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All animals are equal. . .
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Some animals are less equal than others
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Pest control

(c
)w
w
w
.p
ub
lic
do
m
ai
np
ic
tu
re
s.
ne
t

(c
)U
SD
A,
W
ik
im
ed
ia

(c
)F
is
hb
as
e

Mechanical, Physical Chemical Biological

Genetic

“Dissemination, by mating or
inheritance, of factors that
reduce pest damage”
Alphey ����, Ann. Rev. Entomo.
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Genetic control of populations
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Homing-based gene drive

I Homing endonuclease genes (HEG)
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RNA-guided gene drive
Esvelt et al. ����, eLife

cargo cas� gRNA
Homology arms

Homologous directed repair (HDR)
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Types of drive

Modification drive Eradication drive

Timing of gene conversion

Gene
conversion

In the zygote (Z)

Gene
conversion

In the gonads (G)
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Modelling a homing-based gene drive
Deredec et al. (����)

Alleles
Wild-TypeW, Drive D

Parameters

Fitnesses
Genotype WW WD DD
Fitness � �� hDsD �� sD
cD Conversion e�iciency

Equations (Conversion in the zygote)
Allele frequencies

qW = �� qD,

q0D =
q�D(�� sD) + �qWqD(cD(�� sD) +

�
�
(�� cD)(�� hDsD))

�� sDq�D � �qWqD(cDsD + (�� cD)hDsD)
.

Population size
N0 = min (↵wN,K)
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Modelling a homing-based gene drive

Equilibria qD = � : drive allele is lost
qD = � : drive allele is fixed
qD = q⇤D : intermediate drive frequency

! coexistence or bistability
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Modelling a homing-based gene drive

Drive fixation
Threshold-independent drive
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Spatial spread of threshold-dependent drives

I Potentially limited spread to non-target populations
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I Continuous space: “pushed wave” regime
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Spatial spread of a homing-based drive
Tanaka et al. ����, PNAS

Reaction-di�usion; Assuming perfect conversion (cD = �)

,

NB: s < �.� corresponds to the “Fixation” regime; s > �.� to the “Bistability” regime.
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Reaction–di�usion model

Modeling

I O, D: wild-type allele, gene drive allele
I Conversion rate OD æ DD: 100%
I nO(t, x), nD(t, x): population densities for OO, DD

I OO population: unitary di�usion rate, unitary death rate,
reproduction rate 1 + r(1 ≠ nD ≠ nO) (ˆtnO ≠ �nO = rnO(1 ≠ nO)
in the absence of D)

I Phenotypical e�ects of D: di�usion rate ”D, fecundity rate —D,
juvenile survival rate ÊD, death rate µD

Y
__]

__[

ˆtnO ≠ �nO = nO
2

nD + nO

(1 + r(1 ≠ nD ≠ nO)) ≠ nO

ˆtnD ≠ ”D�nD = —
2
D

nD
2 + 2—DnOnD

nD + nO

ÊD (1 + r(1 ≠ nD ≠ nO)) ≠ µDnD

Assumption: selection only acts on juvenile survival
(”D = —D = µD = 1, ÊD = 1 ≠ s)
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Proportion–density variables

I p(t, x): allelic proportion of gene drive
I n(t, x): total population density
I s œ [0, 1]: fitness cost of the gene drive population
I r > 0: Malthusian growth rate of the wild-type population

Y
__]

__[

ˆp

ˆt
≠ �p ≠ 2Ò (ln n) · Òp = (1 + r(1 ≠ n)) sp(1 ≠ p)

3
p ≠ 2s ≠ 1

s

4

ˆn

ˆt
≠ �n = n

11
1 ≠ s + s(1 ≠ p)2

2
(1 + r(1 ≠ n)) ≠ 1

2

Stationary states

I (p, n) = (0, 1): no gene drive
I (p, n) =

1
1, max

1
1 ≠ s

r(1≠s) , 0
22

: fixated gene drive
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1D numerical simulations
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(f) t = 200

Figure: nD(t, x), nO(t, x), r = 10/9, s = 0.5 (1 ≠ s

r(1≠s) = 0.1)
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Traveling wave with speed c

(nD, nO)(t, x) = (ND, NO)(x ≠ ct) + conditions at infinity

NO, ND

x ≠ ct

1

ecological invasion

gene drive

natural selection

Q: sign of c as a function of r and s ?

A: numerical simulations, theoretical analysis
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Traveling wave in proportion–density variables

(p, n)(t, x) = (P , N)(x ≠ ct) + conditions at infinity

x ≠ ct

P

1

0

N

1

1
1 ≠ s

r(1≠s)

2+

Numerical observation: monotonic P and N
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Pure population replacement: assumption constant n

ˆtp ≠ �p = sp(1 ≠ p)
3

p ≠ 2s ≠ 1
s

4

I Stability: p = 1 stable ; p = 0 stable i� s > 1/2 (reversibility)
I Sign of c: sign of s ≠ 2/3 (viable i� s < 2/3)
I “Good” region: viable and reversible i� 1/2 < s < 2/3
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s (evolution)
0.3 0.4 0.5 0.6 0.7 0.8
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1
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1
Figure: Values of cs,r

— threshold 1-2-stability s = 1/2
- - level-line {c = 0} s = 2/3
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Partial suppression or total eradication

Y
]

[
ˆtp ≠ �p ≠ 2Ò (ln n) · Òp = (r(1 ≠ n) + 1)sp(1 ≠ p)

1
p ≠ 2s≠1

s

2

ˆtn ≠ �n = n
!!

1 ≠ s + s(1 ≠ p)2"
(r(1 ≠ n) + 1) ≠ 1

"

I “Good” region: reduced, larger nonviable region
I Eradication region (1 <

s

r(1≠s)): with a discontinuity in the
nonviable region between retraction and nonexistence [num.]
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2 Figure: Values of cs,r [num.]

— threshold 1-2-stability s = 1/2
- - level-line {c = 0} [num.]
-·- eradication threshold r = s

1≠s
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Partial suppression or total eradication
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— threshold 1-2-stability s = 1/2
- - level-line {c = 0} [num.]
-·- eradication threshold r = s

1≠s

– – known sign thresholds
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Mathematical obstacles

Y
]

[
ˆtp ≠ �p ≠ 2Ò (ln n) · Òp = (r(1 ≠ n) + 1)sp(1 ≠ p)

1
p ≠ 2s≠1

s

2

ˆtn ≠ �n = n
!!

1 ≠ s + s(1 ≠ p)2"
(r(1 ≠ n) + 1) ≠ 1

"

I Reaction term without monotonicity: no comparison principle
I Singularity as n æ 0

Same obstacles in variables nD-nO
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Elements of proof

Sign of c under assumption of existence and monotonicity

I Monotonicity: N = h(P ), h : [0, 1] æ
51

1 ≠ s

r(1≠s)

2+
, 1

6

I Equation on P :

≠cP
Õ≠P

ÕÕ≠2h
Õ(P )

h(P ) |P Õ|2 = (r(1≠h(P ))+1)sP (1≠P )
3

P ≠ 2s ≠ 1
s

4

I Change of variable (Nadin-Strugarek-Vauchelet, J. Math. Biol., 2018):

sgn (c) = sgn
5
≠

⁄ 1

0
h(fl)4(r(1 ≠ h(fl)) + 1)sfl(1 ≠ fl)

3
fl ≠ 2s ≠ 1

s

4
dfl

6

I Estimates

Nonexistence result: if r Æ 2s≠1
2(1≠s) , by maximum principle
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Conclusion
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Summary

� � �

r
(e

co
log

y)

s (evolution)
0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

0.8

1

(a) Neglecting demography

���

r
(e

co
log

y)
s (evolution)

0.3 0.4 0.5 0.6 0.7 0.8
0

2

4

6

8

10

12

(b) Accounting for demography

Figure: Gene drive regimes
�: irreversible ; 3: possible ; 7: nonviable ; n: eradication
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Developments & perspectives

Developments not mentioned in this talk

I Sensibility analysis (parameters ÊD, —D, µD)
I Density-dependent death rate
I Allee e�ect
I Stochasticity

Perspectives

I Existence, multiplicity, stability and monotonicity of traveling
waves

I Limit r æ +Œ
I Better estimates of the sign of the speed
I Conversion in the germinal line instead of the egg
I Emergence and evolution of gene drive resistance (Champer et

al., PLOS Genetics, 2017 ; Unckless et al., Genetics, 2017)
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Gene drives may not work as advertised

I Evolution of resistance
Unckless et al. ���� Genetics, Champer et al. ���� PLOS Genetics, KaramiNejadRanjbara et al. ���� PNAS

I natural variants at the target site already in the population
I generation of resistance by Non Homologous End Joining

I Evolution of mating systems
Bull ����, Bull et al. ���� Evolution, Medicine and Public Health
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Should gene drives be used in the first place?
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Risks of gene drives

Specific to gene drive

I O�-target mutations
Target sequence elsewhere in the
genome

I Propagation to other populations

Noble et al. (����) eLife

I Propagation to other species
Horizontal gene transfer

Generic

I Ecosystem consequences of
population suppression
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Regulatory issues

Gene drive-modified organisms are living genetically modified organisms
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Funding

Main funders of gene drive research:

� Safe Genes program

� Target Malaria

I Need for independent risk assessment
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Ethics

I Gene drive vs. other methods of population control

I Are the benefits worth the risks?
I Deciding which species can be eradicated
I Modifying wild populations
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Thanks for your attention!
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