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Gene drives

Mendelian inheritance: Super-Mendelian inheritance:

• Gene drives could in principle even spread deleterious alleles 

• Natural examples: P element in flies, t haplotype in mice



CRISPR gene drives

Cas9 payload

Cas9-cleavage 
of target site

Heterozygous cell:

Homology-directed repair:

Cell becomes homozygous
for driver construct

HA1 HA2
driver
wild type

gRNA

Gantz and Bier, Science 2015



Gantz and Bier experiment

[Gantz and Bier, Science 2015]



Proposed applications

Altering vector species so it can no longer transmit disease:

Direct suppression of vector population:

(2016)

(2015)







Evolution of resistance?  

Genetic variation at target 
can prevent gRNA binding:

• >2 nucleotide differences in target

• Single mutation in the PAM site

• Most indels in target

Origin of resistance alleles: • Standing genetic variation

• Cleavage repair by NHEJ
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Heterozygous cell:

NHEJ repair:

driver
+

Indel mutation -> resistance allele



Wright-Fisher model, single locus, 3 alleles: 

• Wild type (0)

• Driver (d)

• Resistance (r)

Population genetic model

Model parameters:

• Conversion rate (c)

• NHEJ rate (δ)

• De novo mutation rate towards resistance alleles (µ)

• Fitness costs of various genotypes

• Effective population size (Ne)



Driver dynamics in absence of resistance
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Unckless, Messer et al., Genetics 2015
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Evolution of resistance

generation t

se(t)

uµ(t)uδ(t)

xd(t)

Pr[est.]

“Standard” model:

• Conversion efficiency: 90%

• Driver fitness cost: s = 0.1  

(codominant)

• Cost-free resistance

• Ne = 106

• Introduction freq. = 10-5



Pr[resistance evolves]

Standard model
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Unckless, Clark, Messer, Genetics 2017



Low driver cost (s = 0.01)
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Unckless, Clark, Messer, Genetics 2017



Quantifying resistance allele formation

Champer et al., PLoS Genetics 2017



♀ somatic cell

embryo cleavage 
and NHEJ-repair 3:7 9:1

wild-type drive resistance

♀ germline cell
Cas9 level

♀ embryo

germline 
cleavage

highlow

♀ embryo

fertilization by
wild-type male 

70% 30%<1%

Resistance mechanisms

♀ gamete

meiosis

Champer et al., PLoS Genetics 2017



Variation among diverse fly lines  

Nanos-drive targeting yellow gene:

Fly line
Conversion
rate

Germline
resistance rate

Embryo
resistance rate

w1118 62% 29% 20%
Canton-S/w1118 55% 35% 19%
GDL-Z/w1118 54% 39% 28%
GDL-T/w1118 51% 41% 56%
GDL-B/w1118 50% 36% 26%
GDL-N/w1118 46% 52% 22%
GDL-I/w1118 40% 47% 3%
DGRP387/w1118 63% 23% 49%
DGRP336/w1118 58% 38% 85%
DGRP237/w1118 56% 29% 78%
DGRP161/w1118 55% 39% 40%
DGRP352/w1118 52% 46% 81%
DGRP338/w1118 50% 55% 32%
DGRP398/w1118 48% 48% 38%
DGRP392/w1118 40% 65% 84%



Proposed safety mechanisms / examples:

• Barrier: containment facility
• Ecological: experiments outside natural range
• Reproductive: strain with mating incompatibility
• Molecular: synthetic target sequence



Sarkaria Arthropod Research Lab (SARL) 

Cornell University
Agricultural Experiment Station



Targeting essential/haplolethal genes

Cas9 payload

NHEJ repair:

HA1 HA2
driver
+

gRNA

indel mutation



Using multiple gRNA targets

Homology-directed repair of cleavage at target site 2:

target 1 target 2

Homology-directed repair of cleavage at target site 1:

Cas9 gRNA1 gRNA2HA1 HA2



Champer et al., bioRxiv



Resistance mechanisms

Champer et al., bioRxiv



Fly line
Cas9 
promoter

Target
gene

Conversion
rate

Germline
res. rate 

Embryo
res. rate

Canton-S nanos white 59% 36% 77%

Canton-S vasa white 56% 39% 75%

Canton-S nanos white-2gRNA 76% 16% 76%

Canton-S nanos cinnabar (female) 54% 46% 100%

Canton-S nanos cinnabar (male) 38% 62% 0%

w1118 nanos yellow coding 62% 29% 20%

w1118 vasa yellow promoter 53% 47% 20%

Drive performances

Champer et al., bioRxiv
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Wild-type

Drive
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1-gRNA + high embryo resist. 2-gRNA + low embryo resist.

Champer et al., bioRxiv



Modeling frameworks

1. Panmictic population models:

2. “Travelling wave” models:



Spatial population dynamics

Kraemer et al., eLife 2014

Global distribution of Aedes aegypti mosquitoes:



Demography

Seasonal dynamics of Anopheles mosquitoes in Sahel:
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Dao et al., Nature 2014





Fitness costs of a drive



Fitness costs of a drive

Fitness costs of disrupted yellow gene in D. melanogaster:



Resistance as a control mechanism?
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Cas9 gRNA1

locus 1: locus 2: locus 3:

Cas9 gRNA2 payload

Daisy-chain drives

Noble et al., bioRxiv 2016



gRNA payloadCas9gRNAgRNAgRNA

gametes will inherit only half the gRNAs:

individual with a wild-type and a driver parent:

Daisy-field drives

Min et al., bioRxiv 2017



Reciprocal drives

Cas9 gRNA1 payload Cas9 gRNA2

Frequency-dependent system →  Quorum effect
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Gene drive is an evolutionary process

Resistance will pose major obstacle (especially 
for population suppression approaches)

There may be strategies for confinement of CGDs, 
but many “moving” parts and robustness unclear

To understand and predict population dynamics, 
we need better population genetic models
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