could lead to asymmetrical gene flow between

the target population and neighboring populations, thus sub-

stantially altering the risk of spillover.6

In order to study how the interaction between the evolutionary

and demographic processes involved in gene drive spread influ-

ences deployment outcomes, we developed a model that tracks

interconnected evolutionary and demographic dynamics. For

tractability, the model is set in a two-population system, which

allows for spillovers from the target population to the non-target

population, as well as for potential gene swamping of the target

population by wild-type alleles from the non-target population.

Our investigation is specifically focused on identifying emerging

outcomes that could be used to develop strategies that can miti-

gate the risks of gene drive spillovers and reduce the probability

of resistance evolution.

RESULTS

The effect of demographic-evolutionary feedback on
outcomes
Figure S1 and Note S1 in Data S1 detail the life cycle used for the

model and provide a schematic overview of the model equa-

tions. For the full development of the model, see the method de-

tails section below.

To understand how demography influences the outcome of

gene drive deployment, it is insightful to compare the outcomes

of our model to that of a previous model taking into account only

evolutionary dynamics.6 This is facilitated by the parameter d in

our model, which defines the degree to which the gene drive af-

fects demography. We can consider purely evolutionary dy-

namics by setting d = 0 in our model (Figure S2A). In the purely

evolutionary model, three types of qualitatively different out-

comes are expected following deployment in the target popula-

tion: (1) the gene drive deployment fails and the gene drive allele

is lost from both populations (‘‘failure’’); (2) the gene drive spills

over from the target population to the non-target population

and is driven to fixation in both (‘‘spillover’’); or (3) the gene drive

remains in a stable state (high frequency in the target population

and low frequency in the non-target population) for lowmigration

rates (‘‘differential targeting’’), but spillover or failure occur for

higher migration rates. The outcome of deployment is deter-

mined by the gene drive configuration parameters (s, c, and h);

for gene drive designs that are threshold dependent (in a sin-

gle-population model), it is also determined by the migration

rate, m.

At higher values of d, the growth rate of gene drive homozy-

gotes, rðsÞ, is correlated with s (Figure S2A), and consequently,

the evolutionary dynamics of the gene drive can affect popula-

tion sizes, as well as the migration rates. Because we were inter-

ested in outcomes that involve demographic effects, and feed-

back between the evolutionary and demographic dynamics, for

all analyses, we used a value of d = 10 unless otherwise stated

(Table S1). This is above the threshold at which the gene drive

can have a demographic effect (i.e., rðsÞ< 1) but not d/ N for

which rðsÞ/1 � s. With this d value (and any d> 0), manipulating

s also affects the growth rate of a population in which the gene

drive allele is present, and it may allow for the collapse of this

population if the gene drive reaches a high enough frequency.

Through characterization of the dynamics under different param-

eterizations of our model, we observe that incorporating demo-

graphic effects of the gene drive generates additional types of

outcomes (Figure 1), and we observe a shift from the outcomes

of the purely evolutionary model with increasing values of d (Fig-

ure S2B). We classified the types of outcomes according to the

gene drive allele frequency and the demographic changes in

the populations after 100 generations (Table S2).

Two of the outcomes, ‘‘spillover & collapse,’’ where ‘‘spillover’’

to the non-target population is followed by ‘‘collapse’’ of both

populations (Figure 1A), and ‘‘failure’’ (Figure 1E) have no tar-

geted demographic effect and therefore represent undesirable

scenarios if the goal is to contain deployment to a specific target

population. However, we identified three outcomes in which dif-

ferential targeting of the gene drive results in distinct demo-

graphic and long-term genetic effects. The first is long-term ‘‘dif-

ferential targeting’’ and demographic ‘‘suppression’’ by the gene

drive in the target population (Figure 1B). Here, fluctuations of the

evolutionary and demographic dynamics eventually stabilize,

and the system converges to a differential targeting state, as

observed in purely evolutionary models that do not incorporate

demography. With the other parameters remaining fixed,

increasing the relative fitness cost of the gene drive s (with d =

10, this also decreases rðsÞ) results in a different outcome, in

which the ‘‘oscillations’’ of the evolutionary and demographic dy-

namics do not converge, and no steady state is reached (Fig-

ure 1C). In each cycle, a high gene drive allele frequency in the

target population leads to demographic impact and a decrease

in population size, as in the suppression outcome. However,

consequently, gene flow from the non-target population, which

now becomes proportionately larger, has an increased impact

on the target population. Because this gene flow is mainly of

wild-type alleles (gene drive frequencies in the non-target popu-

lation are low at the differential targeting state), the gene drive

allele frequency in the target population is reduced. The wild-

type-abundant gene flow reduces the demographic impact of

the gene drive, and the target population switches from negative

to positive growth. The impact of gene flow from the non-target

population is then reduced as the target population increases in

size, and the gene drive again spreads to high frequencies in the

target population, ending the cycle, and a new oscillation begins.

Increasing the relative fitness cost of the gene drive further can

generate an additional type of outcome (Figure 1D), in which gene

flow from the non-target population, coupledwith negative selec-

tion against the gene drive allele, is sufficiently strong to

completely remove the gene drive allele from the target popula-

tion, resulting in ‘‘gene swamping’’26—complete removal of the

gene drive allele—followed by full demographic recovery of the

target population (Figure 1F). In this outcome, unlike in any of

the other outcomes, the gene drive allele is not expected to

remain in any of the populations, while it still generates a signifi-

cant demographic impact on the target population and only on

the target population. This demographic effect is not persistent

as in the suppression outcome (Figure 1B), but instead, it gener-

ates a short-term suppression phase that is expected to

dissipate. Nevertheless, if other population control measures
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are introducedduring the suppression phase, long-term suppres-

sion or elimination of the target population may be achieved.

Therefore, to achieve control of the target population, this strat-

egy would require additional types of population controls to

augment genetic suppression. While the same measures could

be used to augment suppression in the suppression and oscilla-

tions outcomes, in the case that these measures fail, the gene

swamping outcome will have a lower risk of permanent genetic

impact on the population and, consequently, of the evolution of

resistance to the gene drive, because the expected final outcome

is removal of the gene drive allele from the entire system (see

gene swamping is robust to the evolution of resistance below).

Migration rates, gene drive configurations, and initial
frequencies
To understand the relation between gene drive designs, ecolog-

ical constraints, and the deployment outcomes we identified, we

investigated model outcomes for different gene drive configura-

tions (values of s, c, and h) and migration rates,m (Figure 2). For

eachmigration rate valuem, we also computed the proportion of

the parameter space that each outcome occupies (for fixed h

values, for tractability), in order to understand how difficult it

would be to generate gene drive designs that can ensure a

desired outcome (Figure 2B).

For low migration rates (m = 10� 6, denoted as m/0; left

panels in Figure 2A),muchof the parameter space results in failure

or spillover & collapse, while, for someparameters, differential tar-

geting, suppression, or gene swamping outcomes can be

achieved (particularly for higherh values). At highermigration rates

(m= 0:01 andm = 0:05), an increased range of genedrive config-

urations results in spillover and collapse of both populations (or-

angecurve inFigure2B). Importantly,while suppressionoutcomes

(green in Figure 2) quickly become almost unachievable asmigra-

tion rates increase (i.e., thisoutcomeoccupiesonlya narrow range

in the parameter space), the gene swamping outcome (blue in Fig-

ure 2) still occupies a significant portion of the parameter range.

Therefore, although the possibility of achieving gene swamping

is alsodependentonmigration, it is achievable for highermigration

rates compared to the suppression outcome (Figure 2). These re-

sults are qualitatively robust when compared to a different formu-

lation of rðsÞ and a different population growthmodel (seeNotesS2

and S3 in Data S1 and Figures S3–S4). With zygotic conversion,

the same outcomes are identified, but spillover can be avoided

for lower values of h (see Note S4 in Data S1 and Figures S5–S6).

In Figures 1 and 2,weassumed a relatively high initial gene drive

allele frequency in the target population (q1ð0Þ = 0:8), meaning

that four times the initial population in individuals homozygous

for the gene drive allele are released. This allows us to study the
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Figure 1. Distinct outcomes of deployment in a gene drive model incorporating feedback between evolution and demography
(A–E) Outcomes classified as indicated in Table S2. The top panels in (A)–(E) show the evolutionary dynamics in terms of the gene drive allele frequency, while the

bottom panels show demographic dynamics in terms of the population sizes. Dynamics in the target population are shown in orange and in the non-target

population in blue. (A) Gene drive spillover followed by collapse of both populations. (B) Differential targeting with stable suppression of only the target population.

(C) Oscillations in the evolutionary and demographic dynamics. (D) Suppression of the target population followed by gene swamping and global removal of the

gene drive. (E) Failure of the gene drive with no demographic effect. The outcomes differ only in the relative fitness cost of the gene drive, s, noted above each

panel, and they are identical in all other parameters: c = 1, h = 1, m = 0:01, q1ð0Þ = 0:8, d = 10; and r0 = 2.

(F) Schematic illustration of the dynamics in the gene swamping outcome in (D): (I) the gene drive is initially deployed to the target population and has a low

frequency in the non-target population (gene drive allele frequency illustrated as the filled red portion); (II) as the target population is suppressed, migration

becomes increasingly asymmetric, with decreased gene flow out of and increased gene flow into the target population; (III) gene swamping due to asymmetric

migration leads to gene swamping and removal of the gene drive from both populations. For outcome definitions, see Table S2.
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full scope of deployment outcomes that are achievable without

considering limitations of the initial frequency of the gene drive.

In addition, this initial frequency is comparable with some other

applied population control strategies.27 However, as this may be

difficult in some organisms and scenarios, to assess the degree

to which the outcomes we identified rely on this high initial fre-

quency, we analyzed the proportion of three outcomes (spillover

& collapse in orange, suppression in green, and gene swamping

in blue) for different designs and migration rates, across a contin-

uumof initial frequencies (Figure S7).While the initial frequency af-

fects theproportionofall outcomes, it affectsmainly theproportion

of gene drive designs allowing gene swamping (blue curves in Fig-

ure S7). When considering only evolutionary dynamics, a higher

initial frequency allows differential targeting with higher values of

s.6 In a single-populationmodel14 and in a two-populationmodel,6

for given values of s, c, and h, we can derive the threshold value of

qð0Þ above which the gene drive will spread from the equilibria of

q.14 Our results indicate that these gene drive designs lead to

gene swamping outcomes in a combined evolutionary-demo-

graphic model. While this result demonstrates the constraints of

attaining gene swamping outcomes in terms of deployment costs,

it also indicates that geneswamping is perhaps achievable evenat

lower initial frequencies (e.g., q1ð0Þ< 0:5; Figure S7).

Gene swamping is more robust to spillover than
suppression
So far, we have shown that migration rates influence the propor-

tion of outcomes, and that certain suppression outcomes are

achievable only at low migration rates (Figure 2). An important

aspect of gene drive design is robustness to variability that

may be present in the ecosystem, such as changing migration

rates or demography, or inability to accurately estimate these

parameters. In order to compare the outcomes we identified in

terms of their sensitivity to an increase in migration rates, we

consider gene drives with a range of relative fitness costs s

with a fixed conversion rate of c= 1 (i.e., no heterozygotes) for

different values of m.

When m is sufficiently low, it is possible to design gene drives

that achieve either suppression or gene swamping (bottom part

of Figure 3A). Increasing the migration rate reduces the propor-

tion of suppression and gene swamping outcomes (Figure 3A),

as demonstrated in Figure 2B. These outcomes, for the same pa-

rameters other thanm, are replaced by the spillover & collapse or

failure outcomes. However, the gene drive design (in this case,

the value of s) also influences whether an increase in migration

will result in spillover & collapse (orange in Figure 3) or failure

(purple in Figure 3). To illustrate this point, we consider three

different designs (s = 0:57; 0:63; and 0:7), plotted as white

dashed lines in Figure 3A. The first design (s = 0:57) achieves

suppression at low migration rates, whereas the second and

third designs (s= 0:63 and s = 0:7) lead to gene swamping.

Increasing the migration rate shifts the first and second designs

to spillover & collapse, at different thresholds of migration. How-

ever, the third design shifts to failure when increasing the migra-

tion rate. This demonstrates that some gene drive designs that

lead to gene swamping will not lead to spillover & collapse if
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For outcome definitions, see Table S2.

4 Cell Reports 42, 113499, December 26, 2023

Article
ll

OPEN ACCESS



migration rates increase. This feature, if incorporated into the

design of the gene drive, could serve as a fail-safe, allowing

deployment to accommodate variability in migration rate or

imprecision in evaluation of migration rates, without the ex-

pected risk that the gene drive will spread to both populations.

An additional aspect to gene drive deployment is the effect of

the gene drive on non-target populations6; in our model, this can

be measured as the gene drive frequency in the non-target pop-

ulation in outcomes where it is present there at low frequencies

(suppression, oscillations, and gene swamping). This reflects not

only the increased risk of spread of the gene drive in the non-

target population but also the risk of demographic effects on

this population and further spread of the gene drive to other

non-target populations through gene flow. For the three designs

used above (s = 0:57;0:63;and 0:7), we also analyze the effect of

deployment on the non-target population, defined as the

maximal gene drive allele frequency in the non-target population

during deployment, which we term the ‘‘maximal non-target fre-

quency.’’ We plotted the maximal non-target frequency for these

designs for increasing migration rates, with the line color indi-

cating the deployment outcome for this migration rate (i.e.,

change in line color indicates a shift in outcome at a threshold

level of m in Figure 3B). For the first two designs that result in

spillover & collapse in Figure 3A (s= 0:57 and s = 0:63), the

maximal non-target frequency is high even below the threshold

of m at which the outcome shifts to spillover & collapse (Fig-

ure 3B). In other words, the effect on the non-target population

may be substantial even if no spillover occurs. For the third

design in Figure 3A (s = 0:7), which does not result in the spill-

over & collapse outcome at any value of m, the maximal non-

target frequency increases with m but is lower than that of the

other two designs.

Suppression characteristics in gene swamping
outcomes
As opposed to long-term suppression, in the gene swamping

outcome, the gene drive is removed from both populations

following a short-term targeted suppression phase (Figure 1D).

The feasibility of gene drives allowing short-term suppression

would depend on the effectiveness of the suppression phase.

In order to characterize how gene drive design and migration

affect the degree of suppression in this outcome, we studied

three characteristics of the suppression phase (Figure 4A): (1)

the duration (in generations) for which the target population is

suppressed, (2) the maximal level, in terms of population size

or density, to which the population is suppressed, and (3) the to-

tal suppression of the target population during deployment (see

Figure 4 for definition of these characteristics).

For gene drive designs achieving gene swamping, a higher

relative fitness cost s results in less effective suppression; how-

ever, this mainly affects the duration of suppression, with the

maximal suppression level decreasing only toward the end of

the range of s values (Figures 4B–4D). In other words, with higher

values of s, the targeted population collapses faster, shortening

the suppression phase (Figure 4B). This relationship is consistent

for different migration rates, with higher migration rates reducing

both the duration and level of suppression (Figure S8).

Gene swamping is robust to the evolution of resistance
One of themain challenges in gene drive deployment is to reduce

the possibility of evolution of resistance to the gene

drive.23,24,28,29 Resistance alleles can prevent fixation of the

gene drive and even lead to its loss by competition with the

gene drive allele. Resistance can arise through mutation of

the wild-type allele targeted by the gene drive, in the same locus,

interfering with the CRISPR targeting mechanism,13,30 or

through mutation of other loci that reduce conversion efficacy.23

The emergence and spread of resistance alleles have long-term

implications, because the persistence of a resistance allele after

deployment increases the chance that future deployments of the

same gene drive will fail.

To evaluate the probability of resistance evolving in our model,

we integrated an evolutionary model of gene drive resistance24

into the genetic element of ourmodel (seemethoddetails section).

We modeled two mechanisms through which resistance alleles

are generated, de novo mutations of wild-type alleles (generated

at a fixed rate m) and non-homologous end-joining (NHEJ) events

during genedrive conversion (generated at a fixed rate d). In thede

novo mutation case, the probability that a resistance allele will

appear is correlated with the number of wild-type alleles in both

populations, because only wild-type alleles can be converted to

resistance alleles. In NHEJ-generated resistance alleles, this

probability is correlated with the number of heterozygotes,

because NHEJ events occur during conversion, which occurs

only in heterozygotes. The spread of the resistance allele, once

it has appeared, depends on the presence of the gene drive allele,

because otherwise the resistance allele has no fitness advantage

over the wild-type allele. Therefore, when considering the dy-

namics in the gene swamping outcome (Figure 1D), we expect

A B Figure 3. Designing gene drives to achieve

‘‘gene swamping’’ at low migration rates

and failure at high migration rates

(A) Outcomes for different relative fitness costs (s)

for increasing migration rates (m).

(B) Maximal non-target frequency (i.e., highest

gene drive allele frequency in non-target popula-

tion) for increasing levels of migration. Other pa-

rameters used for both panels are c = 1, h = 1,

q1ð0Þ = 0:8, d = 10; and r0 = 2.
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that the duration of the suppression phase with different parame-

ters (Figure 4B) will affect the probability of resistance evolving.

In Figure 5, we compare the probabilities that resistance does

not evolve in the gene swamping and suppression outcomes

with two different population sizes. These probabilities were

computed using stochastic simulations, where we simulated

resistance alleles generated by two different mechanisms,

following the equations described in Unckless et al.24 (see

method details). To test the robustness of the suppression and

gene swamping outcomes to the evolution of resistance, we

chose gene drive design and migration parameters that result

in either of these outcomes based on previous analyses of the

model, and we ran simulations in which de novo mutations or

NHEJ events occur stochastically. The outcome of these simula-

tions will either be the ‘‘intended outcome’’ of suppression or

gene swamping, or an establishment of the resistance allele

and loss of the gene drive. We considered the robustness of

an outcome to the evolution of resistance as the proportion of

simulation runs in which resistance did not evolve. Since we

were interested in the long-term effects of resistance evolution,

we considered resistance to have evolved in simulations in which

the resistance allele frequency wasR 0:1 at the end of the simu-

lation (after 100 generations).

For resistance alleles generated through de novo mutations,

we observe that gene swamping is more robust than suppres-

sion (i.e., fewer simulations resulted in significant spread of a

resistance allele), and in both outcomes, the probability for resis-

tance evolution does not depend on the migration rate (Fig-

ure 5A). With a larger population size (K = 10; 000), the probabil-

ity of resistance evolving is increased for suppression outcomes

but not for gene swamping outcomes (Figure 5A). For resistance

alleles generated through NHEJ events, the difference between

the two outcomes is migration dependent (Figure 5B): at low

levels of migration, both outcomes have a similar likelihood for

resistance to evolve, while at higher levels of migration, gene

swamping is more robust to the evolution of resistance than sup-

pression (Figure 5B). For the larger population size that we simu-

lated (K = 10; 000), both outcomes have a higher likelihood of

resistance evolving at low migration rates. This is owing to the

longer duration of suppression at low migration rates in gene

swamping outcomes, leading to a longer window to allow the

evolution of resistance.

The difference between the resistance-allele-generating

mechanisms, in terms of the effect of migration, relates to the

conditions that increase the likelihood of resistance alleles ap-

pearing. For de novo mutations, the rate of emergence of resis-

tance alleles is a function of the number of wild-type alleles in the

system (Equation 10). Therefore, the suppression of the target

population is not sufficient to prevent the evolution of resistance,

because de novo mutations can appear in the non-target popu-

lation and spread to the target population through gene flow. For

NHEJ events, emergence of resistance is a function of the num-

ber of heterozygotes in the system (Equation 11). For suppres-

sion outcomes, higher gene flow results in more intermediate

levels of q in both populations (i.e., with higher m, q1 is

decreased and q2 is increased) and, therefore, a higher propor-

tion of heterozygotes in the system. In gene swamping out-

comes, higher gene flow likewise increases the maximal

non-target frequency (Figure 3B), increasing the frequency of

heterozygotes during the suppression phase. This increases

the likelihood of resistance evolving in both suppression and

gene swamping outcomes but particularly for suppression due

to the persistence of the gene drive allele in the system.

DISCUSSION

Gene drives have the potential to revolutionize biocontrol, but

developing safe deployment approaches is crucial to avoiding

unintentional spillover of the gene drive to non-target popula-

tions. Feedback between the evolutionary spread of the gene

drive and its demographic effects may lead to non-optimal

deployment outcomes, such as persistence of the gene drive,

while preventing elimination of the target population.9,25 Here,

we show that this feedback can potentially result in gene drives

that avoid spillover and persistence of the drive allele while still

generating strong short-term suppression of the target

B CA D

Figure 4. Characteristics of the ‘‘gene swamping’’ outcome

(A) Schematic representation of the characteristics studied: ‘‘suppression level’’ is the maximal proportion of the target population suppressed, ‘‘duration’’ is the

number of generations for which the target population size is below the threshold level N< 0:9K, and ‘‘total suppression’’ is the accumulative suppression (area of

the gray zone above the curve).

(B–D) Analysis of characteristics of suppression in gene swamping outcome for different gene drive designs (different values of swith a fixed conversion rate c =

1). Blue curves indicate the value of each parameter for gene swamping outcomes; values of s leading to other outcomes are colored according to the color

legends in Figures 2 and 3. (B) The number of generations in which the target population is suppressed (‘‘duration’’). (C) The maximal suppression level. (D) The

total suppression during gene swamping. In all panels the parameters used are c = 1, h = 1, m = 0:01, q1ð0Þ = 0:8, d = 10; and r0 = 2. See also Figure S8.
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population without suppression of the non-target population (the

‘‘gene swamping’’ outcome).

Previous models of gene drive spread have taken either a

purely soft selection approach,6,15 in which the gene drive and

wild-type alleles compete directly, or a hard selection approach,

in which the demographic effect of the gene drive determines se-

lection of the gene drive allele.9,18,25 Our model combines these

approaches, allowing us to analyze the effect of demographic

feedback on deployment outcomes. This feedback, under

some conditions, can generate outcomes of gene drive deploy-

ment that are absent when considering only evolutionary dy-

namics (Figure 1).

One of the main challenges in gene drive deployment is the

containment of the released drive to a specific population. This

issue is being addressed by the development of more complex

gene drive architectures20,22; without these additional genetic

safeguards, most gene drive designs are expected to either fail

to spread or to result in uncontrolled spread of the gene drive

even at low migration rates5 (e.g., Figure 1A). Only a limited set

of gene drive designs are expected to allow differential targeting

of the gene drive at lowmigration rates6 (Figures 1B and 1C). Our

results, as well as results from continuous-space and reaction-

diffusion models,9,18 indicate that when targeted suppression

is attempted in the presence of migration, local collapse of a

target population or region results in either temporary or persis-

tent suppression and not in elimination of the populations. In

such cases, demographic (Figure 1C) or spatial25 oscillations re-

sulting from demographic rescue or gene swamping are a

possibility.

We focused our detailed analysis on the ‘‘gene swamping’’

outcome because its characteristics suggest that it could be

used as a fail-safe for gene drive deployment. In this scenario,

a temporary phase of suppression of the target population is fol-

lowed by removal of the gene drive from both populations due to

wild-type-abundant gene flow from the non-target population

(Figure 1F). This outcome has several interesting features. (1)

In terms of the range of gene drive designs and migration rates

leading to this outcome, in comparison to long-term suppression

of the target population, the gene swamping outcome is more

robust to spillover (Figure 3A). (2) The gene swamping outcome

is also more robust to the evolution of resistance (Figure 5).

Short-term suppression decreases the chance of resistance

evolving during deployment, whereas long-term persistence of

the gene drive in the wild increases the probability that resis-

tance to the gene drive will evolve. This may affect the potential

for future deployment programs in the same population. (3) In the

gene swamping outcome, at the end of the process, the gene

drive allele is absent fromboth populations, but unlike in the ‘‘fail-

ure’’ outcome, a targeted suppression phase does occur. While

this outcome offers only a confined window of suppression (Fig-

ure 4), non-genetic means of population suppression could be

used during this window to achieve eradication of the target pop-

ulation. However, as opposed to long-term suppression, in the

case that eradication is not achieved, the deployment will not

result in spillover nor in the gene drive allele remaining in the sys-

tem. Since these non-genetic control measures should be timed

to coincide with the decrease in the size of the target population,

control measures that are efficient at low population densities,

such as mating disruption strategies (e.g., false pheromones),

should be preferred over measures such as pesticides or sterile

males.31

The investigation of gene drive deployment strategies has pro-

gressed mainly using mathematical and computational

modeling. However, for the conclusions from these modeling ef-

forts to be incorporated into upcoming gene drive projects, it is

likely that experimental validation in a lab setting would be

required. So far, experimental setups for population suppression

using gene drives have been conducted using single caged pop-

ulations32 (usually with several replicates). In order to demon-

strate the potential for spillover mitigation with different gene

drive configurations, it would be important to design an experi-

mental setup that includes population structure and that strongly

relates to the setup of theoretical models. In this aspect, the

modeling approach of two interconnected populations, as we

have used here, is perhapsmore readily translatable to an exper-

imental setup, for example using two interconnected cages,

compared to continuous-space models.

Our model demonstrates the importance of considering the

interaction between the evolutionary and demographic effects

of gene drives. With such feedback, qualitatively different out-

comes may emerge, which may have implications for designing

gene drive configurations and deployment strategies. In our

model, asymmetrical gene flow caused by changes in relative
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Figure 5. Evolution of resistance in gene swamping and suppression

outcomes

Resistance alleles are generated either by de novo mutation (A) or non-ho-

mologous end-joining (NHEJ) during conversion (B). Plotted are the proportions

of simulations for specific gene drive designs, across a range ofmigration rates,

in which resistance did not evolve (see method details for detail of simulations),

for two different population sizes (defined by K). Each line represents a specific

gene drive designwith the outcome in the absence of the evolution of resistance

indicated by the color of the line: blue lines relate to values of s that lead to gene

swamping outcomes (s = 0:76, s= 0:8; and s = 0:84); green lines relate values

of s that lead to suppression outcomes (s = 0:7, s= 0:71; and s = 0:72). Other

parameters used: h = 0:75, c = 1, q1ð0Þ = 0:8, d = 10, r0 = 2, m = 10� 6 (A),

and d = 10� 4 (B).
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population size between target and non-target populations was

shown to generate an outcome of interest that we termed ‘‘gene

swamping.’’ This fail-safe strategy does not rely on the

complexity of the gene drive construct19,20,22,33 but rather on

gene flow and population dynamics. Since these aspects are

general features of wild populations, this approach could be

readily combined with other types of fail-safe mechanisms to

prevent the unintended spread of gene drive constructs.

Limitations of the study
Our models are designed to identify novel outcomes of gene

drive deployment that could be generated by feedbacks be-

tween evolutionary and demographic dynamics during gene

drive spread. Our results support the importance of considering

feedbacks between evolution and demography. Our models are

not intended for quantitatively assessing gene drive parameters

and evaluating specific deployment programs. Such system-

specific parameterization would require a far more detailed

model and consideration ofmany ecological factors not included

here.8
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Gili Greenbaum (gil.g@

mail.huji.ac.il)

Materials availability
This study is theoretical and did not generate new unique reagents.

Data and code availability
d Data. This theoretical study did not generate new data.

d Code. Model code is available on modelRxiv at the URLs noted above, GitHub (https://github.com/carrowkeel/

genedrive_demographic) and Zenodo (https://doi.org/10.5281/zenodo.8004590).

d Any additional information required to reanalyze the results reported in this paper is available from the lead contact upon

request.

METHOD DETAILS

To study gene drive dynamics and spillovers in the presence of feedback between the evolutionary dynamics and the demographic

impact of the gene drive, we developed and investigated two-population mathematical models tracking the gene drive allele fre-

quency and the population sizes. Our focus was to investigate conditions under which the gene drive is potentially able to spread

to different frequencies in the two populations (‘‘differential targeting’’ gene drives6). We limited our study to suppression gene

drives,4 in which the relative fitness cost of the gene drive allele can be manipulated to generate threshold-dependent15 gene drives.

Modification gene drives, the purpose of which is not to reduce the population size but to alter a trait of the organism (e.g., its trans-

mission of diseases), are not expected to be threshold-dependent without additional genetic architecture limiting their spread4; we

do not study such gene drives here.

Our model consists of two dynamics that are related to the spread of gene drives: (i) an evolutionary dynamic, tracking the change

in the gene drive allele frequency q, and (ii) a demographic dynamic, tracking the impact of the gene drive on populations sizes N. In

order to understand the impact of gene flow during gene drive spread, we model two populations, identical in terms of their carrying

capacity, which are connected by migration. We formulate two sets of recursive equations, one set for tracking the gene drive allele

frequency in the two populations qi, and one set for tracking the two population sizes, Ni ði = 1; 2Þ. For simplicity and coherence, we

define population 1 as the ‘target population’ that we aim to suppress and where the gene drive is deployed, and population 2 as the

‘non-target population’. The model is implemented and available on the modelRxiv platform,34 where all results can be regenerated

and the model can be re-parameterized (https://modelrxiv.org/model/yoKkSv). The life cycle used in the model, along with a scheme

of the model dynamics and feedbacks between them are illustrated in Figure S1. The parameters used for model analyses are indi-

cated in Table S1.

Migration between populations
We consider the case where migration occurs prior to selection and population growth (Figure S1), which refer broadly to change in

allele frequency due to the fitness cost of the gene drive, and change in population sizes due to the fitness cost of the gene drive. We

model changes in population sizes in two steps: from pre-migration to post-migration, and then from post-migration to post-selec-

tion. We consider here only the migration-before-selection case because the results are typically similar in the selection-before-

migration case.6 For simplicity, we only consider the case where migration is inherently symmetric, with a proportion m of each

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

modelRxiv modelrxiv.org doi: https://doi.org/10.1101/2022.02.16.480599

Model code Zenodo doi: https://doi.org/10.5281/zenodo.8004590
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population migrating per generation (i.e., symmetric in terms of the proportion of migration, but may be asymmetric in terms of num-

ber of individuals migrating when the population sizes are unequal). We formulate the change in the population size of population i

from the pre-migration sizes, denoted as Ni, to the post-migration sizes, denoted as ~Ni:

~Ni = ð1 �mÞNi +mNj: for i; j = 1; 2; isj (Equation 1)

To model the impact of migration on the genetic composition of population i, we formulate the change from the pre-migration gene

drive allele frequency in population i, denoted as qi, to the post-migration frequency, denoted as ~qi:

~qi =
�ð1 �mÞ2Niqi + 2mNjqj

� 1

2 ~Ni

: for i; j = 1; 2; isj (Equation 2)

In Equation 2, the number of gene drive alleles in the population followingmigration is normalized by the population size to compute

the post-migration allele frequencies.

Soft selection and conversion
Tomodel evolutionary dynamics, we use a previously studiedmodel of gene drive dynamics in two populations,6 which is based on a

model of gene drive spread in a single diploid population.14,15 This model considers the fitness cost of the gene drive allele (A) ho-

mozygote relative to the wild type allele (a), s, the dominance of the gene drive allele, h, and the conversion rate of heterozygotes (Aa)

to gene drive homozygotes (AA) by the CRISPR copyingmechanism, c. In our model we consider gametic conversion of the wild type

allele (we present results for a zygotic conversion model in Note S4 in Data S1). The change in the gene drive allele frequency in pop-

ulation i from the post-migration frequencies ~qi (Equation 2) to the post-selection frequencies q0
i can be described by the recursion

equation6

q0
i =

~q
2
i ð1 � sÞ+~qið1 � ~qiÞð1+cÞð1 � hsÞ

wi

; (Equation 3)

where the average fitness wi is defined as wi = ~q2
i ð1 � sÞ+ 2~qið1 � ~qiÞð1 � hsÞ+ ð1 � ~qiÞ2. In this model, migration occurs before

randommating, followed by conversion and selection (Figure S1). While the life cycle may alter the outcome of the model for specific

parameters, the overall effect of the order of events in the life cycle is expected to be minor.6

Demographic dynamics
Tomodel demographic dynamics, we use the Beverton-Holt model35 to describe changes in populations sizes followingmigration ( ~Ni

in Equation 1):

N0
i = Ri

~Ni

K

K+ðRi� 1Þ ~Ni

; (Equation 4)

where K is the carrying capacity (assumed identical for both populations) and Ri is the growth rate of population i (for an alternative

demographic model, see Note S3 in Data S1). We also consider the populations identical in terms of their intrinsic growth rates (i.e.,

the growth rate of the population without the gene drive allele and far from carrying capacity). As the growth rate is affected by the

spread of the gene drive, we treat the actual growth rate of the populations as a dynamic parameter, Ri, which depends on the gene

drive allele frequency. Instead of computing genotype frequencies separately using their respective growth rates (hard selection), we

assume that the population has a single growth rate that is a function of its genotype frequencies. This allows us to separate between

the effect of the gene drive on soft selection, for example intra-population competition that can alter the gene drive allele frequency

(in the soft selection step above), and its effect on the overall growth or collapse of the population. To describe the relationship be-

tween the population growth rate and its genetic composition, we define ‘‘genotype growth rates’’, which are weights we use to

compute the population growth rate based on the population’s genetic composition. We denote the growth rate of a genotype

with relative fitness cost s as rðsÞ. Thus, the intrinsic growth rate in the absence of the gene drive is denoted r0, and the intrinsic growth

rate of a population fixed for the gene drive allele is rðsÞ. For all analyses, we defined r0 = 2, which means that the population at most

doubles in every generation (e.g., mosquito populations36). The intrinsic population growth rateRi at a given point in time is, therefore,

computed by weighing the different growth rates with the post-selection genotype frequencies of the gene drive allele:

Ri = G0
aa;i r0 +G0

Aa;i rðhsÞ +G0
AA;i rðsÞ; (Equation 5)

whereG0
aa;i = ð1 � ~qiÞ2,G0

Aa;i = 2~qið1 � ~qiÞð1 � hsÞ andG0
AA;i = ~q2

i ð1 � sÞ. Equation 5 links the demographic dynamics described in

Equations 1 and 4 with the evolutionary dynamics of Equations 2 and 3, which together comprise the dynamical system we study.

Demographic effect of the gene drive
The function rðsÞ describes the demographic impact of the gene drive, and is related to the relative fitness cost s of the gene drive

allele. This function is of particular interest, because it defines the population-level impact of the gene drive allele, and therefore could

vary depending on the demographic effect of the gene drive phenotype on the population. If the gene drive has no demographic effect
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(i.e., gene drive carriers have decreased intra-species competitive abilities, but do not suffer from absolute fitness costs), rðsÞ should
be independent of s and equal to the intrinsic growth rate r0. If the demographic effect is correlated to the effect of the gene drive on

relative fitness, s and rðsÞ should be tightly linked. To model this relationship, we introduce a parameter d that allows the manipulation

of the level of the demographic effect of the gene drive; this parameter determines the degree to which growth rate rðsÞ is impacted in

relation to the relative fitness cost s of the genotype (e.g., for heterozygotes, we compute rðhsÞ by substituting s with hs):

rðsÞ = r0 � �
1 � e�ds

�ðs + r0� 1Þ: (Equation 6)

Under this formulation, for d = 0, the gene drive has no effect on growth rate (i.e., soft selection; rðsÞ = r0), whereas d/N, we have

rðsÞ/1 � s, meaning that the population decline rate is fully correlated with the relative fitness cost. Intermediate values of d represent

partial correlationsbetweenwithin-population competition andpopulation-level demographic effects. The formulation inEquation6was

chosen to allow themanipulation of the demographic effect of the gene drive and generate a continuumbetween the purely evolutionary

dynamics and the demographic-evolutionary dynamics, and does not represent any particular relationship between genotypes and

fitness. An alternative simplified formulation of rðsÞ does not substantially alter the outcome of the model (see Note S2 in Data S1).

Population dynamics
The population dynamics are governed by Equations 1 and 4. In Equation 4, when ~Ni = K the population size would remain fixed from

that point onward. To avoid the population size remaining fixed at Kwhen we initialize the dynamics, we defined the initial population

size of both populations asNið0Þ = Kð1 � eÞ. We used e= 0:01 through all analyses. Changing the value of e changes the delay of the

demographic effect of the gene drive: lower values delay the demographic effect, while higher values increase the rate of the demo-

graphic effect.

Classification of outcomes
We classified the outcomes based on the evolutionary (Equation 3) and the demographic (Equation 4) dynamics. To differentiate be-

tween outcomes, we consider (i) the gene drive allele frequency and population size at t = 100, and (ii) the minimum population size.

These definitions allows us to connect outcomes to functional aspects of deployment (e.g., theminimumpopulation size is ameasure

of the effectiveness of suppression during deployment). For each outcome, we define thresholds of these two parameters. For

example, we classify the outcome as ‘suppression’ when the target population has a high frequency (R0:5) of the gene drive allele,

the non-target population has a low frequency (< 0:5) of the gene drive allele, the target population is suppressed (N1< 0:9K, i.e., less

than 90% of its initial size), and the non-target population was not suppressed (minðN2ÞR 0:9K). For ‘oscillations’, in addition to the

thresholds in this table, we consider dynamics in which the target population size oscillates with an amplitude above a certain

threshold (> 0:5). The full classification of outcomes is detailed in Table S2.

We defined three characteristics of the suppression phase in the target population (Figure 4A): (i) the duration of suppression, (ii) the

maximal suppression level, and (iii) the total suppression. The duration of suppression was defined as the number of generations in

which the target population size is suppressed (N1< 0:9K, i.e., less than 90% of its initial size). The maximal suppression level is

defined as minðN1Þ
K . The total suppression is defined as

Pn
i = 11 � N1ðtÞ

K , where n is the total number of generations.

Evolution of resistance
In order to measure the effect of the evolution of resistance on the outcomes of our model, we modified the genetic element of the

model, using a previousmodel [24] that considers three possible alleles at the gene drive locus: a (wild type allele),A (gene drive allele)

and b (resistance allele). Here, in addition to the gene drive allele, we track the frequency of the resistance allele in the two popula-

tions, pi. To account for gene flowof the resistance allele, we add an equation analogous to Equation 2 to compute the post-migration

resistance allele frequency ~p:

~pi =
�ð1 �mÞ2Nipi + 2mNjpj

� 1

2 ~Ni

: for i; j = 1;2; isj (Equation 7)

Because the resistance allele prevents conversion, we only need to account for conversion for A=a heterozygotes. We define sb as

the relative fitness cost of the resistance allele b. We assume that the resistance allele is codominant with the wild type allele, and that

the dominance of the gene drive allele over thewild type allele, h, is equal to the dominance of the gene drive allele over the resistance

allele. Using these parameters, we define the evolutionary dynamics in a similar manner as in Equation 3 for each population following

Unckless et al.24:

q0
i =

~q
2
i ð1 � sÞ+~qið1 � ~qi � ~piÞð1+cÞð1 � hsÞ+~qi ~pið1 � hs � ð1 � hÞsbÞ

wi

(Equation 8)

p0
i =

~p
2
i ð1 � sbÞ+~pið1 � ~qi � ~piÞð1 � sb=2Þ+~pi ~qið1 � hs � ð1 � hÞsbÞ

wi

(Equation 9)
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These recurrence equations incorporate the gene drive design parameters (s, c and h) and the relative fitness cost and dominance

of the resistance allele (sr and hr , respectively). Accounting for the resistance allele pi, the mean fitness in the two populations is now

wi = ~q2
i ð1 � sÞ+ 2~qi ~pið1 � hs � ð1 � hÞsbÞ+ 2~qið1 � ~qi � ~piÞð1 � hsÞ+ 2~pið1 � ~qi � ~piÞð1 � sb=2Þ+ ~p2

i ð1 � sbÞ+ ð1 � ~qi � ~piÞ2.
For the purpose of investigating the likelihood of resistance establishing in the population we are mainly interested in the emer-

gence of a significant level of resistance alleles in either population, and not in the loss of resistance alleles following the loss of

the gene drive allele (through competition with the wild type allele). Therefore, we set the relative fitness cost of the resistance allele

to sb = 0. This implies that, in our analysis, the frequency of resistance alleles will remain at a fixed level once the gene drive allele is

lost because it has no disadvantage relative to the wild type allele. This assumption is useful for the evaluation of the maximal spread

of the resistance allele under different conditions.

Because we assume the relative fitness of the wild type allele a and resistance allele b is the same, we can replaceG0
aa;i = G0

aa;i +

G0
ab;i +G0

bb;i, and G0
Aa;i = G0

Aa;i +G0
Ab;i in Equation 5 to compute the growth rates in the presence of the resistance allele.

We considered two mechanisms through which resistance alleles are generated24: de novo mutations of the wild type allele to a

resistance allele that cannot be converted, and non-homologous end-joining during conversion resulting in a resistance allele (as

opposed to a converted gene drive allele). De novo mutations appear as a function of population size and wild type alleles24:

um = 2 ~Nim
h
ð1 � ~qiÞ2 + ~qið1 � ~qiÞð1 � cÞ

i
; (Equation 10)

where um is the de novo mutation rate, and ~Ni is the population size after migration. For our simulations, we define m = 10� 6. The

factors ð1 � ~qiÞ2 and ~qið1 � ~qiÞð1 � cÞ are the proportions of wild type homozygotes and half the non-converted heterozygotes,

respectively.

In the case of NHEJ, events occur as a function of population size and gene drive/wild type heterozygotes24:

ud = 2 ~Nidc~qið1 � ~qiÞ; (Equation 11)

where ud is the rate of NHEJ events, and ~Ni is the population size after migration. For our simulations, we define d = 10� 4. c~qið1 � ~qiÞ
is the proportion of converted heterozygotes. In each generation, the number of resistance alleles is drawn from a Poisson distribu-

tion with rate given by either um or ud.

To compute the probability of resistance evolving either through de novo mutation or NHEJ events, we chose gene drive design

andmigration parameters that result in either the suppression or gene swamping outcomes based on previous analyses of themodel,

and ran stochastic simulations with the two resistance allele generating mechanisms. The outcome of these simulations will either be

the ‘intended outcome’ of suppression or gene swamping, or the evolution of resistance and loss of the gene drive. For each simu-

lation run, we defined the evolution of resistance according to the resistance allele frequency p after 100 generations, where pR0:1

was considered as resistance having evolved. We ran 1000 simulation repeats for different gene drive designs (different values of s)

for different population sizes, defined by the carrying capacity K, within a range of migration ratesm. We considered the proportion of

simulations for a given parameter set in which resistance did not evolve as the robustness to the evolution of resistance for the ‘in-

tended outcome’ of these parameters.

ADDITIONAL RESOURCES

To facilitate further exploration of our results, we uploaded the model code to the platformmodelRxiv, which allows visualization and

analysis of models through a simple user interface (Harris et al.34; https://modelrxiv.org/model/yoKkSv for JavaScript model and

https://modelrxiv.org/model/FPDRyL for Python model). In this platform, the results can be regenerated and the model can be re-

parameterized (Figure S9).
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