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Introduction to gene drives: 
history and principle

蒋昕钰

What are gene drives? How do gene drives progress? How do gene drives work?
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Gregor Johann Mendel，1822-1884

Genes have a 50% chance of being passed from parent to offspring according to 
Mendelian Genetics

A/++

A/++
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What are gene drives?

Selfish genetic elements are genetic segments that can enhance their own transmission at the expense of other
genes in the genome, even if this has no or a negative effect on organismal fitness.

self-sustaining technology

edit genomes at the population level 

Gene drives are systems of biased inheritance that

enhance the likelihood a sequence of DNA passes

between generations through sexual reproduction and

become a dominant one in a population.

> 50% chance of inheritance

Population suppression or Population replacement

“modification drive” types

“suppression drive” types
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“In many cases these chromosomes have no useful
function at all to the species carrying them… [B
chromosomes] need not be useful for the plants. They
need only be useful to themselves.”
—Gunnar Östergren in 1945

Rice WR.
Nothing in genetics makes sense
except in light of genomic conflict.
Annu Rev Ecol Evol Syst. 2013.

Introduced the concept of selfish genes to the wider
scientific community

Coined the term “selfish genetic element”

Published the first book in 2006

The study of selfish genetic elements has continued for a century
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• lead to the spread of fitness-reducing 
traits (including lethality and sterility)

• lead to the spread of fitness-increasing 
traits

overcome the evolutionary disadvantages

more quickly and thoroughly than natural selection

Application of gene drives ——solving environmental and public health challenges
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The idea of solving biological problems by gene drives evolved over decades
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•Sex-linked meiotic drives (MD)

•The maternal effect dominant embryonic arrest system (Medea)

•Underdominance drives (UD)

•Homing endonuclease-based gene drives (HEGD) 

Several types of gene drives with different characteristics have been engineered

Attributes
Rate of spread
Species specificity
Fitness cost
Susceptibility to resistance
Removability or reversibility
Ease of manipulation in the 
laboratory

Most proposed engineered gene drives are based on naturally existing selfish genetic elements
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Mechanisms of sex-linked meiotic drives

Attributes
Type: Suppression
Rate of spread: Moderate
Fitness cost: Low
Resistance generation rate: Low
Reversibility: second-generation drive

Segregation distorters
transmission of certain
alleles is biased during
meiosis, resulting in
increased frequencies of
those alleles in the
gametes

skewing gender ratios
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Mechanisms of Medea Attributes
Type: Replacement
Rate of spread: Moderate
Fitness cost: Uncertain
Resistance generation rate: Low
Reversibility: second-generation drive

Toxin: a microRNA is expressed during oogenesis in Medea-bearing 
females, disrupting an embryonic essential gene in all embryos
Antidote: a toxin immune protein is expressed at the zygotic stage 
early in embryogenesis only in embryos that inherit the Medea element 

A survival of 50% of the embryos

fitness advantage

linked payload gene drive rapidly

Maternal-effect lethality to all hatchlings that
do not inherit a copy of the factor itself.
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Mechanisms of underdominance gene drives Attributes
Type: Replacement
Rate of spread: Slow
Fitness cost: High, locally confined
Resistance generation rate: Moderate
Reversibility: Removable with releasing
large numbers of wild-type organismsHeterozygote inferiority: heterozygotes have a lower 

fitness than parental homozygotes

1. Chromosomal translocations

2. Combinations of toxins and antidotes

Underdominance: It is the selection against the mean of a
population distribution causing disruptive selection and
divergent genotypes
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Homing: copying themselves onto the opposite chromosome

homing endonuclease genes

1. Encodes an endonuclease
2. Cleaves at a target site on the homologous chromosome opposite the HEG
3. Homology-directed repair (HDR) results in the HEG being copied to the homologous chromosome

Mechanisms of homing drives
Attributes

Type: Suppression + Replacement
Rate of spread: Fast
Fitness cost: Low
Resistance generation rate: High
Reversibility: second-generation drive
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The past ten years have seen only modest progress in gene drives development

The first engineered Medea gene drive system

The first engineered underdominance system

The creation of a fully functional X-shredder in 
mosquitoes

The use has remained largely theoretical due to technical constraints

The creation of a engineered homing drive 
system in mosquitoes
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Substituting Cas9 for the homing endonucleases

The advent of the CRISPR/Cas9 technology gives a renewed impetus to developing 
gene drives in the laboratory for eventual application

Active in a wide 
variety of organisms

Evolutionary stability
15

Efficiently target 
any given gene



The advent of the CRISPR/Cas9 technology gives a renewed impetus to developing 
gene drives in the laboratory for eventual application

easier to use, faster to develop, more precise
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Homing drives result in most or all progeny of 
heterozygotes receiving the desirable genes and
spread rapidly throughout the population
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Suppression drives target the recessive 
genes required for viability or fertility 
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Homing only occurs in the germline cells



A second-generation reversal drive can 
overwrite a first-generation homing drive, 
replacing its payload gene
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CRISPR/Cas9-based gene drives show great potential in diverse organisms
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1. A vasa-Cas9 gene expressed in

both somatic and germline cells

2. A gRNA targeted to y1 in the X-

linked yellow locus

3. Homology arms

The first creation of homing drive by CRISPR/Cas9 efficiently drives allelic conversion
in Drosophila
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CRISPR/Cas9 technology provides a new tool for the effective development of a variety 
of engineered gene drives 

Sex-linked 
meiotic drives
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Medea

CRISPR/Cas9 technology provides a new tool for the effective development of a variety 
of engineered gene drives 
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Targeting embryonic
essential gene

recoded embryonic
essential gene



Underdominance
gene drives

CRISPR/Cas9 technology provides a new tool for the effective development of a variety 
of engineered gene drives 
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Gene drives: not just about science, but at the interface of science and society

rapid spread, persistence and irreversibility

•Phase 0: Research preparation

•Phase 1: Laboratory-based research

•Phase 2: Field-based research

•Phase 3: Staged environmental release

•Phase 4: Post-release surveillance

Safety!

Developing such a technology cannot be separated
cleanly from non-science and engineering-related issues

ethical, legal, and social dimensions
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Multiple stringent confinement strategies 
should be used in laboratory for 
preventing the unintentional release
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• Gene drives are systems of biased inheritance that enhance the likelihood a
sequence of DNA passes between generations through sexual reproduction and
become a dominant one causing population modification or suppression.

• Gene drives can be characterized by a number of different attributes which
should be considered when evaluating the type of gene drive that is best suited for
a particular application and assessing context-dependent risks.

• The advent of the CRISPR/Cas9 technology gives a renewed impetus to
developing gene drives in the laboratory for eventual application in diverse
organisms.

• Numerous practical difficulties must be overcome before gene drives will be in a
position to address any of the suggested applications.
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Applications of gene drive systems 
in mosquitoes

姜思梅
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Malaria        “打摆子”

Symptom： Disease area：

Anopheles gambiae

How to eliminate malaria？

①Control the source of 
infection

②Cut off the transmission 
route

③Protect susceptible 
populations
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Foreword

Ø Purpose：Using gene drives to reduce or even eliminate populations of 

Anopheles gambiae

Ø Train of thought：Find and validate suitable target genes→introduce gene drive 

into target loci and assess effects on fertility→kinetic models predict the spread of 

gene drive constructs in populations

Ø Difference：Gene drives constructed differently；targeted genes differ；

different effects；different advantages and disadvantages
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归巢内切酶基因HEG          归巢homing 32



Determination that the three female fertility genes in A. gambiae are haplosufficient

haplosufficiency

Target genes：

AGAP005958

AGAP007280

AGAP011377

G1                         G2

G2(♀)  × WT(♂)

detecting fertility (egg laying and hatching)

All homozygous female mosquitoes were 
sterile, whereas heterozygous females showed 

normal rates of egg laying and hatching

cross
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The fertility of females heterozygous for CRISPRhwas markedly reduced,males
heterozygous showed normal fertility

重组酶介导的盒式交换(RMCE)

the number of larvae produced：
（♀）AGAP011377 4.6% of WT

AGAP007280 9.3% of WT
AGAP005958 no larvae

（♂）No significant difference
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Dynamics model prediction shows that the construct can spread through 
the population

• the fitness cost in terms of reduced reproductive 
capability imposed by the CRISPRh constructs at 
AGAP011377 and AGAP005958 outweigh the 
homing rate, and the constructs would be 
expected to disappear from a population over 
time.

AGAP011377和AGAP005958的CRISPRh结构所带
来的生殖能力下降导致的生殖负荷超过了归巢率，
预计这些结构将随着时间的推移从种群中消失。

• the higher homing rates observed for CRISPRh at 
AGAP007280, combined with the milder fertility 
reduction observed in heterozygous females 
indicate that this construct could spread through a 
population.

在AGAP007280观察到的CRISPRh的较高归巢率，
加上在杂合子雌性中观察到的较温和的生育力下
降，表明该结构可以在种群中传播。
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doublesex and sex differentiation in A. gambiae

doublesex→control differentiation of the two 
sexes

In A. gambiae, dsx (Agdsx) consists of seven 
exons, distributed over an 85-kb region on 
chromosome 2R

dsx
AgdsxM（♂）

AgdsxF（♀）
alternative splicing
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Disruption of the intron 4–exon 5 boundary of dsx lead to intersex phenotype 
suggesting that the female-specific isoform of dsx is haplosufficient

haplosufficiencydsxF

Crosses of heterozygous individuals 
produced wild-type, heterozygous and 
homozygous individuals at the 
expected Mendelian ratio 1:2:1, 
indicating that there was no obvious 
lethality associated with the mutation 
during development.
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External and internal anomalous features of the dsxF−/− genotypic females

“intersex phenotype”

Intersex XX dsxF−/− female mosquitoes,although
attracted to anesthetized mice, were unable to take 
a blood meal and failed to produce any eggs

dsxF−/− and dsxF+/− males and females 
crossed with WT separately，recording 
the number of larvae progeny
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RMCE

Heterozygous parents（dsxFCRISPRh/+） crossed 
with WT，detecting RFP markers on progeny

Heterozygous parents（dsxFCRISPRh/+） crossed 
with WT，recording the number of larvae
produced by single females

The fertility of heterozygous（dsxFCRISPRh/+）females was reduced，
heterozygous males showed normal fertility
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Model prediction that the dsxFCRISPRh had the potential to reach 100% 
frequency in caged population in 9–13 generations

Two cages were set up with a starting population of 300 wild-type females, 150 wild-type males and 
150 dsxFCRISPRh/+ males, seeding each cage with a dsxFCRISPRh allele frequency of 12.5%.

The drive allele reached 100% prevalence in both cage 2 and cage 1 at generation 7 and 11, 
respectively.The population completely collapses at generation 8 (cage 2) or generation 12 (cage 1).

red  ：cage 1
blue：cage 2
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Designing an SDGD（sex-distorter gene drive）

Female：the CRISPRh component is
active→homing of the construct

Male：both the gene-drive and sex-distorter 
transcription units are active→homing of the 
construct ＋ shredding of the X chromosome
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Model prediction that SDGD could spread rapidly from a low starting frequency 
to produce a largely unisex male population and impairing female fertility
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SDGD011377 and SDGD005958 show a high rate of transgene transmission 
and male bias

Target genes(haplosufficiency)：

AGAP005958

AGAP007280

AGAP011377

SDGD005958

SDGD007280

SDGD011377

SDGD-heterozygous(♂) × WT(♀)

detecting RFP markers and fraction of males 
on progeny

SDGD007280 had severely reduced fertility, 
and we did not recover enough progeny to 
assess drive activity
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Kinetics of SDGD011377 and SDGD005958 spread in target mosquito populations

100 heterozygous transgenic males were introduced into a population of 100 wild-type males and 200 wild-
type females (transgenic allele frequency of 12.5%).
The frequency of the transgene was monitored every generation together with the fraction of males in the 
population and the total number of eggs laid. A random selection of 450 eggs was seeded for the next 
generation.Three repeats. 44



Optimization of temporal and spatial characteristics and level of 
expression of Cas9 and I-PpoI

Fitness costs, most likely associated with non-optimal spatial and temporal activity of 
both the Cas9 and I-PpoI genes, impaired SDGD spread into mosquito populations.

Method:①To minimize the ectopic activity of Cas9→replac the vasa promoter with the 
zpg promoter.

②To reduce the transcriptional activity of the beta2-tubulin promoter→generat three 
variants by inserting a G+C-rich sequence of 100bp in proximity to conserved sequences
at position −244, −271 or −355 with respect to the ATG start codon.
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SDGDdsx had no significant impact on the fertility of heterozygotes and 
SDGDdsx heterozygous males had a marked male bias in the offspring

The larval output of SDGDdsx males was 
comparable to that of controls.

The fertility of SDGDdsx heterozygous 
females, measured as viable offspring, was 
reduced as compared to controls,although it 
was still sufficient to produce a large number 
of fertile individuals.

Fraction RFP+：♂96.0%

♀99.9%
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Model prediction that SDGDdsx would quickly invade the population, 
reaching 100% allelic frequency and leading to collapse of the population 

two cages：A-300 wild-type females, 270 wild-type males and 30 SDGDdsx-heterozygous 
males(allelic frequency of 2.5%，10% male release)

B-150 wild-type females, 150 wild-type males, 150 SDGDdsx-heterozygous males 
and 150 SDGDdsx-heterozygous females (allelic frequency of 25%，50% male and female release) 47



Summary

Ø A CRISPR-Cas9 gene drive system targeting female-fertility genes
• Efficient spread of gene drive，not too conservative，develop resistance

Ø A CRISPR-Cas9 gene drive system targeting doublesex gene
• Efficient spread of gene drive，very conservative，extremely difficult to develop resistance

Ø A  sex-distorter gene drive targeting female-fertility genes and doublesex gene
• Very conservative，introduction of sex-distorter，male-biased，reduce malaria transmission
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Applications of gene drive systems 
in rodents

彭琼琳
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Animal models play a critical role in translational research and advancement 
of human and animal health

Ericsson, A. C., et al. (2013) 50



Active genetics:        self-propagating system split system

Genetic manipulations in which 
a genetic element is copied from 
one chromosome to the identical 
insertion site on the sister 
chromosome using cas9 and 
gRNA elements.

“super-Mendelian”

Grunwald, H. A., et al. (2022)
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Two potential obstacles to the implementation of 
active genetics in mice

• The frequency of DSB formation using a genetically 

encoded Cas9 and gRNA. 

• The frequency of HDR may prevent efficient gene 

conversion. 

52

Jiang, F. and J. A. Doudna (2017)



CopyCat cloning vectors

Plasmid cloning vectors that in addition to having standard features (e.g., origin of replication, 
antibiotic resistance genes, multiple cloning sites) also carry a gRNA flanked by homology arms 
that direct insertion of the element into defined locations. 

Transgenes inserted into cc vectors can be readily rendered homozygous by providing a source of 
Cas9 in trans. 

Gantz, V. M. and E. Bier (2016)
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Grunwald, H. A., et al. (2019)
Nature 566(7742): 105-109.

This study provided the first proof-of-principle gene drive system in 
mammals, which selectively sustained drive via the female germline. 
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How to prove the active genetic system is feasible in mice?
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TyrCopyCat : a split-drive element inserted into the mouse Tyrosinase locus

Grunwald, H. A., et al. (2019)

Why Tyr？
-Because of the obvious albino phenotype of homozygous Tyr loss-of-function mice.
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TyrCopyCat : a split-drive element inserted into the mouse Tyrosinase locus

Bier, E. (2022)
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Embryonic Cas9 activity does not copy the TyrCopyCat allele from the 
donor to the receiver chromosome (Rosa26-cas9)

(white mice) Rosa26-cas9/+; Tyrchinchilla/TyrCopyCat 

(grey mice) +/+; TyrCopyCat/Tyrchinchilla

(black mice) Rosa26-cas9/+; Tyrchinchilla/+  
+/+; Tyrchinchilla/+

0                  89                 0

Grunwald, H. A., et al. (2019) 58

Embryonic activity



(mosaic mice) H11-cas9/+; Tyrchinchilla/TyrCopyCat 
9                  82                 0

Embryonic Cas9 activity does not copy the TyrCopyCat allele from the 
donor to the receiver chromosome (H11-cas9) 

59Grunwald, H. A., et al. (2019)

Embryonic activity



• The active genetic system is feasible in mice. 

• Why TyrCopyCat was not copied to the receiver chromosome in the early embryo? 

Ø Homologous chromosomes are not aligned for inter-homologue HDR to repair DSBs. 
Ø The DNA repair machinery in somatic cells typically favours NHEJ over HDR. 
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Another crossing scheme to initiate Cas9 expression during germline 
development in TyrCopyCat/ch mice 

61Grunwald, H. A., et al. (2019)

eg.  TyrCopyCat /Tyrch; Vasa-Cre/+; Rosa26-LSL-cas9/+



Gene conversion upon Cas9 expression in the female germline 

F4 outcomes 
of germline 
Cas9 strategies

F3: Female 

F3: Female 

Cas9 expression limited 
to the female germline 
induces DSB that are 
corrected by HDR.

Why in the 
female germline？

62Grunwald, H. A., et al. (2019)



Mitosis vs. Meiosis 

63Gray, S. and P. E. Cohen (2016)

Mitosis

Genetically identical diploid 
daughter cells from a diploid 
progenitor cell 

One round of DNA replication

One chromosome segregation

Meiosis

Haploid gametes from a diploid 
parental cell 

One round of DNA replication

Two rounds of chromosome 
segregation



Meiotic timelines differ between male and female germlines 

Grunwald, H. A., et al. (2022) 64



Differential homolog alignment during the five stages of prophase I

Leptotene: replicated chromosomes condense. 

Zygotene: synaptonemal complexes (black bars) form at distinct loci along the chromosome, joining homologs. 

Pachytene: the synaptonemal complex zips homologous chromosomes together to form a bivalent chromosome. 

Diplotene: the synaptonemal complex is degraded. Chromosomes are tied together by chiasmata at points of recombination. 

Diakinesis: chromosomes are still joined by chiasmata but repel one another.

65Grunwald, H. A., et al. (2022)

The crossovers maintain a strong 
connection between homologs.



Summary 

• The fundamental mechanism of a CRISPR–Cas9-mediated gene drive is feasible 
in mice.

• The precise timing of Cas9 expression present a greater challenge in rodents than 
in insects to restrict DSB formation to a window. 
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How to use gene drive for the production of a variety of mouse 
models in laboratories?
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Active genetic strategies for the production of 
a variety of mouse models 

Strategies that make use of existing alleles:

Grunwald, H. A., et al. (2022)
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Active genetic strategies for the production of 
a variety of mouse models 

Humanization of a mouse locus:

69
Grunwald, H. A., et al. (2022)



Take-home message

• Gene drive is feasible in mice; however, the active genetic elements are inherited 
in the female germline.

• Complex genotypes could be produced by using CRISPR-Cas9-mediated gene 
conversion systems.
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