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Exploiting genetic systems that link desired traits to 
chromosomes or genetic elements with a positive trans-
mission bias (that is, >50%) dates back to the potential 
uses of chromosomal translocations by Serebrovski1, 
which was further generalized and articulated by Curtis 
in the 1960s for spreading a desired trait throughout a 
target population2. These so- called gene- drive systems 
or selfish genes3 are abundant in nature. Driving ele-
ments can bias the transmission of sex chromosomes 
or autosomes (meiotic drive)4–11 or only themselves, 
as exemplified by the diverse families of transposable 
elements12,13 (for example, P- elements in fruitflies14–16 or 
retrotransposons in humans17). Such super- Mendelian 
genetic entities have been implicated in the evolution  
of genome architectures in plants and animals17–21.

Gene drives can be broadly divided into two main 
categories based on how readily they spread through a 
population. High- threshold drives, such as the reciprocal 
chromosomal translocations that Curtis considered2, 
require many individuals (for example, more than the 
number of native residents) to take over the population 
(FiG. 1). By contrast, low- threshold drives can be seeded 
at very low numbers to do so. This Review focuses on 
the latter low- threshold gene drives in insects as they 
arguably hold the greatest promise for impacting dis-
ease transmission on continental scales and because 
optimized second- generation drives have been devel-
oped over the past 5 years. Various high- threshold sys-
tems, with diverse applications on more local scales, 
are reviewed elsewhere, including second- generation 
so- called underdominant chromosome translocation 
systems22 and other strategies such as Medea toxin– 
antitoxin arrangements23–29, Cleave and Rescue30,31 or 

TARE systems32, in which an essential gene is targeted for 
inactivation and rescued by a recoded transgene inserted 
elsewhere in the genome, or reproductive symbionts/
parasites such as Wolbachia33–35.

Homing endonuclease genes (HEGs)36,37 are an  
example of low- threshold selfish genetic elements that 
are found in a variety of microorganisms. These elements 
encode highly sequence- specific endonucleases that 
cut a naive homologous chromosome at the site where 
they are inserted into the genome and are copied into 
the DNA breaks they create by homology- directed repair 
(HDR) pathways. HEGs provided the first practical tools 
for building and testing synthetic gene- drive systems 
in strains of Drosophila38,39 or Anopheline mosquitoes40  
engineered to carry a HEG recognition site.

A limitation of HEGs is that modifying them to cut 
at specific desired sites in the genome is exceedingly 
difficult. This problem was bypassed by programma-
ble nucleases, such as zinc- finger nucleases (ZFNs) and 
transcription activator- like effector nucleases (TALENs), 
that initiated the era of targeted genome editing41. 
Subsequently, the discovery of CRiSPR–Cas9 bacterial 
defence systems42 and the development of a simplified 
dual- component system by Doudna’s group, consisting 
of the Cas9 (CRISPR- associated protein) endonuclease 
and a readily programmable guide RNA (gRNA) that 
binds Cas9 and directs DNA cleavage to desired sites43 
(FiG. 1a), has revolutionized nearly all fields of biology44. 
The bipartite nature and flexible programmability of 
CRISPR led to the rapid development of a variety of gene- 
drive systems (FiG. 1b–f) in insects45–49, mammals50, 
yeast51 and bacteria52, several of which are discussed in  
this Review.

Gene drives

An allele of a diploid gene 

experiences gene drive if it is 

inherited more than 50% of 

the time (that is, more than by 

random chance).

High- threshold drives

Drive systems wherein release 

of many individuals is required 

for super- Mendelian spread  

of the drive.

Low- threshold drives

Drive systems wherein  

the release of only a few 

individuals is required for 

super- Mendelian spread  

of the drive.

Essential gene

A gene required for the viability 

or reproduction of an organism.
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I begin by discussing full gene- drive systems that 
carry linked transgenes expressing Cas9 in the germline 
and a gRNA- directing DNA cleavage at the site where 
the gene- drive cassette is inserted into the genome45,53. 
These drive elements can be used to reduce mosquito 
populations (suppression) or to render them incapable 
of transmitting pathogens (modification; for example, by 
including cargo genes encoding anti- malarial effectors46). 
For modification systems, incorporating functional 
recoded versions of genes into drives can greatly improve 
their performance54–57.

Next, I examine split- drive systems in which the 
Cas9 and gRNA transgenes are carried by two dif-
ferent elements. Such split systems can be used for 
various purposes, including deleting and replacing 
genome segments58, updating gene drives (for exam-
ple, with new anti- pathogen effectors), reconstituting a 
full- drive system from separate trans- complementing drive 
components59, driving transmission of preferred allelic 
variants at other loci60 (for example, insecticide suscep-
tibility or pathogen refractory host alleles), inactivat-
ing host factors required for pathogen transmission61, 
neutralizing drives (that either excise the drive element or 
mutate the Cas9 transgene it carries)62, and in promis-
ing ‘active genetics’ applications being developed in other 
organisms50,52. Finally, I consider the wider implications 
and future perspectives for genetic systems endowed 
with the inherent capacity to spread throughout natural 
populations.

Suppression versus modification strategies

There are two primary strategies for deploying low- 
threshold gene- drive systems to reduce the disease 
impacts of insect- borne pathogens. The first, often 
referred to as ‘population suppression’, is the genetic 
equivalent of insecticides. The idea of suppression drives 
is to force deleterious traits into a population, leading 
those populations to crash or be much diminished. If the 
mosquito is eliminated, so too will all the diseases it can 
transmit (see Box 1 for the relationship between ento-
mological effects and disease elimination). The second 
approach is to modify the insect vector to prevent it from 
transmitting the pathogen one wishes to eliminate. This 
immunizing approach, often referred to as ‘population 
modification’ or replacement, leaves the insect in place 
in the environment but blocks disease transmission.

Mathematical modelling of suppression drives with 
differing fitness costs by Burt63 (FiG. 1h) predicted that 
they should reach an equilibrium level in populations  
of an infinite size determined by the copying efficiency of  
the drive element. Generational delays in incurring 
fitness costs improved the suppressive performance of 
drives (for example, grandchildless > sterile > lethal 
pheno types). The main virtue of suppression drives is 
that, if successful, they eliminate or greatly reduce the 
transmission of all diseases vectored by a given insect. For  
example, suppression of Anopheline mosquitoes would 
reduce malaria caused by all malarial parasites, most 
notably the main pathogens of concern Plasmodium 
falciparum and Plasmodium vivax. Likewise, suppres-
sion of Aedes mosquitoes, such as Aedes aegypti, would 
greatly reduce the transmission of all arboviruses vec-
tored by this species, including those causing dengue 
fever, yellow fever, chikungunya and Zika. The primary 
challenge of this approach, however, is the possible fail-
ure of the drive to achieve its goal of suppression owing 
to it generating (or the pre- existing presence of) func-
tional cleavage- resistant alleles in the population that 
cannot be converted by the gene- drive. Such functional 
drive- resistant alleles would be positively selected, lead-
ing to the disappearance of the suppression drive and 
rebound of drive- resistant vector- competent mosqui-
toes. Additionally, local elimination of a mosquito spe-
cies (although modelling suggests this is very unlikely 
on a global scale64,65; FiG. 2) might result in other spe-
cies filling in the empty niche66,67, which could have  
unintended ecological consequences.

The alternative strategy of population modification, 
in which drives are designed to carry minimal, if any, 
fitness costs, are predicted to follow a simple logistic 
growth trajectory when released into wild populations 
(FiG. 1e,f). If the drive copies with high efficiency in both 
sexes (see below for examples of drives approximating 
this ideal), then, when seeded at ratios as low as 1:10 or 
perhaps even 1:100, they should completely replace the 
wild- type allele in 5–10 generations68 (FiG. 1f). The chief 
advantage of modification drives is that they are predicted 
to remain stable in the population for a sufficiently long 
period (2–5 years) to achieve and maintain local elimi-
nation of the pathogen (for example, malarial parasite; 
Box 1), allowing public health officials to “consolidate 
their gains” as Macias and James, the latter a leader in 

Homology- directed repair

(HDR). A DNA repair pathway 

initiated following induction  

of double- strand DNA breaks 

in which the break is repaired 

by copying sequences (or a 

template) from an identical 

sister chromosome (typically 

following DNA replication in 

somatic cells) or from the 

homologous chromosome 

(typically during meiosis, 

although sometimes also  

in somatic cells).

Anopheline mosquitoes

A genus of mosquitoes that 

carry malarial parasites.

CRISPR

A bacterial immunity system 

from which the synthetic 

CRiSPR–Cas9 genome editing 

system was derived by Jenifer 

Doudna and colleagues.

Guide RNA

(gRNA). A synthetic linkage  

of two RNA components of 

bacterial CRiSPR systems: 

transactivating CRiSPR RNA 

and CRiSPR RNA. gRNAs  

are sometimes also denoted 

sgRNA (synthetic- guide RNA  

or single- guide RNA).

Fig. 1 | Design and spread of CRISPR-based gene drives. Gene- drive scheme68. The 

bipartite synthetic CRISPR system (part a). A guide RNA (gRNA; green) binds Cas9 (cyan) 

directing it to bind and cleave DNA at complementary sites 20 nucleotides in length.  

The protospacer- adjacent motif (PAM) site (NGG; red) is required for Cas9 binding to 

genomic targets. In eukaryotic cells, double- stranded breaks are repaired either by  

the error- prone non- homologous end- joining or by homology- directed repair (HDR), the 

pathway acting in the germline (part b). Insertion of a cassette encoding Cas9 (cyan) and 

a gRNA (green) flanked by homology arms (HAs) results in HDR- mediated copying of  

the cassette from the plasmid into the genomic cut site (part c). The HAs directly flank the 

gRNA- directed cleavage site. Once inserted into the genome, the Cas9 + gRNA cassette 

directs cleavage of the homologous chromosome in the germline and is copied into  

the DNA break by HDR resulting in nearly all progeny (~99%) inheriting the ‘gene- drive’ 

cassette (part d). Comparison of Mendelian versus gene- drive inheritance patterns.  

In each case, a few transgenic individuals (blue) are introduced to a large wild- type (WT) 

population (white) (part e). Predicted logistic growth curve for seeding 1% gene- drive 

individuals into a WT population (part f). This logistic growth curve is defined by the 

second- order recursion formula: fn+1 = fn + fn(1 – fn) = 2fn – fn
2, where fn is the frequency  

of the gene drive in the population at generation n. This formula has the closed- form 

solution = − −f(n) 1 (1 c )0
(2 )n , where c0 is the seeding frequency of the gene drive68. Such 

optimal drives should reach nearly full introduction by ~10 generations when seeded at  

a ratio of 1:100. Foundational modelling by Curtis2 for drive of a translocation (T), which i 

s fertile as a homozygote, as is the WT (+) allele, but gives rise to sterile heterozygotes  

T/+ (part g). This seminal example of a high- threshold drive reveals that, if the T allele 

is present at >50% prevalence, it takes over the population but, when present at <50%,  

it disappears over time (solid lines). If the T allele carries a heterozygous fitness cost 

(dotted lines) the drive must be seeded at a higher percentage to take over. Modelling  

of a homing endonuclease gene (HEG) gene drive inserted into an essential gene and 

expressed in a strictly germline- specific fashion63 (part h). Assuming an infinite population 

and no cleavage- resistant alleles, this drive should attain an equilibrium prevalence 

determined by its allelic conversion probability (e). For e = 0.9, the drive equilibrates at 

90%, at which point the greater reproductive fitness of the WT allele balances the drive 

potential of the HEG. Parts a–d are adapted with permission from ReF.68, Wiley. Part g  

is adapted from ReF.2, Springer Nature Limited. Part h is adapted with permission of  

The Royal Society, from Proc. Biol. Sci. Burt, A. 270, 1518 (2003); permission conveyed 

through Copyright Clearance Center, Inc. (ReF.63).
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the development of modification strategies, often point 
out69. One could then move forwards to rid the disease 
from neighbouring or more distant regions, to achieve 
eventual continent- scale elimination of the parasite. 
This is a salient theoretical advantage of modification 
over suppression, because suppression, like insecti-
cides, may need to be applied repeatedly in the same 
location64,65,70, creating escalating costs and logistical 
barriers as the effort expands. Additionally, modifica-
tion drives should leave no empty ecological niches66,67 
and, therefore, potentially impose less environmental 
impact than suppression drives. The major limitations 
of the modification strategy are that anti- pathogen cas-
settes need to be built for each pathogen (for example, 
each species of malarial parasite or each target virus) 
and redundant effector systems are required to avoid the 

rapid selection for resistance to the anti- pathogen factors 
(Supplementary Table 1). In some geographical regions, 
the former consideration could require constructing 
several transgenic lines in multiple species. Updating 
genetic elements (described below) can help address the 
latter concern regarding evolution of parasite resistance.

Suppression drives

First- generation suppression drives developed in the 
Crisanti laboratory47 (FiG.  2a) performed compara-
bly to the proof- of- principle modification drives46. 
However, suppression drives, by their intended design, 
suffer a greater impact from imperfect copying when 
transmitted through females71. The problem stems 
from non- copying events in which the target site 
is cleaved and, instead of the break being repaired 

Anti- malarial effectors

Transgenes encoding proteins 

that, when expressed, exert  

a desired anti- malarial effect, 

such as for anti- malarial 

peptides expressed following  

a blood meal in mosquitoes.

Trans- complementing drive

A split CRiSPR- based gene- 

drive system comprising two 

components: a Cas9-expressing 

element and a guide RNA 

(gRNA)- bearing element that 

are inserted at different sites  

in the genome. The gRNA 

element carries two gRNAs, 

one to copy itself and the other 

cutting at the insertion site of 

the Cas9 element. Alone, each 

element is inherited in a 

standard Mendelian fashion. 

When combined, however, the 

gRNAs complex with Cas9 

provided in trans to drive 

copying of both elements, 

thereby creating a full- drive 

system that efficiently transmits 

both elements to progeny.

Neutralizing drives

Genetic elements designed to 

eliminate or halt the spread of 

a gene drive. examples include 

active guide RNA (gRNA)- only 

elements such as e- CHACRs 

(erasing constructs hitchhiking 

on the autocatalytic chain 

reaction), eRACRs (elements 

reversing the autocatalytic 

chain reaction) or Cas9- 

triggered chain ablation 

(CATCHA) elements, anti- Cas9 

proteins, as well as passive 

recoded fitness- neutral gRNA 

target sites (for replacing 

suppression drives).

Active genetics

Copying of a genetic element 

from one chromosome to its 

homologue in response to a 

double- strand DNA break 

being generated in the 

homologue at the same 

genomic site where the active 

genetic element is inserted. 

Copying, which results from 

directional gene conversion,  

is typically mediated in the 

germline by the synthesis- 

dependent strand annealing 

(or D- loop) branch of the 

homology- directed repair 

pathway.

Suppression drives

Gene drives that reduce the 

size of the target population. 

Typically, suppression drives 

insert into genes required for 

the viability or fertility of one 

or both sexes.

Box 1 | Potential epidemiological impact of gene- drive systems

The general benchmark for judging whether an ongoing 

epidemic will continue to spread or decay depends on  

the overall basic reproductive number R0 of the pathogen 

infection being <1 to achieve eventual disease control.  

For directly transmitted pathogens, including various 

bacteria (for example, Vibrio cholerae, Mycobacterium 

tuberculosis or Escherichia coli) and viruses (for example, 

influenza, SARS- related, HIV or Ebola virus), this criterion 

of R0 <1 means that, on average, each infected person 

transmits the disease to fewer than one other person.  

For indirectly transmitted diseases such as those vectored 

by mosquitoes (for example, malaria and diseases caused by 

arboviruses), the calculation is a bit more complicated: 

R0 = bcV/r, which involves knowing the infectivity of 

mosquitoes to humans (b), the infectivity of humans  

to mosquitoes (c), the time required to clear infections 

(1/r) and the vectorial capacity of the mosquito (V) (see 

the figure). The parameter V itself is a composite of various 

factors (V = E[1 + cSX]/cX, where E is the entomological 

inoculation rate, which is the average number of infectious 

bites a person receives each year, c is the probability that a mosquito will get infected by feeding on an infected human,  

and S is the number of human bites per mosquito and X is the fraction of mosquitoes infected with parasites)168,169.

Given the many parameters that need to be known to calculate R0, it is difficult to estimate precisely the effect of 

introducing a gene- drive system (either suppression or modification), particularly given seasonal cycles of mosquito 

breeding and the considerable variability of environmental and human factors in both space and time contributing to this 

calculation64,65,70,114,115,170–172. Nonetheless, certain general principles can be underscored regarding the potential beneficial 

impacts of gene drives when layered on top of existing interventions (for example, insecticide- impregnated bed nets, 

indoor residual spraying with insecticides, anti- malarial drugs and sanitation measures to reduce breeding capacity such  

as draining standing water). Given the substantial progress that has been made over the past decade in reducing malarial 

prevalence and deaths (by ~50% globally167), one can infer that R0 must be somewhere near 1 in many regions and that 

additional reductions could help drop it below 1, at least in some of these locations.

How might suppression or modification drives impact the factors contributing to R0 = bcV/r? In simplified terms, 

suppression works to reduce vectorial capacity (V), whereas modification lowers infectivity (b). As the two interventions  

act by largely independent means, their combined impact should thus be multiplicative. Spatial modelling of doublesex 

(dsx)- drives (with or without an X- shredder added)65 suggest that these systems should be able to reduce average mosquito 

populations by ~95% if they carried no heterozygous fitness costs. However, when including currently estimated fitness 

costs, the suppression levels drop and adding modification schemes might be of value in these situations65. The very low 

measured fitness costs associated with modification systems in the laboratory suggest a potential tandem application 

scheme in which suppression drives are released first to substantially reduce the number of mosquitoes. Then, the subsequent 

release of modification drives should spread more quickly as they would require fewer generations to achieve full introduction. 

In addition, because the prevalence of parasite- infected mosquitoes should drop proportionally to population reductions 

attained by the suppression drive, parasites should have less opportunity to evolve resistance to combinations of anti- malarial 

effectors expressed by the modified mosquito strains. If the suppression and modification systems could cooperatively sustain 

reduced levels of infective mosquitoes for 2–3 years for Plasmodium falciparum (to eliminate the human reservoir of parasites) 

and perhaps for ~5 years for Plasmodium vivax (this parasite is infective for a longer period owing to its ability to remain in a 

quiescent state in the liver), these two strategies could help push R0 <1 to achieve and maintain local disease elimination.

Adapted from ReF.168, CC0 1.0 (https://creativecommons.org/publicdomain/zero/1.0/).
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by HDR- mediated directional gene conversion72–75 
(resulting in copying of the drive element), the site is 
mutated by the competing non- homologous end- joining 
(NHEJ) pathway to generate drive- resistant inser-
tion/deletion (indel) alleles45–47,49,60,76,77. Most of such 
NHEJ- induced indel alleles are non- functional (for 
example, out- of- frame or deleterious to protein func-
tion) and contribute passively to suppression of the target 
population71. However, a fraction of in- frame indels can 
retain target gene function and such alleles will rapidly 
take over the population owing to the strong positive 
selective advantage associated with fertility (FiG. 2b).

The doublesex- drive. The Crisanti group found a clever 
solution to the drive- resistance problem by identifying a 
highly conserved gRNA target site in the doublesex (dsx) 
gene, which is required for proper female development 
and, hence, fertility48. This target site was conserved 
100% across more than 1,000 sequenced genomes of 
the target species (Anopheles gambiae)78 and was located 
at an intron–exon junction. The authors reasoned that 
this target sequence could not be altered in any fashion 
without loss of an essential differential splicing prod-
uct required to generate the female- specific form of this 
sex- determination protein. Additional improvements, 
including the identification of a more germline- specific 
promoter (from the zero population growth (zpg) gene) 
to express the Cas9 enzyme selectively in cells where 
HDR prevails, reduced the frequency of generating 
NHEJ alleles. This second- generation suppression drive 
produced fewer NHEJ alleles and no functional drive- 
resistant alleles were identified in cage trials, indicating 
that the frequency of such alleles is exceedingly low, 
possibly zero. As no functional drive- resistant alleles 
arose, the dsx- drive consistently took over cages with 
wild- type mosquitoes and collapsed the populations  
as intended.

X- shredder drives. Another potential suppression tactic 
is to destroy (or shred) X chromosomes in males so that 
only the Y chromosome is transmitted79. A key aim for 
this approach is to destroy79 or mutate80 the X chromo-
some prior to fertilization of the egg to avoid reducing 
total progeny output. Note that one could also express 
the X- shredder from an autosome to generate daugh-
terless fathers, however, as this sterilizing trait would be 
inherited in only a Mendelian fashion, such elements 
would rapidly decrease in frequency in the population 
in contrast to exhibiting drive when linked to the Y chro-
mosome. Proof- of- principle X- shredders using either 
HEG or CRISPR systems targeting repeated X- linked 
ribosomal RNA genes showed promise81,82; however, 
it proved difficult to express the nucleases from the 
Y chromosome, most likely owing to the phenomenon 
of meiotic sex chromosome inactivation83. Another gen-
eral concern for these and other suppression drives is 
to minimize any dominant fitness costs associated with 
being heterozygous for the drive element.

A composite dsx- shredder drive. Although the dsx- drive 
very effectively suppressed laboratory cage populations 
without generating functional drive- resistant alleles48, 

there was the lingering concern that such alleles might 
arise very rarely in large natural populations. One way 
to reduce this possibility is to impose female sterility by 
two independent mechanisms. The Crisanti group cre-
ated such a dual sterilization drive by mounting a HEG  
X- shredder under the control of a male- specific pro-
moter (beta2- tubulin) on the dsx- drive84 (FiG. 2c). In the 
process, they also optimized regulatory sequences to 
minimize the heterozygous fitness costs of the drive 
element. Both mathematical modelling and cage exper-
iments confirmed that the composite dsx- shredder drove 
more quickly than the parent dsx- drive (FiG. 2d).

Modelling on geographical scales. Modelling effi-
cient suppression systems, such as the dsx- drive and 
dsx- shredders, predicts the observed rapid collapse of 
populations observed in cage studies involving lim-
ited population sizes48,84. Recall that original models 
devised by Burt63, assuming much larger populations, 
concluded that such elements would achieve a balanced 
equilibrium based on drive efficiency versus fitness cost 
associated with the drive relative to wild- type alleles 
(FiG. 1h). More recent two- dimensional models account-
ing for realistic population densities of mosquitoes on 
large geographical scales reveal again that suppression 
drives should not fully extinguish themselves even 
long after they have spread throughout a region64,65,84 
(FiG. 2h). These models predict periodic regional fluc-
tuations of mosquito populations (FiG. 2i), wherein both 
driving Y64 or dsx (± X- shredding) suppression65 drives 
achieve complete population elimination in local areas 
(as they do in confined population cages48,84 or in cir-
cumscribed territories following grid- like patterns of 
release70; FiG. 2e–g). Because mosquitoes homozygous for 
the drive are not able to repopulate those regions (they 
are female sterile), only wild- type mosquitoes flying in 
from adjacent regions can do so64,65. Those wild- type 
mosquitoes can then breed until they achieve sufficient 
densities to sustain re- introduction of the suppression 
drive, which also never goes extinct because wild- type 
populations keep resurging in oscillating patterns of 
territories (FiG. 2i). The final outcome is that the aver-
age number of mosquitoes is greatly reduced (by ~95%  
with ideal drive performance) but the fluctuating equi-
librium between drive and wild- type mosquito popu-
lations persists indefinitely, always ebbing and flowing, 
particularly in regions with dense mosquito and human 
populations64,65 (FiG.  2i). The practical question is: 
are these levels of suppression sufficient to bring the 
basic reproductive number (R0) of parasite infection below 1,  
the epidemiological criterion for extinguishing an  
epidemic (Box 1)?

Modification drives

In contrast to suppression drives, the impediment to 
drive success imposed by functional alleles resistant 
to Cas9 cleavage is much less of a concern for modi-
fication drives, which are designed not to impose any 
significant fitness costs70. Consistent with the expecta-
tion that rare functional drive- resistant alleles should 
have little, if any, advantage over a fitness- neutral drive 
allele, such variants have not been observed to expand 

Malaria

An infectious blood disease 

caused by Plasmodial parasites 

(for example, Plasmodium 

falciparum and Plasmodium 

vivax) that is primarily 

transmitted (vectored)  

by mosquitoes in the 

Anopheline genus.

Aedes mosquitoes

A genus of mosquitoes carrying 

arboviruses that transmit 

dengue fever, yellow fever, 

chikungunya or Zika.

Modification drives

Also referred to as replacement 

drives. Drive systems that 

modify a target population  

but do not reduce its numbers.

Non- homologous 

end- joining

(NHeJ). A DNA repair pathway 

initiated following the induction 

of double- strand DNA breaks  

in which the two ends of DNA 

are ligated back to each other  

in a template- independent 

fashion. NHeJ can introduce 

small insertions or deletions, 

which can cause mutations  

and frameshift- based 

loss- of-function alleles  

of a gene.

Basic reproductive number

(R0). The expected number of 

disease cases generated by 

one person infected with a 

pathogen if all individuals are 

susceptible to infection (that is, 

at the beginning of disease 

spread). For vector- borne 

diseases, it depends on several 

factors involving the vector 

hosts as well as infected 

persons (Box 1).
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in small population cages54,57,85, in contrast to the strong 
positive selection imposed on this class of alleles by sup-
pression drives47,86. These comparative considerations 
notwithstanding, it still makes good engineering sense 
for modification drives to achieve maximal introduction 
into a target population. Such deep population pene-
tration is important for two reasons. First, protective 
effectors, such as transmission- blocking single- chain 
antibodies (scFvs) that bind to and neutralize malarial 
parasites (Supplementary Table 1) need to be present in 
a sufficiently large fraction of the population to attenu-
ate disease transmission such that R0 <1 (Box 1). Second, 
for some effectors, it may be beneficial or necessary for 
them to be present in two copies (that is, homozygous) 
to achieve sufficient levels of effector dosage to have the 
desired effect87,88. In such cases, one needs correspond-
ingly high levels of drive introduction to achieve the 
desired goal otherwise a considerable fraction of 
the population may remain heterozygous for the effector 
cassette and cleavage- resistant NHEJ alleles (see below 
regarding recoded drives inserted into essential genes 
to avoid such outcomes). As in the case of suppression 
drives, one would expect comparable epidemiological 
impacts in mosquito populations if effectors blocking 
100% of parasite transmission (as they do in laboratory 
settings89) were carried by a sufficient fraction of the 
population (for example, an 80% reduction in mosquito 
numbers ≈ 80% prevalence of fully effective anti- parasite 
effectors; Box 1). However, if parasite transmission 
were not entirely attenuated, the fraction of modified 
individuals might need to be higher to achieve similar 
reductions in R0.

Three potential types of fitness- neutral modification 

drive. Whereas the impact of functional drive- resistant 
alleles is very different for suppression drives (potentially 
debilitating) versus modification drives (an optimization 
problem), the molecular mechanisms underlying the 
generation of such alleles is the same. The problem is 
with female- mediated drive transmission, which stems 
from maternal deposition of Cas9–gRNA complexes into 
the egg45–47,49,60,76,77. These perduring ribonucleoprotein 
complexes can then act on the paternal allele following 
fertilization but preceding allocation of the germline. If a 
paternal allele successfully avoids NHEJ mutagenesis 
and survives intact to enter the germline compart-
ment, the drive process is nearly 100% efficient because 
germline cells repair DNA breaks almost exclusively via 
the HDR pathway (which is why sexual reproduction is 
not mutagenic)72–75. Similar double- strand breaks gen-
erated by host factors during meiotic recombination are 
repaired by HDR to resolve crossover events90.

There are three general solutions to drive attenuation 
in females. One solution is to restrict drive to males, 
thereby not generating any DNA cleavage in the female 
germline that could damage paternal alleles. Although 
simple in principle, this strategy requires the identifi-
cation of suitable male- specific regulatory elements to 
control Cas9 expression, which remain to be character-
ized. The second solution is to limit the expression of the 
Cas9 nuclease to the period of germline development (for 
example, meiosis) when HDR takes place and then shut 
it off abruptly prior to the stages at which it would accu-
mulate in the egg (for example, in nurse cells)85,91. Such 
restricted Cas9 expression should, in principle, result in 
a drive that is transmitted ~100% of the time through 
both male and female lineages (see A clean drive below). 
The third solution is to eliminate individuals carrying 
non- drive NHEJ events, that is, to kill or sterilize all the 
mistakes. This latter strategy, which can be highly effec-
tive and offers a general solution to the drive- resistance 
problem, depends on a phenomenon referred to as lethal 
or sterile mosaicism (see below and Box 2).

A clean drive. Male and female mosquitoes carrying a 
gene drive inherited from their fathers can transmit that 
element to ~99% of their progeny. Thus, in principle, it 
should also be possible to achieve similar transmission 
if the drive were inherited from their mothers so long 
as significant levels of Cas9–gRNA complexes were not 
deposited into the eggs85,91. Although several of the mos-
quito drives described above use the germline- specific 
nanos or zpg promoters to express Cas9 and minimize 
this problem91, they all still generate some appreciable 
rate of NHEJ alleles (for the dsx- drive, none of those 
alleles was functional). One example of a drive that 
greatly minimizes the generation of such drive resist-
ance is inserted into the cardinal (cd) locus of An. gam-
biae in which the Cas9 transgene is expressed under the 
control of nanos regulatory sequences85. The cd- drive is 
remarkable in that it generates virtually no NHEJ alleles 
of any kind and, when homozygous, has little if any fit-
ness effects (other than a transient loss of eye pigmen-
tation during larval stages). It is not yet clear whether 
this highly efficient performance can be achieved at other 

Introduction

The full introduction of a 

specific allele from one  

genetic background into 

another results in all progeny 

carrying the allele in question. 

The term introgression, 

typically of a trait that is 

potentially associated with 

additional surrounding local 

genetic variation from one 

strain into another 

background, can also be used 

in such contexts. example 1:  

a gene- drive element carried  

in one strain that spreads to 

100% introduction throughout 

a naive target population. 

example 2: an insecticide-  

resistant allele and a 

neighbouring 1 megabase 

region were introgressed into  

a sensitive strain of mosquitoes 

from a resistant strain.

Recoded drives

Gene drives that carry a 

recoded version of a target 

gene into which it inserts such 

that the recoded sequences at 

the 5´ end of the drive element 

are fused seamlessly to 

endogenous coding sequences, 

restoring wild- type protein 

activity and expression of the 

endogenous gene.

Fig. 2 | Suppression drives and mathematical modelling. a | Genetic map of one of  

the first CRISPR- based suppression drives inserted into the female- sterile nudel locus in 

Anopheles gambiae. b | Multigenerational cage studies with the nudel- drive resulted in an 

initial increase followed by a progressive loss of the gene- drive element without crashing 

the target population. This drive trajectory was attributed to the generation and selection 

of functional cleavage- resistant alleles of the target gene that took over owing to them 

being female fertile. c | Genetic map of the third- generation doublesex (dsx)- shredder 

drive, which combines both drive at a highly conserved target site in the dsx locus48 with 

an optimized X- shredder84. d | Comparative modelling of the dual dsx- shredder to the 

parent dsx- drive. The dual drive (d1) reduces female numbers to a much greater extent 

than the dsx- drive (d2) and does so more rapidly with less imposed load. e–g | Spatial 

modelling of a driving- Y system, wherein 500 mosquitoes are released weekly in a 

grid- like pattern of 15 release sites in the Garki district of Nigeria70. In this particular 

simulation, the drive spreads successfully throughout the target area and eliminates  

the mosquito population locally. Green represents a completely wild- type population, 

whereas darkening shades of purple represent increasing fractions of the drive allele.  

The outcomes of these simulations depend on various factors, including seasonality and 

mosquito mobility, which influence the likelihood of wild- type mosquitoes recolonizing 

the treated region. h,i | Spatial and temporal modelling of a driving- Y released over a 

large geographical area centred on Burkina Faso64 (part h). In this scenario, 10 transgenic 

male mosquitoes are released at 1% of all sites (42,360 sites total) each year (sites are 

chosen randomly each year). Seasonal variations in mosquito numbers (transgenic and 

wild type) in locals, labelled i1–i6 on the maps, simulate population structures after  

4 (left) or 8 (right) years of release. Similar spatial and temporal modelling results  

were obtained for the release of the CRISPR- based dsx- drive and dsx- shredder 

drive65. DSB, double- stranded break; gRNA, guide RNA; spCas9, Streptococcus pyogenes 

Cas9. Parts a and b are reprinted from ReF.71, CC BY 4.0 (https://creativecommons.org/

licenses/by/4.0/). Parts c and d are reprinted from ReF.84, CC BY 4.0 (https://creativecommons.

org/licenses/by/4.0/). Parts e–g are reprinted with permission from ReF.70, PNAS. Parts h  

and i are reprinted from ReF.64, CC BY 4.0 (https://creativecommons.org/licenses/

by/4.0/).
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loci or in other species using the same (or orthologous) 
Cas9 control sequences or whether there is something 
special about the cd locus or the gRNA it uses to copy. 
Those important issues notwithstanding, the cd- targeted 
drive provides unequivocal evidence that such high- 
performing drives inserted into fitness- neutral locations 
in the genome are possible to develop and perform com-
parably even when loaded with substantial cargo such as 
dual anti- malarial scFvs (A. A. James, personal commu-
nication) (Supplementary Table 1). In population cages, 
the cd- drive system can attain full introduction when 
seeded with 5% drive alleles in only seven generations, 
following a predicted logistical growth trajectory85. The 
cd- drive is likely to be one of the systems advanced for 
consideration in the next phase of testing in open field 
trials (see below).

Recoded drives inserted into essential genes. Although 
the encouraging example of the cd- drive demonstrates 
that it is possible to copy with high efficiency in both 
sexes, it is not clear how general such strategies will 
prove to be or whether they can be readily transport-
able between species in which regulatory elements 
may have evolved extensively (for example, beyond 
~50 million years of species divergence). It is also 
challenging to identify highly conserved gRNA target 
sites in fitness- neutral loci (for example, cd) or in non- 
coding sequences that display high degrees of sequence 
variation78,92–95. However, difficulties posed by the latter 
issue may have been overestimated as a recent study has 

found that such highly conserved sequences can be read-
ily identified in nearly every locus if one searches for 
them appropriately96.

A more general solution to the maternal deposition 
problem is to kill or sterilize all non- copying events in 
which non- functional NHEJ alleles are generated (Box 2). 
The idea is to insert a gene drive into a locus that is 
essential for the survival or fertility of the organism and 
to have the drive element also provide a functional copy 
of that gene consisting of in- frame cDNA sequences 
that have been recoded to avoid spurious recombina-
tion with the endogenous gene. Such recoded gene- drive 
elements confer viability and fertility in a homozygous 
state30–32,53–57,61, whereas deleterious recessive NHEJ 
alleles assume dominant lethal or sterile phenotypes 
during the drive process and are culled (Box 2).

An example of a recoded lethal/sterile mosaic drive 
has recently been developed in the kynurenine hydrox-
ylase (kh) locus in Anopheles stephensi54 (FiG. 3). This 
khRec- drive (FiG. 3d) is a second- generation version of the 
prototype non- recoded kh- drive (FiG. 3a), which provided 
the first proof of principle for CRISPR- based gene drives 
in mosquitoes46. Individuals homozygous for either the 
original kh- drive or loss- of- function NHEJ alleles have 
white eyes and such females are effectively sterile (most 
die after a blood meal and those that survive produce 
few progeny86). Whereas efficient transmission via males 
sustained a significant level of drive introduction for the 
non- recoded element in cage experiments86, appreciable 
generation of NHEJ alleles in females resulted in the drive 
either collapsing populations (like the suppression drives 
described above) or being outcompeted by functional 
NHEJ alleles (FiG. 3b). However, the khRec- drive fuses a 
functional recoded kh cDNA in- frame at the insertion site 
of the drive element (FiG. 3d). As this insertion site is in an 
enzymatically critical region of the gene, nearly all NHEJ 
alleles are loss- of- function. When this drive was seeded, 
even at low frequencies (~5% allelic prevalence), into pop-
ulation cages it rapidly drove to >95% introduction and, 
as it did so, generated a burst of white- eyed sterile females 
in which otherwise recessive NHEJ alleles were converted 
into dominance by lethal/sterile mosaicism (Box 2). NHEJ 
alleles transmitted to males by drive- carrying mothers 
were eventually eliminated by the slower traditional 
process wherein females homozygous for recessive kh– 
NHEJ alleles suffer the fitness burdens described above. 
The combined action of these two selective processes led 
to rapid sustained elimination of non- functional NHEJ 
alleles and efficient khRec- drive (FiG. 3c).

The great advantage of the recoded lethal/sterile 
mosaic mechanism is that it should be readily general-
izable to a broad variety of essential genes55–57 in diverse 
species, thereby eliminating the need to identify nar-
rowly defined conditions required to design an optimal 
drive. However, an important requirement for this strat-
egy is that the drive is inserted at a site in the target gene 
that is critical for its function (Box 2).

Alternative drive systems

In addition to providing the exquisite sequence spec-
ificity needed for inserting gene drives into particular 
genomic locations, CRISPR offers another substantial 

Box 2 | Recoded drives inserted into essential loci

A broadly transferable system for eliminating non- functional drive- resistant alleles, 

present either as sequence variants in a population78,92–95 or arising during the gene- drive 

process45–47,49,60,76,77, is to insert the drive into an essential gene and endow it with a 

recoded cDNA- restoring gene function53–57,61. Such recoded- drive elements can survive 

when homozygous. However, non- functional alleles resulting from non- homologous 

end- joining (NHEJ) will be eliminated by a combination of dominantly acting lethal or 

sterile mosaicism (see below) and standard negative selection. Furthermore, if one 

chooses a functionally critical site in a target gene, such as a catalytic centre in an 

essential enzyme54,56,57 or in a signal required for cellular trafficking such as a membrane 

tethering motif57, the likelihood of potentially competing functional NHEJ alleles arising 

is greatly diminished.

The effect of recoding an insertional allele to restore the function of the targeted 

gene is twofold. First, when two individuals carrying a non- functional recessive NHEJ 

allele mate, a quarter of their progeny incur the fitness cost such as lethality or sterility. 

However, this classic Mendelian process is slow as, when such mutant alleles are rare, 

few carriers mate with each other. The second, very potent effect, is that mothers 

passing on a non- functional mutant allele of the target gene to progeny also transmit 

Cas9–guide RNA complexes maternally. If the essential gene is broadly active in the 

organism (for example, a ubiquitously expressed enzyme), then the paternal allele in 

those progeny can be mutagenized in a mosaic fashion by those complexes, leading  

to a pseudo homozygous phenotype and hence lethality or sterility depending on the 

nature of the targeted essential gene54,56,57. We have referred to this dominantly acting 

phenomenon as lethal (or sterile) mosaicism, which was discovered in the context of 

developing an allelic- drive system60, where this process plays an essential role, acting 

like a catalytic filter to eliminate individuals inheriting loss- of- function copying errors. 

This process can be further enhanced if the targeted gene exhibits a significant degree 

of haploinsufficiency55,57, which can be harnessed to design inherently confinable 

split- drive systems in which the Cas9 transgene is programmed to disappear rapidly 

from the population57. If such transient self- limiting systems incorporated allelic drives, 

population modification goals, such as rendering mosquitoes refractory to parasite 

transmission or susceptible to insecticides, could be achieved without leaving any 

vestige of the genetic modification machinery.
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advantage to this field, namely that the active nuclease 
is comprised of separate Cas9 and gRNA components. 
One can exploit this bipartite nature to generate a variety 
of flexible systems such as gRNA- only updating drives, 
which carry gRNAs ± cargo but no source of Cas9. These 
split- drive systems include CHACRs (constructs hitchhik-
ing on the autocatalytic chain reaction) used in com-
bination with autonomous full drives58,68, spilt- recoded 
drives powered by separate static Cas9 sources inher-
ited in a Mendelian fashion located elsewhere in the 
genome55–57,61, trans- complementing split- drives59 and 
allelic drives60 that bias the inheritance of preferred allelic 
variants at separate genomic locations. Such split systems 
offer flexibility and potentially less invasive forms of 
drive that may be suitable to more localized applications  
requiring less stringent laboratory confinement97.

Drive- updating CHACR elements. Once a gene- drive 
system has attained full introduction into a population 
(nearly every organism carrying at least one copy of 
the drive system86), it may become necessary to update 
its functions. For example, in the case of modification 
drives, if the targeted malarial parasite becomes resistant 
to the effectors carried by a drive, it may be desirable to 
introduce new combinations of transmission- blocking 
effectors targeting additional parasite epitopes and 
infection stages87,89. Other new functionalities could 
also include gRNAs that bias the inheritance of desired 
allelic variants such as those conferring susceptibility to 
existing insecticides in regions where resistance to those 
chemicals poses a substantial vector- control challenge 
(see the Allelic drives section below).

A simple updating element is a CHACR, which car-
ries a gRNA targeting its insertion into the genome,  
a dominant marker and the desired cargo58,68. If released 
into a gene drive- bearing population, CHACRs should 
follow the same logistical growth dynamics as a gene 
drive does in a naive population. Like full drives, 
CHACRs can be inserted into fitness- neutral sites or, 
alternatively, into essential genes, in which case, the 
CHACR would also carry recoded cDNAs to restore 
gene function. For example, the FREP1 gene of mos-
quitoes is required by malarial parasites to infect the 
midgut tissue and mutations in this gene greatly reduce 
parasite transmission98–101. This gene also plays an 
important role in the host as FREP1–/– mutants suffer 
severe fitness costs101. However, an allelic variant of 
FREP1 in An. gambiae sustains wild- type gene func-
tion but abrogates binding to the parasite98–100. One 
could therefore insert a CHACR into the FREP1 locus 
(or similarly for any other gene encoding an essential 
host factor102) carrying a recoded parasite- resistant allele 
and possibly additional anti- malarial effector cassettes 
to assault the parasite with a cocktail of effectors87. This 
type of combinatorial strategy is likely to be essential in 
preventing parasites from rapidly evolving resistance 
to individual or even pairs of effectors. CHACRs can 
also carry additional gRNAs to target other sites in the 
genome for mutagenesis61 (for example, the e- CHACR 
drive- neutralizing system described below62), delete and 
replace segments of the genome (using two gRNAs)58, 
insert cargo plus a gRNA into an intron of a target gene 

followed by a 2A ribosome- skipping sequence to retain 
activity of the endogenous locus (integral gene drives)103, 
or bias inheritance of beneficial allelic variants60 (see the 
Allelic drives section below).

Trans- complementing drives. One potential concern 
regarding full gene drives is that individuals carry-
ing these elements might somehow escape prior to an 
approved release event97. Additionally, testing different 
effector molecules for function requires greater regula-
tory oversight and more stringent confinement meas-
ures using full versus split systems103. One way to get 
the best of both worlds, benefitting from efficient drive 
and low risk of premature drive release, is to use a trans- 
complementing design in which the Cas9- bearing and 
gRNA- bearing elements are inserted at two different loca-
tions in the genome59. The gRNA element encodes two 
gRNAs (± cargo): one cutting at its own site of genomic 
integration to copy in the presence of a Cas9 source acting 
in trans and the other gRNA cutting at the site where the 
Cas9 transgene is inserted (FiG. 4a). On their own, either 
element is inherited in a Mendelian fashion but, when 
combined, the two gRNAs carried by the gRNA element 
result in the Cas9- dependent copying of both elements. 
Trans- complementing drives and the integral gene drive 
system mentioned above also offer advantages for field 
testing under non- driving conditions103 as, in both  
of these systems, components carrying the effector  
cassettes can be maintained as simple Mendelian strains.

Allelic drives. Many naturally occurring desired traits 
result from allelic variants of essential genes. For exam-
ple, resistance to insecticides104 is often conferred by 
allelic variants of genes encoding proteins targeted  
by these chemicals such as ion channels105,106, neuro-
transmitter receptors107,108 or enzymes modifying neu-
rotransmitter activity109. The wild- type alleles of these 
genes thus confer susceptibility to standard vector- 
control measures. Additionally, as mentioned above, an 
allelic variant of the endogenous FREP1 protein, which 
is expressed in the mosquito gut, reduces malarial par-
asite transmission presumably by binding less well to  
parasites to aid them in transiting the midgut epithelium 
into the body cavity99–101.

Gene drives or updating CHACR elements can 
carry additional gRNAs that bias the inheritance of 
favourable allelic variants (allelic drive) by one of two 
modes: copy- cutting (FiG. 4b) or copy- grafting60 (FiG. 4c). 
For copy- cutting, a gRNA selectively targets cleavage 
of the non- preferred allele (for example, one conferring 
insecticide resistance). In individuals carrying an allelic 
drive (plus Cas9) and the preferred cleavage- resistant 
allele of the targeted locus in trans to the cleavable unde-
sired allele, the undesired allele is cut and then repaired 
using the preferred allele as a correction template. The 
result is super- Mendelian inheritance of the preferred 
allele. An important requirement for allelic drive is that 
non- functional NHEJ alleles are dominantly eliminated 
by lethal mosaicism, which in turn restricts this type of 
scheme to driving preferred alleles of essential genes60. 
Otherwise, cleavage- resistant NHEJ alleles themselves 
could be driven in a runaway fashion.

CHACRs

(Constructs hitchhiking on the 

autocatalytic chain reaction). 

Active genetic elements 

carrying a guide RNA to copy 

themselves and potential cargo 

but no Cas9 source.

Allelic drives

Genetic systems biasing the 

inheritance of a particular 

allelic variant, typically altering 

only one or a few base pairs. 

CRiSPR- based allelic- drive 

systems can be of two types, 

copy- cutting or copy- grafting.

e- CHACR

(erasing construct hitchhiking 

on the autocatalytic chain 

reaction). A drive- neutralizing 

active genetic element that 

encodes two or more guide 

RNAs (gRNAs) but no source of 

Cas9. one of the gRNAs cuts 

at the genomic site of e- CHACR 

insertion, enabling self- copying 

in the presence of a 

trans- acting source of Cas9 

provided by the gene drive. 

The additional gRNAs target 

cleavage and inactivation of 

the Cas9 transgene component 

of a gene- drive element. 

e- CHACRs can be inserted into 

the genome at any desired 

location.

Copy- cutting

A form of allelic drive in which 

the driving guide RNA directly 

cuts the non- preferred allelic 

variant, leaving the preferred 

allele intact.

Copy- grafting

A form of allelic drive in which 

the preferred allele is adjacent 

to a sequence immune to 

cleavage by a guide RNA 

(gRNA) that can cut wild- type 

or non- preferred alleles.  

When the gRNA cuts either  

the wild- type or non- preferred 

allelic variants, the 

double- strand break is 

repaired by homology- directed 

repair (HDR) using the 

cleavage- resistant allele as a 

template, copying the favoured 

allelic variant in the process. 

The cleavage- resistant gRNA 

site and preferred allele are 

typically <25 bp apart to be 

copied reliably together as a 

by- product of the short- range 

end- resection step of HDR.
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A limitation of the copy- cutting strategy is that one 
needs to be able to design a gRNA that distinguishes 
between preferred and undesired allelic variants. For 
standardly used Streptococcus pyogenes Cas9 (spCas9), 
with its NGG protospacer- adjacent motif (PAM) tar-
get sequence requirements, such gRNAs can only be 
designed approximately half the time. However, Cas9 
variants have been developed recently that have more 

relaxed PAM site restrictions110,111, which could expand 
the range of targets accessible to copy- cutting. A caveat 
in using relaxed PAM nucleases is that they would still 
need to retain sufficient target specificity to avoid cut-
ting the PAM- less gRNA- encoding sequences carried  
by the drive.

Copy- grafting is a more generally applicable form of 
allelic drive in which the preferred allele is associated with 
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a neighbouring non- cleavable sequence (~25 bp away)60 
(FiG. 4c). If the preferred allele lies within this narrow 
window of high- frequency HDR- mediated resection, it 
can be copied along with the adjacent cleavage-resistant 
sequence with great fidelity. The cleavage-resistant allele 
can either be naturally occurring or engineered (for 
example, to encode a synonymous codon). Because the 
gRNA sustaining copy- grafting will typically cut highly 
conserved wild- type alleles of the target sequence, such 
drives will replace both wild- type and undesired alleles 
with the preferred allele during the drive process. Despite 
its indirect action, copy- grafting can sustain drive at 
comparable frequencies to copy- cutting60.

Drive- neutralizing systems

Gene drives designed to alter the genetic architectures of 
populations have raised concerns regarding the poten-
tial unforeseen consequences of such engineering on the 
environment or disease transmission dynamics112–116. 
Two HDR- mediated gene- drive- neutralizing systems 
have been proposed68, modelled62,117,118 and tested62 
that can either halt (erasing- CHACRs (e- CHACRs)) 
(FiG. 4d,e) or delete (eRACRs (elements reversing the 
autocatalytic chain reaction)) a gene drive (FiG. 4f,g). 
A key feature common to these two conditional drive 
systems is that they encode gRNAs but no source of 
Cas9. When the neutralizing elements encounter a gene 
drive, the Cas9 provided in trans by the gene drive com-
bines with the gRNAs either to mutate and inactivate 
Cas9 (e- CHACRs), thereby preventing further drive, or 
to delete and replace the gene drive (ERACRs). In the 
absence of a Cas9 source, e- CHACRs and ERACRs are 
transmitted as simple Mendelian factors. However, when 
combined with a Cas9- powered gene drive, both neu-
tralizing elements can copy themselves following logistic  
growth dynamics similar to gene- drive trajectories in 
wild- type populations.

e- CHACRs: active genetic elements that copy while 

mutating Cas9. e- CHACRs carry one gRNA to copy 
themselves at their site of genomic insertion and 

additional gRNAs to mutate and inactivate the Cas9 
transgene68 (FiG. 4d). In Drosophila melanogaster62, all 
e- CHACRs analysed were highly efficient (>99%) in 
mutating and inactivating Cas9 with either of two differ-
ent gRNAs that targeted sequences in the Cas9 transgene 
encoding catalytically essential amino acids. The Cas9- 
targeting gRNAs carried by e- CHACRs also sometimes 
induced local damage on the gene- drive chromosome, 
resulting in the production of homozygous lethal alleles 
and in a reduction in the prevalence of the gene drive. 
In the presence of Cas9, different e- CHACRs copied 
with a range of efficiencies (60–99% transmission). 
When an efficiently copying e- CHACR was challenged 
with a gene drive in cage experiments, it rapidly cop-
ied itself to homozygosity and eliminated Cas9 activity, 
providing proof of principle for this drive- neutralizing 
strategy62 (FiG. 4e).

ERACRs: active genetic elements that delete and replace 

gene drives. ERACRs are inserted into the genome at 
the same site as a gene- drive and carry two gRNAs that 
direct cleavage on either side of the drive62 (FiG. 4f) to 
delete the drive and copy ERACR sequences in its place. 
Although ERACRs often perform as designed, they 
also frequently deleted the drive without copying. The 
great majority of such deletion- only events damaged  
the target chromosome rendering it homozygous invi-
able. This type of local damage stems from each of the 
two gRNAs cutting at sites that are bordered on only 
one side by homologous sequences present on the tar-
get chromosome62, reminiscent of the damage associated 
with mutagenic transposition of the aberrantly nested Ds 
transposon element used in the classic studies of Barbara 
McClintock and analysed subsequently at the molecular 
level18,119.

ERACRs can also occasionally recombine with 
gene- drive sequences mediated by short (<20 bp) 
stretches of sequence complementarity62 via the synthesis- 
dependent strand annealing branch of the HDR repair 
pathway72–75. Notably, a few of these rare outcomes gen-
erate chimeric ERACR- drive elements that retain drive 
activity. Eliminating homology between ERACRs and 
gene- drives greatly reduced these infrequent events but 
they were still generated at low levels (<1%)62, perhaps by 
sporadic template switching during the repair process120.

Despite their imperfect performance, ERACRs 
largely performed as intended in population cage 
studies62 (FiG. 4f). An ERACR carrying recoded sequences 
that restored the activity of a gene whose requisite  
function was disrupted by insertion of the gene- drive 
rapidly replaced that drive element in population cages 
with remarkably little variation between cage replicates62 
(FiG. 4g).

Another drive- neutralizing element, referred to as 
Cas9- triggered chain ablation (CATCHA)121, copies 
itself into the Cas9 transgene. The CATCHA element 
has design features similar to both the ERACR and 
e- CHACR in that it carries a gRNA targeting Cas9 for 
mutagenesis (like an e- CHACR) but is inserted into the 
same genomic site as the gene drive (like an ERACR). 
Alternatively, strains carrying functional drive- resistant 
alleles can potentially displace a gene drive that carries 

ERACRs

(element reversing the 

autocatalytic chain reaction). 

Drive- neutralizing active 

genetic elements that encode 

two guide RNAs cutting on 

either side of the gene- drive 

element. eRACRs are inserted 

at the same genomic site as 

the drive elements they are 

designed to delete and replace. 

eRACRs can carry additional 

cargo such as recoded copies 

of a gene targeted for 

disruption by the gene drive. 

However, eRACRs do not carry 

a Cas9 source.

Fig. 3 | Modification drives and mathematical modelling. a | Genetic map of the first 

CRISPR- based modification gene drive (kh- drive46) in mosquitoes. The construct contains 

the anti- malarial short- chain variable fragment (scFv) genes m2A10 and m1C3 and was 

inserted into the kynurenine hydroxylase (kh) locus in Anopheles stephensi. Mosquitoes 

homozygous for this gene- disrupting kh- drive element or for loss- of- function 

non- homologous end- joining (NHEJ) alleles have white eyes and are female sterile. 

b | Multigenerational cage studies with the kh- drive86 reveal a similar outcome to those 

with the suppression drive shown in FiG. 2b. At high seeding ratios (1:1) the drive increases 

and, in two out three replicates, crashes the cage. In the other 1:1 replicate as well as in  

all three cages seeded at only a 1:9 ratio, the drive increases for a few generations and 

then progressively disappears owing to accumulation of, and selection for, functional 

cleavage- resistant NHEJ alleles. c | In multigenerational studies, the kh- recoded drive54 

successfully attains high levels in all cage replicates seeded at either 1:1 or 1:9 seeding 

ratios. At the steepest portion of the curve, bursts of white- eyed non- fluorescent (that is, 

NHEJ) alleles are generated by the process of lethal/sterile mosaicism, as indicated by 

the asterisks and white eye photos. d | Genetic map of kh- recoded drive, which is inserted 

into the exact same site as the original non- recoded kh- drive shown in part a. The recoded 

drive was generated by a cassette- swapping protocol that replaced the DsRed marker 

with GFP. cDNA, complementary DNA; gRNA, guide RNA; HDR, homology- directed 

repair. Part a is adapted with permission from ReF.46, PNAS. Part b is reprinted from ReF.86, 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Parts c and d are adapted  

from ReF.54), CC BY 4.0 (https://creativecommons.org/licenses/by/4.0).
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an appreciable fitness cost (for example, as suppression 
drives are designed to do71). Such cleavage- resistant 
alleles have the potential to outcompete the drive element 
as has been shown to occur in cage studies of early ver-
sions of suppression drives71,86. It should also be possible 
to combine these various drive- neutralizing approaches 
with elements carrying anti- Cas9 proteins. Indeed, recent 
results from the Crisanti group indicate that an anti- Cas9 
transgene inherited in a Mendelian fashion can efficiently 
neutralize the activity of the suppression dsx- drive122. One 
intriguing possibility would be to equip a gene drive with 
an imperfect gRNA that inefficiently cleaves and inacti-
vates Cas9 in a muted e- CHACR- like fashion62. Such a 
drive should spread with only minimally reduced kinetics 
but, after achieving full introduction, would mutagenize 
the Cas9 transgene at much higher rates than expected 
by spontaneous mutation. This type of self- limiting sys-
tem should hasten elimination of Cas9 activity from a  
population if it incurred a significant fitness cost.

Developing drive systems in other organisms

Drive systems in mosquitoes and other insects could 
help combat additional devastating vector- borne dis-
eases and control crop pests. In vertebrates, drives 
might immunize endangered species against specific 
pathogens123 (for example, protecting black- footed 
ferrets against the bubonic plague124) or re- establish 
native mammalian or bird species to aid in island 
conservation125–127. Conditional split active genetic 
systems might also accelerate aggregation of multiple 
desired traits, particularly in polyploid agricultural 
strains. For example, two or more gRNAs targeting 
sequences present on all allo- alleles could be edited in 
the presence of a Mendelian Cas9 source and then, fol-
lowing selfing, progeny could be identified carrying 
the multiple desired edits across all allo- alleles in the 
absence of the segregating Cas9 element. CRISPR- based 
drive- like systems, employing self- amplifying ‘pro- active 
genetic’ systems52 or RNA- guided transposons128–132, 
have also been developed in bacteria, which, if com-
bined with a means for horizontal gene transfer133–141, 
could help deplete antibiotic resistance factors from 
bacteria in the environment142,143 and perhaps be 
adapted to fight bacterial infections138–141,144 (reviewed  
in ReF.145).

Developing gene drives in other insect disease vec-

tors and crop pests. The great advances in develop-
ing efficient gene drives in fruitflies and Anopheline 
mosquitoes46–48,54,84,85 offer hope that these technolo-
gies could be transferred to other mosquito species 
and diverse insect disease vectors, including other 
Anopheline species transmitting malaria146, arboviruses 
vectored by Ae. aegypti147, trypanosomes causing Chagas 
disease148 or sleeping sickness149 (transmitted by kissing 
bugs or Tsetse flies, respectively), Leishmaniasis spread 
by sand flies150, or West Nile virus151 and other enceph-
alitic viruses152 infecting humans, birds and horses 
(vectored by Culex mosquitoes, for which site- directed 
transgenesis has just been reported153).

Although gene drives are likely to be adaptable to 
other insects, there may be considerable challenges in 
devising such systems, including colonizing new or 
native model mosquito species in the laboratory154,155, 
tuning methods for germline transgenesis to new 
insect species, or sustaining efficient gene conversion 
(for example, as has proven difficult in Ae. aegypti49). 
Simple practical matters can also impose barriers. For 
example, eggs of triatomine kissing bugs transmitting 
Chagas disease have extremely thick chorions (egg-
shells) that hinder DNA injection into germ cells156. 
The recent development of a method referred to as 
‘ReMOT Control’ for delivering CRISPR tools into 
developing oocytes within adult ovaries of various 
insect species157–160 offers a promising alternative to egg 
injection. While this system has proven effective for 
‘knockout’ gene editing, it remains to be determined 
whether it can deliver DNA repair templates to permit 
‘knock- in’ modifications. These realistic considerations 
notwithstanding, solutions to overcome such techni-
cal barriers will most likely be developed in time with  
appropriate effort.

Allo- alleles

Alleles in a polyploid species 

(allopolyploid or autoploid) 

whose chromosomes either 

derive from whole- genome 

duplications within a species 

(autoploidy) or result from the 

fusion of two different genomes 

(alloploidy) followed by the 

potential partial loss of genetic 

information. Many crop 

species such as grains  

(wheat, rye), corn, peanuts  

and sugarcane are polyploid  

as are a few animal species  

(for example, Xenopus laevis 

(African clawed frogs)).

Fig. 4 | Alternative and neutralizing drives. a | A trans- complementing drive system59 

comprises two constructs, each of which alone is inherited in a standard Mendelian 

fashion. The first element carries a Cas9 transgene expressed in the germline and 

the second carries two guide RNAs (gRNAs), one to copy itself and the other to cut 

at the genomic site of Cas9 insertion (to copy that element). When combined, the 

gRNAs carried by the second element drive super- Mendelian inheritance of both 

elements. b,c | Schemes for allelic- drive60. A drive element (in this case, a split drive) 

carries one gRNA to copy itself (yellow) and a second (blue or purple) to cleave a 

non- preferred allele (for example, the DDT- resistant ENa sodium ion- channel 1014F 

allele) but not the preferred wild- type (ENa 1014L) allele (location indicated by thick 

blue line). Similarly, the parasite- refractory FREP1 442Q allele could be driven by  

a gRNA selectively cutting the parasite- sustaining 442L allele. Copy- cutting is the 

simplest form of allelic- drive, in which the gRNA directly cuts the non- preferred 

allele. Copy- grafting is a more general form of allelic- drive in which the preferred allele 

(location indicated by thick blue line) is associated with a nearby (<25 bp) cleavage- 

resistant site (engineered or naturally occurring; indicated by the padlock) that cannot 

be targeted by a gRNA that cuts an otherwise highly conserved sequence present  

both in the non- preferred and wild- type genetic backgrounds. In combination with 

Cas9, the gRNA will replace the target sequence with a preferred cleavage- resistant 

site. d | Scheme illustrating the Cas9- neutralizing action of an e- CHACR (erasing 

construct hitchhiking on the autocatalytic chain reaction) on a Cas9- bearing gene- 

drive element (MCR- GFP) inserted at the yellow locus of Drosophila melanogaster.  

The MCR- GFP element carries a gRNA (green) to copy itself62. An e- CHACR, located  

at the white, ebony or knirps loci, expresses a gRNA for copying itself (blue) and for 

mutagenizing Cas9 (purple). Homologous sequences adjacent to the MCR- GFP  

and e- CHACR elements are indicated by brown versus blue lightly shaded boxes, 

respectively. e | Graphs of multigeneration experiments in which an e- CHACR 

(red curves) inserted at the white locus was combined 1:1 with the MCR- GFP drive 

(green curves). Orange curves denote individuals carrying both the e- CHACR and 

MCR- GFP elements and yellow curves denote those individuals with active Cas9 

revealed by mosaic eye phenotypes. Faintly coloured curves indicate simulations 

based on mathematical modelling. f | Scheme illustrating an ERACR (element reversing 

the autocatalytic chain reaction) carrying a recoded yellow gene deleting and 

replacing the MCR- GFP drive element inserted at the yellow locus62. Asterisks indicate 

gRNA cut sites ablated by insertion of a gene cassette. g | Graphs of multigeneration 

experiments in which an ERACR (± recoded yellow sequences) was combined with the 

MCR- GFP drive at a 1:3 ratio. In all cage replicates, the yellow– ERACR- min (red curves, 

left panel) drove to near completion while greatly reducing the prevalence of the 

gene- drive (green curves) after 10 generations. The yellow+ ERACR-2 (red curves, 

right panel) drove to full introduction and completely eliminated the MCR- GFP 

element by generation 7 , displaying surprisingly little variation between cage 

replicates. The faintly coloured curves indicate simulations based on mathematical 

modelling. HDR, homology- directed repair. Part a is adapted from ReF.59, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). Parts b and c are adapted from ReF.60, 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Parts d–g are adapted with 

permission from ReF.62, Elsevier.
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Gene- drive systems in mammals. Two prototype gene- 
drive systems developed in mammals50,161 could aid in 
efforts to rescue endangered species123 or to control inva-
sive mammalian species and restore sensitive habitats to 
their native condition (for example, islands)125–127. The 
first is a split Cas9–gRNA drive similar in design to those 
developed in insects. The Cooper group inserted a gRNA- 
carrying drive cassette into the tyrosinase (Tyr) pigmen-
tation locus in mice50 (Tyr–/– mutants have an albino 
phenotype) and combined this Tyr- drive element with 
a variety of Cas9 sources to determine which patterns 
of Cas9 expression (for example, ubiquitous or germline 
specific) might sustain drive (FiG. 5a). Although the 
results of this analysis reflect the differing reproductive 

biology of mammals versus insects, the overall lessons 
were much the same. Limiting Cas9 expression to the 
female germline resulted in substantial drive (reaching 
78% transmission in one family); however, in contrast 
to insects, no copying was observed when Cas9 was 
expressed ubiquitously or restricted to male germline 
progenitor cells.

The common thread unifying successful mammalian 
and insect drives is restricting Cas9 expression to mei-
otic or pre- meiotic cells (pre- anaphase I) and to avoid  
earlier developmental expression in mitotically active 
cells. In mice, the female germline is allocated during 
embryogenesis and only a few mitotic cell cycles precede 
meiosis to generate post- replicative oocytes. By contrast, 

Best copying family: 72%
Average transmission: 86% of progeny

Average copying in 5 families: 44%
Average transmission: 72% of progeny

When Cas9 is produced only
in the female germline:

If copying happens: progeny mice are white, carry red
fluorescent protein (mCherry) and the chinchilla marker:
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Fig. 5 | The road forwards. a | Although most gene- drive research has focused on insects, one path of current research  

is to expand gene- drive systems into other species, including mammalian species. The diagram shows a genetic map of  

a split- drive element inserted into the mouse tyrosinase (Tyr) locus50. When the element copies, the DsRed transgene it 

carries becomes associated with the chinchilla allelic variant on the target chromosome. b | Another key line of research  

is to translate insect drive systems from laboratory studies into field trials. Four phases of gene- drive development and 

imple mentation as delineated by the World Health Organization115,167. Phase 1 is laboratory development and testing. Phase 2 

is confined outdoor tests (either in large cages or isolated environments such as islands); the goal of these experiments is  

to achieve defined entomological endpoints such as a certain percentage of population reduction (suppression) or drive 

introduction (modification). Phase 3 is limited testing in disease- endemic regions to demonstrate epidemiological efficacy. 

Phase 4 is full implementation. Community and regulatory engagement are conducted in parallel with all phases of this 

implementation plan. CMV, cytomegalovirus; gRNA, guide RNA; HDR, homology- directed repair; SNP, single nucleotide 

polymorphism. Part a is adapted from ReF.50, Springer Nature Limited. Part b is adapted with permission from ReF.69, Elsevier.
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male germline cells undergo many mitotic divisions 
throughout adulthood, offering many more opportu-
nities for NHEJ- induced alleles to be generated prior 
to meiotic phases where HDR- mediated copying of the 
drive element could occur. Future experiments opti-
mizing female drive and restricting Cas9 expression to 
appropriate adult stages of male germline development 
may enable drive in both sexes and facilitate the design 
of suppression or modification strategies to achieve  
conservation goals.

The second mammalian drive concept is similar to 
that discussed above with regard to insect X- shredders 
but instead targets the Y chromosome for destruction161. 
The authors propose a two- component coupled- drive 
system in which a Cas9–gRNA- based drive located on 
an autosome is combined with an orthogonal CRISPR 
system, Cas12a (also known as Cpf1), which targets 
repeated sites on the Y chromosome. Modelling suggests 
that, if this Y- shredder were combined with an efficient 
autosomal drive, local elimination of an invasive target 
species as part of a bioremediation programme should 
be achievable so long as cleavage- resistant functional 
alleles at the drive locus did not arise.

Driving forwards

Progress in the gene- drive field has been remarkable 
over the past 5 years. In this brief period of intensive 
productivity, nearly all substantive technical barriers 
have been overcome for drive systems either modifying 
or suppressing mosquito populations. Based on these 
achievements, it is now possible to define relatively 
precise target–product profiles115,162 defining detailed 
characteristics of drive systems that would be suitable 
for advancing to the next phase of testing in physically 
or ecologically confined outdoor ‘phase 2’ field tests as 
defined by t he W or ld Health organization phases of gene- 

drive development115. If drive systems perform similarly in 
these natural populations where mating success is highly 
competitive, they could be advanced to ‘phase 3’ trials in 
which the goal would be to demonstrate epidemiological 
efficacy in reducing the prevalence of malaria in a target 
area (FiG. 5b). Is this a realistic path forwards?

From the science and engineering perspective, the 
answer to the question seems likely to be yes (although 
one should not underestimate unforeseen challenges in 
nature). When considering the various social and ethical 
questions that have been raised regarding gene drives, 
the answer is less clear. An important consideration in 
this complex risk assessment is to balance the anticipated 
benefits of gene drives against their potential risks. 
Another issue concerns the longer- term consequences, 
both practical and ethical163–166, of going down the road 
of biologically engineering organisms in our environ-
ment. It will not be trivial to achieve a consensus answer 
to these deep questions.

I believe that a sensible format for evaluating the bene-
fits versus risks of gene drives is to tally the real perceived 
benefits and risks of gene drives and then weigh and 
sum the various relevant factors164. It also makes sense 
to consider other well- known cases of naturally evolved 
gene- drive systems4–21 that have either driven themselves 
extinct or achieved some type of balanced equilibrium164.

With regard to the potential benefits of gene drives, 
malaria and other mosquito- borne diseases have been 
estimated by the Bill and Melinda Gates Foundation to 
kill more people than any other organism (including 
humans) and more than half of those deaths are caused 
by malaria. Although much progress has been made over 
the past decade in reducing the prevalence and inten-
sity of malaria worldwide, the downward trend seems 
to have stalled owing to a variety of difficult challenges, 
including increased incidence of insecticide resistance in 
mosquitoes, increased drug resistance in parasites and  
maintenance of funding for these very costly efforts114,167. 
Global health challenges related to the current COVID-19  
pandemic (and inevitable future disease outbreaks) 
will only aggravate these problems as vaccination pro-
grammes, access to drugs and basic health care become 
strained.

Summary and conclusions

Since getting on the road, gene- drives have sped a long 
way. New high- performance vehicles offer great prom-
ise for delivering anti- malarial effectors or driving down 
the numbers of mosquitoes. Flexible add- on trailers (for 
example, CHACRs) could also update or expand the 
range of the original drives and, should a drive go errant, 
strategies for forcing them to pull- over (e- CHACRs) or 
exit (ERACRs) are now available. Such technologies 
should be portable to other insects and, with further 
development, perhaps transferred to other organisms, 
including vertebrates, plants and even bacteria. So, what 
is next?

Beyond the several technical and ethical challenges 
described in this Review and elsewhere, I would like 
to highlight two main challenges facing the gene- drive 
field. The first is to obtain both regulatory and commu-
nity approval to test these systems in natural confined 
environments such as isolated islands (phase 2 trials) or 
other controlled contexts. These trials are essential for 
obtaining data to evaluate the future potential of candi-
date drive systems. There is no other way to know how 
drives will perform in nature under conditions where 
they must compete with native mosquitoes, which may 
be much more extreme than in the laboratory. Approval 
for such phase 2 trials may take time and will depend 
greatly on efforts such as those already well under way 
to engage local communities in an open and transpar-
ent fashion regarding scientific and ethical issues163,166. 
The second challenge, which in many ways rests on the 
results of the first, is to delineate when and where such 
drives could be released in phase 3 efforts to reduce dis-
ease prevalence. Each drive system will need to develop 
a detailed target–product profile, which should be eval-
uated on a case- by- case basis. It will also be important 
to consider how new drive systems might interact with 
those already in the environment to avoid potential 
clashes analogous to those arising from space junk.

In summary, so far, it has been a remarkable drive, 
through an incredible landscape. The big question is 
what lies on the road ahead and will the promise of 
gene- drives deliver the potential they seem to hold?

Published online 6 August 2021
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tests (either in large cages or 

isolated environments such  

as islands); the goal of these 

experiments is to achieve 

defined entomological 

endpoints such as a certain 

percentage of population 

reduction (suppression)  

or drive introgression 

(modification). Phase 3  

is limited testing in 

disease- endemic regions to 

demonstrate epidemiological 

efficacy. Phase 4 is full 

implementation.

Risk assessment

A formal analysis of all factors 

that need to be considered, 

evaluated and balanced before 

implementing an intervention 

such as the release of 

organisms carrying a 

gene- drive element. Risks 

should include predicted or 

potential consequences 

associated with performing the 

intervention as well as those 

accompanying a decision not 

to implement the technology.
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