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Talk outline 

Toxin-antidote-based systems: 

1.  Medea, Semele, underdominance 
2.  Thresholds, confinement &  

reversibility 
3.  The need for spatially-structured 

modeling frameworks 
 
Homing-based systems: 

1.  Multiplexing to overcome 
resistant allele generation 

2.  Persistence following an 
accidental release 

3.  Reversal drive systems &  
remediation strategies 



• Named after 
Medea from Greek 
mythology and 
Maternal Effect 
Dominant 
Embryonic Arrest. 

• Causes death of 
offspring of 
heterozygous 
mothers that do 
not inherit the 
Medea allele. 

• Spreads to 
transgene fixation 
from very low 
initial 
frequencies. 

Medea 

Chen et al. (2007) Science 



Are there other toxin-antidote gene drive systems 
that could spread transgenes in a confined manner? 

Marshall et al. (2011) Genetics 
Marshall & Hay (2011) J. Hered. 

Marshall & Hay (2012) Evolution 
Marshall & Hay (2012) J. Theor. Biol. 

Marshall (2011) Bioeng. Bugs 



• A release including females results in 
gene drive (GM females are favored at high 
population frequencies). 

• Release threshold = 36.4%: 

 Transgenic males 
produce toxic semen 

 Transgenic females 
produce antidote 

Semele 

Marshall et al. (2011) Genetics 





Wild-types introduced  
at 25% (4 times) 

Migration rate = 1% /gen 

Semele released at 40% 

Introduction of Semele is predicted to be 
confineable and reversible 
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•  Offspring of mothers 
having one or both 
constructs must inherit the 
opposite or both 
chromosomes to survive. 

•  This is more likely at higher 
population frequencies 
(>24%) leading to 
frequency-dependent 
drive. 

Akbari*, Matzen*, Marshall* et al. (2013) Curr. Biol. 



Inheritance pattern of UDMEL 

Akbari*, Matzen*, Marshall* et al. (2013) Curr. Biol. 
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frequency-
dependent fitness 
cost: 
•  6% fitness 

benefit in fully-
wild-type pop. 

•  21% fitness cost 
in fully 
transgenic pop. 

Akbari*, Matzen*, Marshall* et al. (2013) Curr. Biol. 

UDMEL model fitted to laboratory drive experiments 



Banambani, Mali Doneguebougou, Mali 

7 km 

Introduction of UDMEL is predicted to be 
confineable & reversible 

~1% / gen 

Wild-types introduced at 33% (2 times) 
Akbari*, Matzen*, Marshall* et al. (2013) Curr. Biol. 

UDMEL released at 60% 



Translocations display threshold-dependent dynamics 



Translocation model fitted to laboratory drive 
experiments 

Translocation has time-
dependent fitness 
costs: 
•  Translocation 

homozygotes are 
initially very unfit; 
but rapidly increase 
in fitness in a couple 
of generations. 

•  Translocation 
heterozygotes have 
relatively consistent, 
near wild-type 
fitness. 

Buchman, Ivy, Marshall, Akbari & Hay (2016) bioRxiv 





MASH (Modular Analysis and Simulation for 
human Health) 



MASH (Modular Analysis and Simulation for 
human Health) 

•  Moving pink triangles are 
female mosquitoes 

•  Moving blue triangles are 
male mosquitoes 

•  Lines represent the trace 
of their movement 

•  Purple pentagons are 
blood-feeding sites 

•  Green circles are sugar-
feeding sites 

•  Blue triangles are 
breeding sites/aquatic 
habitats 

•  Salmon hexagons are 
swarming/mating sites 

•  Blue/salmon diamonds 
around houses are 
susceptible and infectious 
humans 



Homing-based gene drive systems 



Rate of resistant allele generation for Hammond et 
al. (2016) constructs 

32         17              15 

•  Homing rate = 98% 
•  Fertility of 

heterozygotes reduced 
by 90.7% 

 
•  Incomplete homing or 

indel events were 
observed in 15/32 
screened organisms in 
which an error-free 
homing event was not 
observed. 

•  1/7 of the homing 
events that originated 
these may be 
considered resistant 
alleles. 

•  Resistant allele 
generation rate = 0.13% Hammond et al. (2016) Nature Biotech 



NHEJ is the most important source of homing-
resistant alleles 



Modeling error-prone homing-based gene drive 



Population dynamic model (with overlapping 
generations, density-dependence, stochasticity) 



Dynamics of current constructs 

a)  Hammond et al. (2016) 
construct: 
•  Homing rate = 98% 
•  NHEJ rate = 0.13% 
•  Fertility of heterozygotes 

reduced by 90.7% 

b)  Hammond et al. (2016) 
construct: 
•  Homing rate = 98% 
•  NHEJ rate = 0.13% 
•  Fertility of heterozygotes 

same as wild-type 

Marshall, Buchman, Sanchez & Akbari (2016) bioRxiv 



Population elimination depends on the resistant 
allele generation rate & population size 



Tolerable rates of resistant allele generation are 
inversely proportional to the population size 

Marshall, Buchman, Sanchez & Akbari (2016) bioRxiv 



So the resistant-allele generation rate we need to 
achieve is… 

Population size (N): Homing-resistant 
allele generation 
rate for 90% 
probability of 
elimination: 

1 thousand 4 x 10-5 

1 million 4 x 10-8 

1 billion 4 x 10-11 

10 billion 4 x 10-12 

Marshall, Buchman, Sanchez & Akbari (2016) bioRxiv 



Multiplexing gRNAs 

Marshall, Buchman, Sanchez & Akbari (2016) bioRxiv 



Population elimination possible through 
multiplexing 

Multiplex 
number: 

Homing-
resistant allele 
generation rate: 

Population size 
capable of 
eliminating: 

1 1.3 x 10-3 32 
2 1.7 x 10-6 24 thousand 
3 2.2 x 10-9 19 million 
4 2.9 x 10-12 14 billion 

Marshall, Buchman, Sanchez & Akbari (2016) bioRxiv 



Marshall (2009) J Theor Biol 



 
o Homing-based systems are 

more likely to spread than not for 
releases > 5 

o Toxin-antidote systems like 
Medea are unlikely to spread 
because their drive only 
becomes significant at higher 
population frequencies 

o Threshold-dependent systems 
are unlikely to spread following 
an accidental release 

Persistence probability 
following an accidental release 
of 10 GM mosquitoes: 

HEGs / homing systems: 

Medea: 

Underdominance: 

Homing-based systems are highly invasive 
following an accidental release 

Marshall (2009) J Theor Biol 



Remediation systems for homing-based gene drive 



Drive (red) + Reversal drive or ERACR (turquoise) 



Longer-term reversal & dilution dynamics 



eCHACR & other reversal systems 



Drive (red), Resistant allele (blue) + eCHACR 
(green) 



Dilution dynamics retaining eCHACR allele 



Conclusions 
Homing-based systems: 

1.  Multiplexing provides a solution  
to resistant allele generation 

2.  Homing systems are highly  
invasive 

3.  Remediation strategies need to be 
explored in structured populations 

 
Toxin-antidote-based systems: 

1.  Recent success in engineering 
threshold-dependent systems 

2.  Impact of population structure needs to 
be explored 

3.  Strange fitness effects, etc. need to 
be explored in wild populations 
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•  Public attitude surveys in 
Mali suggest that people would 
like to see a successful 
confined trial before 
accepting a release: 

 “I would have to see an example of 
modified mosquitoes reducing malaria 
in another village before I believe this 
claim” 

72-year-old man, Tienfala, Mali 

Marshall et al. (2009) Malaria Journal 


