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a b s t r a c t 

Engineered underdominance is one of a number of different gene drive strategies that have been pro- 

posed for the genetic control of insect vectors of disease. Here we model a two-locus engineered under- 

dominance based gene drive system that is based on the concept of mutually suppressing lethals. In such 

a system two genetic constructs are introduced, each possessing a lethal element and a suppressor of 

the lethal at the other locus. Specifically, we formulate and analyse a population genetics model of this 

system to assess when different combinations of release strategies (i.e. single or multiple releases of both 

sexes or males only) and genetic systems (i.e. bisex lethal or female-specific lethal elements and differ- 

ent strengths of suppressors) will give population replacement or fail to do so. We anticipate that results 

presented here will inform the future design of engineered underdominance gene drive systems as well 

as providing a point of reference regarding release strategies for those looking to test such a system. Our 

discussion is framed in the context of genetic control of insect vectors of disease. One of several serious 

threats in this context are Aedes aegypti mosquitoes as they are the primary vectors of dengue viruses. 

However, results are also applicable to Ae. aegypti as vectors of Zika, yellow fever and chikungunya viruses 

and also to the control of a number of other insect species and thereby of insect-vectored pathogens. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Aedes aegypti mosquitoes are the primary vector of dengue

viruses ( World Health Organization, 2016a ). These are a great con-

cern for public health burden in over one hundred countries,

mainly located in tropical and sub-tropical regions ( Bhatt et al.,

2013; Brady et al., 2012 ). There are more than two billion peo-

ple living in at risk areas and tens of millions of apparent in-

fections are estimated to occur each year ( Bhatt et al., 2013 ). This

is a particularly serious threat since there are no known drug

treatments available ( World Health Organization, 2016a ) and the

first vaccine has only recently been licensed for use ( Pitisuttithum

and Bouckenooghe, 2016 ) but is only recommended in areas with

a high dengue burden and only in those over nine years of

age ( World Health Organization, 2016b ). There are also a range of

other insect-vectored pathogens that pose serious threats to pub-

lic health including Zika, malaria and filariasis. Current methods do

not appear sufficient to deal with these problems ( Burt, 2014 ) sug-

gesting a necessity to investigate alternate methods of control. 
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In recent years there have been rapid advances in tools avail-

ble to molecular biologists. This has made the idea of genetic

ontrol methods a very real prospect. As such, a number of dif-

erent genetic control strategies have been proposed that could ei-

her supplement or replace the methods currently in place ( Alphey,

014 ). One category of genetic control, would be introduced by re-

easing into the wild, insects carrying modified genes rendering

hem refractory to one or more pathogens of medical importance,

uch as one or more dengue viruses (i.e. they have a greatly re-

uced capacity to infect humans). These modified genes would be

ombined with a gene drive mechanism, causing them to be inher-

ted by the progeny of released mosquitoes at a super-Mendelian

ate, meaning they could spread towards fixation in a population

ver the course of a number of generations ( Champer et al., 2016 ). 

One such class of gene drive system that is currently under de-

elopment is known as engineered underdominance. Underdom-

nance, in a single locus setting, refers to the situation whereby

 heterozygous individual is less fit than homozygous individ-

als. Such single-locus underdominance represents a gene drive

ystem in its own right and has been engineered in Drosophila

elanogaster ( Reeves et al., 2014 ) and also considered theoreti-

ally ( Altrock et al., 2010, 2011 ). In the example considered here,

 similar effect is achieved via the introduction of two indepen-
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. A schematic diagram of a two-locus engineered underdominance gene drive system. Here each of the two genetic constructs consists of a lethal element, a cargo 

gene and a suppressor for the lethal at the other locus. In such a system an individual will survive if they possess none of the constructs (i.e. they are wild-type) or if 

they possess at least one copy of both, but die if they carry only one. This creates an appropriate fitness differential between genotypes leading to this being termed an 

underdominant system. It is assumed here that the components of each transgenic construct cannot separate from one another (methods to mitigate this issue for a Medea 

gene drive system were discussed by Hay et al., 2010 ). 

d  

n  

(  

t  

g  

c  

f  

l  

s  

a  

d  

a  

I  

e  

w  

f

 

r  

t  

w  

s  

g  

l  

n  

o  

2  

a  

w  

e  

a  

s  

b  

t  

t  

d  

t  

n  

b  

t  

p  

T  

t  

P  

a  

r  

s  

t  

l  

f  

y  

d  

a  

l  

b  

s  

r  

t  

t  

g  

e

 

t  

2  

t  

u  

p  

t  

W  

o  

a  

l  

m  

i  

t  

t  

o  

fi  

t  

g  

m  

w  

t  

u  

p  

i

2

2

 

l  

i  

i  

fi  

c  

i  

a  

H  

c  

t  

t  

s  

o  

s  

s  
ently inherited transgenic constructs each carrying a lethal ge-

etic element and a suppressor for the lethal at the other locus

 Fig. 1 ) ( Davis et al., 2001 ). In essence this can be thought of as

wo killer-rescue ( Gould et al., 2008 ) systems split across two trans-

enic constructs. Linked to each of the transgenic constructs are

argo genes, here assumed to be genes rendering individuals re-

ractory to dengue, for example those developed by Franz and col-

eagues ( Franz et al., 2006; 2014 ). In this type of system, individuals

urvive only if they carry no transgenic constructs or if they carry

t least one copy of both. This creates a selection pressure for in-

ividuals to carry both transgenic constructs and thus potentially

llows the refractory genes to be spread throughout a population.

f these genes spread to fixation within a population, we would

xpect that over time infections with the targeted dengue strain(s)

ould be eliminated, or at least significantly reduced, in the af-

ected area. 

Two of the most important classifiers of gene drive systems are

elated to their persistence and invasiveness. Persistence can be

hought of in terms of two distinct categories; self-limiting systems

here transgenes naturally fade away over time or self-sustaining

ystems where transgenes persist indefinitely in the absence of a

enetic change (i.e. mutation) and may even increase in preva-

ence over time ( Alphey, 2014 ). Previous theoretical studies of engi-

eered underdominance systems have demonstrated that they sit

n the borderline between persistence classifications ( Davis et al.,

0 01; Magori and Gould, 20 06 ). In particular, such systems have

 threshold for the introduction of insects above which transgenes

ill spread (self-sustaining) and below this the transgenes will be

liminated (self-limiting). Mathematically this can be thought of

s three equilibrium points; two stable equilibria typically repre-

enting fixation of wild-type or introduced alleles and an unsta-

le equilibrium that determines which allele heads toward fixa-

ion ( Magori and Gould, 2006 ). The exact size of this introduction

hreshold (unstable equilibrium) in terms of allele frequencies is

ependent on the fitness of transgenic insects relative to wild-

ype individuals ( Magori and Gould, 2006 ). In terms of invasive-

ess, a gene drive may either be defined as ‘global’ where it would

e expected to spread into every insect in every linked popula-

ion or ‘local’ whereby there would only be spread within a target

opulation (i.e. that into which transgenic insects are introduced).

he invasiveness of gene drive systems has been a key considera-

ion in terms of their regulation ( Oye et al., 2014 ) as the Cartagena

rotocol prohibits the release of any system capable of spreading

cross international borders, unless a prior agreement has been

eached ( Marshall, 2010 ). Invasiveness is also a key ecological con-

ideration since precise interventions will potentially allow effects

o a target pest species with little or no impact on other popu-

ations ( Hay et al., 2010 ). As such, it could be considered desirable

or a gene drive to spread within a target population but not be-

ond. Previous theoretical work has shown that engineered under-

ominance systems are extremely unlikely to spread to fixation in

ny non-target populations (i.e. those linked to the target popu-

ation via migration) as the introduction threshold is too large to
e reached through migration alone ( Marshall and Hay, 2012 ). This

ame work went on to show that typical migration rates may only

esult in ∼ 3.2% of the non-target population being made up of

ransgenic mosquitoes. Thus, engineered underdominance appears

o be an exciting prospect in that these systems are feasible to en-

ineer and seem able to satisfy a number of key regulatory and

cological issues associated with the release of transgenic insects. 

Previous theoretical work on engineered underdominance sys-

ems ( Buchman et al., 2016; Davis et al., 2001; Magori and Gould,

006; Marshall and Hay, 2012 ) has focused on the case whereby

ransgenic individuals of both sexes are released into the wild pop-

lation; carry lethals that affect both sexes; and display full sup-

ression of one or two copies of a given lethal depending upon

he number of copies of the relevant lethal suppressor possessed.

hilst these assumptions are reasonable, there are a number of

ther possible release strategies (number, size and sex of releases)

nd genetic systems (sex specificity of lethals and strengths of

ethal suppression) that are yet to be considered. Here, we for-

ulate a population genetics model of the engineered underdom-

nance system in Fig. 1 that is capable of representing a range of

hese possible release strategies and genetic systems. We then use

his model to investigate a number of different examples in terms

f the restrictions that each will place on the release ratio and

tness costs (measured in terms of reduced survival) of carrying

ransgenic constructs that may be tolerated by each system while

iving transgene introgression. It is then possible to identify the

ost feasible systems/strategies for real-world deployment along

ith those which may prove more difficult. It is anticipated that

his study will inform future work seeking to develop engineered

nderdominance gene drive systems and be of interest to those

lanning to test a particular system/strategy ready for deployment

n the field. 

. Methods 

.1. Mathematical model 

We present a population genetics model describing the two-

ocus engineered underdominance based gene drive system shown

n Fig. 1 (see Appendix A for details). This deterministic model

s similar to other published models in that it assumes an in-

nite, closed, panmictic (randomly mating) population with dis-

rete, non-overlapping generations and a 1:1 male to female ratio

n both the initial population and eggs laid in subsequent gener-

tions ( Davis et al., 2001; Magori and Gould, 2006; Marshall and

ay, 2012 ). This allows a number of factors to be eliminated in-

luding migration between populations. Further, it is assumed that

ransgenic constructs are not sex linked; no resistance will evolve;

ransgenic constructs do not mutate; and the cargo and suppres-

or genes are perfectly linked (i.e. they cannot separate; the effects

f which have been modelled for a transposon based gene drive

ystem ( Marshall, 2008 )) within the modelled population. This re-

ults in a model that considers the frequencies of nine distinct
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Table 1 

A table summarising the genotype notation used throughout 

this study. A two-locus engineered underdominance system cre- 

ates nine possible genotypes. Each is assigned a genotype num- 

ber ( i ) within the model and are described by the presence ( A 

or B ) or absence ( a or b ) of transgenic constructs A and B, re- 

spectively. Within the model the numbers of each transgenic 

construct carried by a particular genotype ( i ) are denoted ηi 
A 

and ηi 
B for transgenic constructs A and B, respectively. 

i Genotype Number of Transgenic 

Constructs Carried 

ηi 
A 

ηi 
B 

1 aabb (wild-type) 0 0 

2 aaBb 0 1 

3 aaBB 0 2 

4 Aabb 1 0 

5 AaBb 1 1 

6 AaBB 1 2 

7 AAbb 2 0 

8 AABb 2 1 

9 AABB (introduced) 2 2 
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genotypes, denoted here by the presence ( A or B ) or absence ( a

or b ) of transgenic constructs A and B, respectively (see Table 1 for

details). 

In subsequent sections we examine the effects of the rela-

tive fitness of individuals carrying transgenic constructs; lethal

elements acting on different sexes; and different strengths of

lethal element suppression. Rather than formulate a new model in

each case, these effects are captured in the model by appropriate

choices of parameter values with the precise configurations used

in each case discussed within the relevant sections. A summary of

all variables and parameters is given in Table 2 . 

2.2. Investigating effects of parameters 

In some of the subsequent sections the effects of different pa-

rameter values are assessed. Rather than attempting to infer the

pattern of behaviour from simulations using a number of specif-

ically chosen parameter sets, here the entire biologically feasible

range is tested. In order to do this a numerical script was cre-

ated in Matlab (The MathWorks Inc., Natick, MA) which discretises

the biologically feasible parameter space into a grid of points each

representing a particular parameter configuration. Numerical sim-

ulations are conducted for each of these points and are continued

for a sufficient number of generations to approach equilibrium. The

equilibrium frequencies of relevant genotypes are then stored in an

array allowing the equilibria over the entire parameter range to be

visualised. 

2.3. Calculating the number of generations to equilibrium 

Whilst the main focus of this study is on evaluating what the fi-

nal outcome of a given genetic control system will be under certain

parameter sets, it is also important to assess systems/strategies

against other measures. One criterion that has been stated as key

in the evaluation of genetic control methods is that any control

strategy should be effective “within a human, not evolutionary

time frame” ( James, 2005 ). This essentially means that a genetic

control strategy should achieve its desired goal while allowing hu-

mans to observe its effects and in a time period over which it

could be practical to provide the relevant resources. In order to

assess whether this is true of the various configurations of engi-

neered underdominance considered here, each single release case

is assessed in terms of the number of generations taken for the

wild-type population to be replaced. This is done in a similar man-

ner to evaluating parameter effects in that it is assessed over a dis-

cretised grid of parameter configurations. However, in this case the
umber of generations taken until the wild-type ( aabb ) genotype

requency gets close to zero and stays there (i.e. falls below 0.05

nd changes by less than 0.0 0 01 between two consecutive genera-

ions) are obtained and visualised. A wild type proportion of < 5%

f the total population is assumed to be a reasonable threshold for

he elimination of viruses such as dengue based on the work of

 Focks and Barrera, 2006 ). We consider only the wild-type propor-

ion as important since they are the only genotype able to transmit

engue (assuming that the cargo is effective in a single copy). 

. Single release strategies 

.1. Effects of different releases, lethals and suppressors 

Whilst the general principle of two mutually repressing lethal

enetic constructs is well established, there has been relatively lit-

le discussion around the types of lethal and suppressor compo-

ents that could be used. The different options available are nu-

erous and may lead to significantly different outcomes for the

ame release strategy. In particular, there are known lethal genetic

lements in a number of species that will affect either both sexes

bisex lethals) or females only ( Fu et al., 2007; Heinrich and Scott,

0 0 0; Thomas et al., 20 0 0 ) and a number of these have been mod-

lled ( Akbari et al., 2013; Marshall, 2011 ). There could also be lethal

lements targeting only males. Male-lethal systems are anticipated

o show broadly similar dynamics to female-lethal systems. One

xception is a reduced degree of suppression of the vector popula-

ion during spread, both because increased male mortality likely

as less effect on population reproductive potential than female

ortality. Male-killing systems are not further considered here. 

It has also been demonstrated that lethal elements can be

uppressed with varying degrees of effectiveness. Previous the-

retical work has focused on systems in which one copy of a

uppressor gene is sufficient to rescue an individual against two

opies of a lethal gene (from here on referred to as “strongly

uppressed lethals”) ( Davis et al., 2001; Huang et al., 2009; Magori

nd Gould, 2006; Marshall and Hay, 2012 ). This differs from the

ork of Buchman et al. (2016) who modelled and engineered in

rosophila melanogaster a system of chromosomal translocations in

hich suppression is less effective, requiring equal copies to rescue

gainst the lethal effect (“weakly suppressed lethals”). 

In addition to this, two distinct release strategies have been dis-

ussed for other gene drive systems. The first of these involves

he release of both sexes (here “bisex releases”) while the other is

ased on the release of males only ( Alphey and Bonsall, 2014b ). For

 similar reason to the lethal components, consideration of female-

nly releases is not pursued any further since the addition of ex-

ra females into a population would at the very least increase the

ate of nuisance biting and might contribute to population growth.

his would be counter-productive in terms of the public percep-

ion of any control programme and possibly create adverse effects

n disease prevalence and so has not been considered a preferred

pproach for the genetic control of insects. 

Within this section the potential outcomes of a number of dif-

erent control strategies are examined. These are then compared

o the introduction of two genetic constructs that have no lethal

enes but simply confer some fitness cost on an individual due to

heir presence in the genome. To make an equal comparison be-

ween the different strategies/systems, a single release at a ratio

f 1:1 (released transgenic adults to total wild-type adults of both

exes) is modelled for each. This leads to the consideration of two

ifferent sets of initial conditions representing bisex and male-only

eleases, respectively (see Appendix A for details). Then using the

ethod described in Section 2.2 , the outcome of each control strat-

gy is evaluated by considering the wild-type frequency at equilib-

ium for a range of different relative fitness parameters associated
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Table 2 

A table of definitions and constraints for each parameter and variable used within the model. 

Symbol Description Constraint/Expression 

M 

t 
i 

Proportion of males of genotype i in 
∑ 9 

i =1 

(
M 

t 
i 
+ F t 

i 

)
= 1 

generation t (normalised) and 0 ≤ M 

t 
i 
≤ 1 

F t 
i 

Proportion of females of genotype i in 
∑ 9 

i =1 

(
M 

t 
i 
+ F t 

i 

)
= 1 

generation t (normalised) and 0 ≤ F t 
i 

≤ 1 

M 

e 
i 

Proportion of males of genotype i in –

generation t 

F e 
i 

Proportion of females of genotype i in –

generation t 

�̄ Average fitness of whole population in the 
∑ 9 

i =1 

(
M 

e 
i 
+ F e 

i 

)
current generation 

εA Relative fitness of individuals with one copy 0 ≤ εA ≤ 1 

of construct A 

εB Relative fitness of individuals with one copy 0 ≤ εB ≤ 1 

of construct B 

ηA 
i 

Number of copies of construct A carried by an ηA 
i 

= 0 , 1 , 2 

individual of genotype i 

ηB 
i 

Number of copies of construct B carried by an ηB 
i 

= 0 , 1 , 2 

individual of genotype i 

γ M,F 
i 

Lethality to males ( M ) or females ( F ) 0 ≤ γ M,F 
i 

≤ 1 

due to presence of constructs in individuals 

of genotype i 

�M,F 
i 

Total relative fitness of males ( M ) or �M,F 
i 

= ε
ηA 

i 

A 
ε

ηB 
i 

B 

(
1 − γ M,F 

i 

)
females ( F ) of genotype i possessing 

copies of the constructs, including lethality 

in the current generation 

α Release ratio ( α:1, introduced:wild) α = Introduced/Wild-Type 
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ith the carrying of transgenic constructs. Results of this are given

n Fig. 2 . Note that the case of a bisex release of individuals carry-

ng weakly suppressed bisex lethals is very similar to the chromo-

omal translocation system studied by Buchman et al. (2016) and

ill also display similar behaviour to single locus underdominance

ystems such as that developed by Reeves et al. (2014) . 

It is clear from Fig. 2 (a) and (f) that the introduction of trans-

enic constructs conferring a fitness cost but no lethal component

ill not lead to any degree of long-term introgression for a 1:1

elease ratio. However, if these constructs were able to be inserted

ithout a fitness cost (i.e. ε A = 1 , ε B = 1 or both) then there would

e no selection pressure for the transgenes to be eliminated. Thus

hey would remain in the population at the initial transgene fre-

uency (although this may be divided across multiple genotypes).

t is also expected that introducing transgenic constructs with no

ethal elements could possibly lead to some degree of persistence

here there is a small fitness cost associated with carrying them,

owever they still reduce in frequency at some rate depending on

he size of the fitness cost. 

Similar to the examples with no lethal elements, strategies

ased on 1:1 releases with weakly suppressed lethals ( Fig. 2 (d), (e),

i) and (j)) fail to give introgression where the constructs confer

ven a very small fitness cost. In the examples based on a single

:1 bisex release ( Fig. 2 (d) and (e)) it can be seen that any degree

f introgression is only possible where there is no fitness cost as-

ociated with carrying the transgenic constructs. However, in con-

rast to the case with no lethal component, complete elimination

f the transgenes is observed unless neither of the transgenic con-

tructs confer any fitness cost (i.e. ε A = 1 = ε B ). This is due to the

act that when a lethal element is present, an individual must carry

t least one copy of both constructs in order to survive. Thus, if

ne construct carried even a small fitness cost, then a selection

ressure is created for that gene to be eliminated; in turn making

ndividuals carrying the opposite transgenic construct unviable. It

s expected that a small fitness cost could possibly be countered

y utilising a larger release ratio to exceed the threshold transgene

requency. This appears to differ from cases with a 1:1 male-only

elease ( Fig. 2 (i) and (j)) which give no introgression even where
o fitness cost is conferred by either transgenic construct. This is

xplored further in Section 3.1.1 . 

Finally, the results given in Fig. 2 (b), (c), (g) and (h) demonstrate

hat a single 1:1 (bisex or male-only) release of individuals carry-

ng strongly suppressed lethal elements (bisex or female-only) can

ive complete transgene introgression even in cases where carry-

ng the constructs confers some fitness cost. The exact degree of

tness cost tolerable varies for each system. For example, a single

:1 bisex release with strongly suppressed bisex lethal elements

 Fig. 2 (b)) is able to tolerate fitness costs in the region of ∼ 12% (i.e.

A ≈ 0.88 ≈ εB ) whilst a male-only release of strongly suppressed

emale-only lethals ( Fig. 2 (h)) can tolerate just a ∼ 5% fitness cost

i.e. εA ≈ 0.95 ≈ εB ). 

This section has clearly demonstrated the differences in efficacy

or various strategies and systems based on a 1:1 release ratio. In

ubsequent sections this is extended to consider a number of other

actors important in both the design phase and in planning a re-

ease strategy for such a system. 

.1.1. A single, male-only release with weak lethal suppression is 

neffective 

It was shown in Fig. 2 (i) and (j) that a strategy based on a

ingle 1:1 male-only release of mosquitoes carrying weakly sup-

ressed lethal elements (bisex or female-only) could not give any

egree of long-term introgression. This section explores whether

uch systems merely require larger release ratios or whether there

s some other factor leading to their failure. This begins by simu-

ating the systems for single, male-only releases with a sequence of

ising release ratios. In particular, these systems are simulated for

 range of release ratios up to and including 10 6 :1 (introduced to

ild-type) which is far beyond the range realistic for introduction

n the field. Each simulation conducted here gave a final outcome

hereby wild-type individuals return to fixation in the population

n just a small number of generations (see for example Fig. 3 (a)). 

Results clearly indicate that the size of release is not the cause

f failure in these systems and that some other factor must be

t play. In order to assess what causes such a system to fail, a

umber of different factors including the number of releases were
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Fig. 2. Plots showing wild-type ( aabb ) equilibrium genotype frequencies for different single release strategies and genetic systems. Each plot shown here is for a 1:1 

(introduced to wild-type) release ratio. Here three different types of lethality are considered, namely no lethals, bisex lethals and female-specific lethals. This is in addition 

to consideration of two different strengths of suppressor elements termed a strong and a weak suppressor. Finally, both bisex and male-only releases are considered. For 

cases with either no lethal elements or weakly suppressed lethals it is clear that the transgenic constructs must confer no fitness cost (i.e. ε A = 1 = ε B ) in order to achieve 

any degree of lasting transgene introgression. This is in contrast to those with strongly suppressed lethal elements which allow some fitness cost (i.e. εi ≤ 1 for i ∈ { A, B }) and 

still achieve full transgene introgression. Some panels are represented on three dimensional axes to aid visualisation. 
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investigated. An example in which two male-only releases with

a 0.51:1 ratio (introduced to total adults of all genotypes in the

wild) are made in consecutive generations (with relative fitnesses

ε A = 1 = ε B ) was considered ( Fig. 3 (b)). It can be seen here that the

addition of a second release leads to lasting introgression of the in-

troduced transgenes in spite of an extremely small increase in the

overall number of insects released. 

Based on these results it can be seen that the failure of such

a system is due to a combination of the male-only release and

the weak suppression of lethals. Following a single male-only re-

lease, all of the introduced double transgene homozygote ( AABB )

males must mate with wild-type ( aabb ) females. This differs from
 bisex release in which introduced double transgene homozygote

 AABB ) males and females may mate one another, giving double

omozygote ( AABB ) progeny which cannot occur in a male-only

elease strategy. The weak suppression of lethals does not make

ny difference to the genotype composition in the first genera-

ion after release. However, in the second generation post-release,

 system with weakly suppressed lethals can only produce three

enotypes ( aabb, AaBb and AABB ). In contrast to this, a strongly

uppressed lethal system will allow two further genotypes to sur-

ive ( AABb and AaBB ), thereby increasing the transgene frequency

n the population. Whilst either of these factors alone may be

vercome by larger release ratios or efforts to engineer a system
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Fig. 3. A single male-only release strategy with a weakly suppressed lethal cannot work. The examples shown are for a single (a) and two (b) male-only releases with 1:1 

and 0.51:1 (introduced to wild-type) ratios, respectively (and relative fitnesses ε A = 1 = ε B ). Releases consist of individuals carrying weakly suppressed bisex lethals, however 

weakly suppressed female-only lethals give very similar results. In the single release case the first progeny produced are either transheterozygote ( AaBb ) or wild-type ( aabb ) 

since there are initially no transgenic females available for mating. The system therefore relies on transheterozygotes being able to exceed the release threshold which cannot 

happen for the release ratios considered in this work. If instead releases were made in the first two generations there will be double transgene homozygotes ( AABB ) available 

for mating with the initial progeny which allows the release threshold to be exceeded and thus transgenes to be introgressed. 
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ith smaller fitness costs, the combination results in a system that

annot produce a large enough transgene frequency in the popula-

ion as to exceed the unstable equilibrium, thus resulting in trans-

ene elimination. If instead, a two release (male-only) strategy is

mplemented, the second release introduces a new batch of double

omozygote ( AABB ) males that can mate aabb and AaBb females

roduced in the initial generation. It appears that, depending on

he release ratio considered, a second male-only release can be suf-

cient to allow a transgene frequency that exceeds the threshold

or lasting introgression of the introduced transgenes. 

.2. Time to reach equilibrium 

The ability of a system to ensure introgression of trans-

enes into a population and eliminate/reduce the prevalence of a

athogen is clearly the primary concern associated with an en-

ineered underdominance control strategy. However, another key

etric that has been suggested is that any control strategy con-

idered for a field release should achieve its goal “on a human

imescale” ( Marshall and Hay, 2012 ); i.e. transgenes should be in-

rogressed into an insect population and reduce the public health

urden of infections in an observable time frame ( James, 2005 ). In

ection 3.1 it was shown that a number of different strategies could

ead to the introgression of transgenes so long as they meet cer-

ain requirements on the conferred fitness costs for a single 1:1

introduced to wild-type) release. Thus, in order to examine the

ime scale of action, the numbers of generations taken for wild-

ype ( aabb ) insects to be replaced by transgenic individuals for

ach strategy and genetic system considered are obtained. Male-

nly releases with weakly suppressed lethal elements are not con-

idered here since they are not able to give any degree of intro-

ression from a single release strategy. Results are obtained as per

ection 2.3 and shown in Fig. 4 . 

From these results it is clear that when conditions for trans-

ene introgression are met, this will tend to occur in under fifty

enerations. For the example of Ae. aegypti mosquitoes, this repre-

ents a time frame of less than five years; given at least 12 gen-

rations per year, which is realistic in tropical regions ( Southwood

t al., 1972; Tun-Lin et al., 20 0 0 ). There are however, regions of pa-

ameter space in which a two-locus engineered underdominance

ene drive system would take fifty generations or longer to achieve

ntrogression and these are all close to the threshold boundary. 
It is evident here that bisex releases of weakly suppressed

ethals (bisex or female-only) produce extremely similar patterns

n terms of the number of generations taken to reach transgene in-

rogression ( Fig. 4 (b) and (e)). In these cases, away from the thresh-

ld line the introgression of transgenes would occur in ten gener-

tions or less (under one year). A similar pattern is also displayed

or male-only releases of strongly suppressed lethals (both bisex

nd female-only) as shown in Fig. 4 (c) and (f). The main difference

ere is that for rapid transgene introgression, a strategy would be

equired to move further inside the threshold line since there is a

arger region of parameter space in which introgression is slower.

n spite of this, there is still a good range of parameter space that

ould lead to full transgene introgression in twenty five genera-

ions or less ( ∼ 2 years). 

Finally, bisex releases with strongly suppressed lethals (both bi-

ex and female-only) are shown in Fig. 4 (a) and (d). These two

trategies show a different pattern in that there are two distinct

egions in which slow introgression is observed. This appears to

e caused by a shift in oscillatory variable from AABB on the left

f the divide to AaBb on the right (as seen in Fig. 5 ). Despite this,

here is still a large region of parameter space in which complete

ntrogression can be achieved in ten generations or less. It can also

e seen that between the two regions of slower introgression there

s a space in which low numbers of generations to introgression

re observed in spite of relatively modest release ratios and fairly

igh fitness costs from carrying the transgenic constructs. Whether

his region would be of use in real world release strategies how-

ver is doubtful as fitness costs and wild insect population sizes

re both difficult to measure accurately, thus making it extremely

ard to engineer a gene drive system capable of exploiting such

 feature. Additionally, it can be seen in Fig. 5 that the wild-type

 aabb ) genotype frequency falls quickly in each case but takes a

umber of generations to settle to a final equilibrium where other

enotype frequencies oscillate. Thus, it is unlikely that targeting

hese regions would produce a tangible benefit in terms of dengue

eduction/elimination. 

. Multiple release strategies 

It was shown in Section 3.1.1 that for some types of systems, the

mplementation of more than one release can be essential for the

uccess of that system (a necessary but not sufficient condition).
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Fig. 4. Different release strategies and genetic systems produce differences in the time taken to reach equilibrium. Plots show the time taken for the wild-type ( aabb ) 

genotype frequency to reach equilibrium. This is shown only for parameter spaces where transgene introgression is achieved. Here colours refer to the number of generations 

taken to reach equilibrium capped at 50 so as to show the detail of smaller numbers of generations. Strategies involving male-only releases of weakly suppressed lethal 

elements (both bisex and female-only) are not included here since they do not give any introgression for a single release strategy. Panels (b), (c), (e) and (f) appear to show 

a very similar pattern whilst panels (a) and (d) show a different pattern although there are differences in the location of features. 

Fig. 5. Plots showing examples of oscillation in different variables under various release ratios and fitness costs for a bisex release with strongly suppressed bisex lethals. 

Here panels demonstrate (a) an undershoot in the double transgene homozygote ( AABB ) genotype frequency; (b) no oscillation; and (c) oscillation in the transheterozygote 

( AaBb ) genotype frequency. Each panel represents a particular point in parameter space from Fig. 4 (a) with details of release ratios ( α) and fitness costs ( ε a = ε B ) used given 

in the respective labels. Note that these three scenarios are located to the left, in the centre and to the right, respectively, of the divide in Fig. 4 (a). 
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As such, here it is investigated how strategies based on multiple

releases of transgenic insects will affect the criteria for success-

ful transgene introgression. In particular, using a similar strategy

to that described in Section 2.2 , the restrictions placed on release

ratios and fitness costs in order to achieve transgene introgression

with multiple releases are examined. Specifically, scenarios with

ten different numbers (1, 2, 3, 4, 5, 6, 12, 24, 36, 48) of releases

of equal size in consecutive generations are considered. These cor-

respond to short control programs of up to ∼ 6 months and longer

programs of increasing length with approximately twelve month

increments between each. Results of this are given in Fig. 6 . 

Fig. 6 shows threshold lines above which lasting introgres-

sion of the introduced transgenes is achieved. Below these

threshold lines, wild-type individuals will out compete the in-

troduced transgenic insects and thus return to fixation within

the population. A more detailed view of low release ratio re-

gions is given in Figure S1. Using these results it is possible

to draw a number of conclusions that are useful when plan-

ning to test any such engineered underdominance gene drive

system. 
Firstly, it is clear that for a single release of transgenic in-

ects, strongly suppressed lethals will be less restrictive in terms

f the fitness costs that can be tolerated. However, this can be re-

ersed when greater numbers of releases are added. For example,

n Fig. 6 (c) and (d) it can be seen that a six release strategy can tol-

rate fitness costs of up to ∼ 30% in the weakly suppressed lethal

ase but only ∼ 15% for the strongly suppressed case. The same

eneral pattern holds for each of the strategies considered here ex-

ept that in some cases, greater numbers of releases are required

n order for this effect to become evident (see for example Fig. 6 (e)

nd (f)). 

It can also be seen that male-only releases are more restric-

ive than bisex releases in terms of the fitness costs tolerable

hile giving long term transgene introgression. However, in con-

rast to the case of strongly and weakly suppressed lethals, here

arger release ratios and numbers of releases actually increase the

ifference between the two strategies. A similar observation was

ade by Huang et al. (2009) who noted that for a single release,

ale-only strategies give higher introduction thresholds than bisex

eleases. 
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Fig. 6. Different multiple release strategies and genetic systems produce different conditions for transgene introgression. Here each line represents the threshold above which 

introgression of transgenes into a population is achieved with colours representing different numbers of releases. Each panel represents a possible combination of bisex and 

male-only releases; bisex and female-only lethals; and strong or weak suppressors, with details given in figure labels. For strongly suppressed lethals there are significant 

differences between bisex and female-only lethals in terms of tolerable fitness costs. In all cases, bisex releases lead to greater tolerance of fitness costs as the release ratio is 

increased. Single male-only release of weakly suppressed lethals cannot give introgression even for very large release ratios, hence the omission of a single release threshold 

line in panels (f) and (h). 
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For now, consider just the examples with strongly suppressed

ethals (i.e. Fig. 6 (a), (c), (e) and (g)). Here it is clear that strategies

uilt on bisex lethals can tolerate significantly larger fitness costs

han those with female-only lethals. For example, in Fig. 6 (e) it can

e seen that a bisex lethal system can withstand fitness costs of

27% whereas the female-only lethal system in Fig. 6 (g) can only
olerate fitness costs of ∼ 16%. This pattern is similar for Fig. 6 (a)

nd (c) except that the effect is diminished for large numbers of

igh ratio releases. 

For all strategies considered here there is a clear diminish-

ng return from the addition of greater numbers of releases with

elease ratios up to α ≈ 1. For male-only releases with strongly
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suppressed lethals ( Fig. 6 (e) and (g)) it can be seen that above a re-

lease ratio of α ≈ 1 all of the threshold lines overlie each other. This

suggests there is little benefit to making extra or larger ratio re-

leases. Male-only releases with weakly suppressed lethals (both bi-

sex and female-only) also display a diminishing return from adding

greater numbers of releases. In particular, here the benefit in terms

of increased tolerance to fitness costs appears to fall as more re-

leases are added. Bisex releases ( Fig. 6 (a)–(d)) do not appear to dis-

play this diminishing return when adding extra releases of ratio

α > 1. In cases with weakly suppressed lethals ( Fig. 6 (b) and (d)),

for greater than twelve releases it appears that there is an approx-

imately equal increase in tolerable fitness cost resulting from ad-

dition of extra releases. A similar effect can be seen for cases with

strongly suppressed lethals ( Fig. 6 (a) and (c)) except that there is a

region ( α ∈ (1, 2)) in which the threshold lines approximately over-

lie one another. This would suggest that adding extra releases in

this range would not be effective in increasing tolerable fitness

costs. 

5. Summary and discussion 

We have formulated a population genetics model of two-locus

engineered underdominance gene drive systems. This yields similar

predictions to previous theoretical work in terms of introduction

thresholds that give lasting transgene introgression from a single

release ( ∼ 1/3 of the wild population for a system with strongly

suppressed lethals and no fitness costs) ( Davis et al., 2001 ). We also

utilised this model to study different release strategies (number

of releases and sexes released); lethal genes (bisex and female-

specific); and strengths of lethal suppression (strong or weak). This

revealed that for all genetic systems considered here it is possible

to devise a release strategy that would give lasting transgene in-

trogression so long as fitness costs fall into a tolerable range. We

have also demonstrated that for feasible single release strategies,

the equilibrium state is closely approached in fifty generations or

less (under five years). In addition to this we studied the effects

of adding extra releases for each strategy, demonstrating that bi-

sex releases and weakly suppressed lethals are capable of tolerat-

ing greater fitness costs than male-only releases or strongly sup-

pressed lethals, respectively. These results suggest that two-locus

engineered underdominance gene drive represents a feasible strat-

egy for replacement of insect populations and thus for the reduc-

tion/elimination of a number of insect vectored pathogens. 

Previous work on engineered underdominance and other

classes of gene drive systems have suggested a range of possible

release strategies and genetic elements. Here we extend upon the

previous literature by considering a range of different scenarios.

Each of these appears feasible to engineer and have been shown

here to possess different thresholds in terms of both the release

ratios necessary to achieve lasting introgression and the degree of

fitness cost that each system can tolerate. 

The study of single release strategies showed that each of the

systems considered may produce lasting transgene introgression

under some conditions except for those based on male-only re-

leases of individuals carrying weakly suppressed lethals. This was

shown to be caused by two factors. In the first generation post-

release, the male-only release strategy produces no AABB progeny,

only AaBb and aabb since all introduced males must mate wild-

type females. This has previously been seen as ideal in SIT and

RIDL control since it would lead to the greatest degree of popu-

lation suppression ( Legros et al., 2012; McInnis et al., 1994 ). In sub-

sequent generations, weakly suppressed lethals cause only AABB,

AaBb and aabb progeny to survive. This differs from strongly sup-

pressed lethals that also allow AABb and AaBB progeny to survive.

Each of these factors acts to reduce the transgene frequency in the
opulation and in combination prevent such strategies from ex-

eeding the transgene frequency required for lasting introgression. 

For a single release of all feasible genetic systems considered

ere it was found that population replacement would tend to be

chieved in fifty generations or less (under five years). Whilst this

s the case, bisex releases generally took less time to achieve full

ntrogression than did male-only releases. This is particularly in-

eresting since male-only releases are likely to result in a more fi-

ancially costly control programme since greater numbers of in-

ects must be reared to obtain the desired number of males. A

otable trait of all examples considered here is the existence of

 region close to the threshold boundary where it would take a

ong time to achieve full introgression. This is due to the fact that

hese regions lie close to the unstable equilibrium of the system

nd thus are not initially as strongly attracted to the stable (full in-

rogression) equilibrium as examples that begin further from this

hreshold boundary. However, any realistic strategy to be imple-

ented in the field would likely require relative fitness parameters

nd release ratios to lie safely inside the threshold boundary in or-

er to gain regulatory approval due to the uncertainty regarding

xact numbers of insects within any given population; the limits

f modelling assumptions (eg. demographics, stochasticity and ge-

etic drift ignored); and biological features not accounted for (eg.

revious generations preserved as dormant eggs). As such, it is an-

icipated that any realistic field-based release would achieve effec-

ive introgression of transgenes in less than five years. 

Results given here also extend the previous theoretical litera-

ure through consideration of greater numbers of releases and an

xtended range of release ratios. These results clearly demonstrate

he benefits resulting from the addition of greater numbers of re-

eated releases. In each case there is a clear benefit in terms of

he tolerable fitness costs and release ratios that lead to lasting

ransgene introgression. Many of these cases do however display

 diminishing return to the addition of extra releases. The extent

f this diminishing return varies depending on the strategy con-

idered and is most clearly seen in male-only releases. However,

n spite of this diminishing return, it is likely that a strategy lying

lose to the borderline between success and failure could be im-

roved either through engineering effort to reduce fitness costs;

ncreasing the number of releases made; introducing insects at

 greater release ratio; or some combination of these measures.

hese measures could also be used to provide a buffer against any

ncertainty in the wild population size or measurements of fitness

osts. 

As with any mathematical model, this work is based on a num-

er of simplifying assumptions that are common within this type

f modelling work ( Davis et al., 2001; Magori and Gould, 2006;

arshall and Hay, 2012 ). Since the validity of these assumptions

as been discussed previously they are not considered any further

ere. There are however a number of areas in which future work

ould be useful in order to better understand where engineered

nderdominance gene drive systems will be successful and where

hey will fail. 

The genetic systems modelled here assume two distinct forms

f lethal suppression. It is quite possible that a laboratory engi-

eered system may not necessarily fit precisely into the categories

f strong or weak lethal suppression, instead falling somewhere

etween these two classifications. As such, future work will be

ecessary in order to ascertain exactly how this affects the crite-

ia for success of a given system. However, we would anticipate

hat release thresholds for such an intermediate system would lie

omewhere between the two cases discussed here. 

In this work a population genetics model based on discrete gen-

rations has been considered. For a species such as Ae. aegypti this

ssumption may be a reasonable approximation where populations

re synchronised by climate conditions (e.g. wet and dry seasons),



M.P. Edgington, L.S. Alphey / Journal of Theoretical Biology 430 (2017) 128–140 137 

b  

r  

1  

l  

c  

s  

t  

b  

d  

t  

t  

a  

p  

l  

fi

 

t  

n  

t  

n  

e  

m

 

d  

a  

o  

i  

t  

m  

p  

l  

t  

t  

i  

m  

t  

n

 

t  

a  

l  

k  

t  

t

 

o  

a  

c  

p  

d  

i  

i  

s

 

h  

o  

m  

t  

i  

o  

l  

b  

m

 

n  

a  

d  

s  

w

A

 

w  

w  

p  

[  

f  

c

A

 

u  

b  

e  

fi  

v  

m  

m  

e  

c  

a  

s  

t

 

w  

a  

b  

s  

a  

i

M

 

p  

t  

r  

p  

c  

r  

v  

t  

p  

c  

t  

h  

a  

c  

a  

h

 

n  

c  

f  

a  

a  

γ  

a  

o  
ut is unlikely to hold for wild populations which are thought to

eproduce continuously, at least in many areas ( Southwood et al.,

972 ). To build upon this work it would be useful to reformu-

ate this model as differential equations that would enable the

onsideration of population dynamics and timing of lethality, in a

imilar manner to that considered for other genetic control sys-

ems ( Alphey and Bonsall, 2014a; Phuc et al., 2007 ). It is feasi-

le here that the timing of transgene lethality and/or density-

ependent competition during the larval phase could alter the

ransgene introgression thresholds, however we would not expect

o see large differences. It is also feasible that overlapping gener-

tions could allow a single, male-only release with weakly sup-

ressed lethals to produce lasting transgene introgression if the re-

eased transgenic individuals survive long enough to mate with the

rst transgenic offspring. 

Huang et al. (2009, 2011 ) have considered age and spatial struc-

uring of mosquito populations in the context of two-locus engi-

eered underdominance gene drive. This work could be extended

o consider a number of the alternate release strategies and ge-

etic systems studied here. This would enable us to examine the

ffects of different configurations of spatial release and how these

ay differ for the various systems considered within this study. 

The model presented here could also be adapted into a two-

eme version (such as those in Altrock et al., 2011; 2010; Marshall

nd Hay, 2012 ). This would allow the investigation of a number

f factors important from a regulatory point of view. In particular

t would allow for the identification of threshold migration rates

hat result in different outcomes. Here we would expect that high

igration rates could result in one of two outcomes. They could

otentially cause transgenes to spread into a neighbouring popu-

ation, or alternatively the migration of wild-type individuals into

he targeted population may reduce the transgene frequency below

he necessary threshold thereby preventing successful transgene

ntrogression. As shown by Marshall and Hay (2012) , for lower

igration rates we would expect transgenes to spread within the

arget population and only reach extremely small frequencies in

eighbouring populations. 

Within this work it has been assumed that the cargo (refrac-

ory) genes are permanently linked to the transgenic constructs

nd that no resistance evolves within the population. The like-

ihood of these components becoming unlinked is currently un-

nown and may only be established in long term experiments, al-

hough the effects of this could be modelled in a manner similar

o that of Marshall (2008) . 

As discussed above, results here clearly demonstrate the thresh-

lds that must be satisfied for successful transgene introgression

nd the timescale upon which this acts. This provides a clear indi-

ation that engineered underdominance gene drive systems could

otentially be used to replace wild-populations with refractory in-

ividuals, thus reducing/eliminating the pathogen. However, the

ncidence of a pathogen cannot be directly related to transgene

ntrogression levels without a number of additional modelling as-

umptions. 

Due to the fairly general nature of modelling assumptions given

ere, we anticipate that results would be applicable to a range

f insect species and pathogens. As discussed here, Ae. aegypti

osquitoes are the primary vectors of dengue. They are also vec-

ors of yellow fever, chikungunya and Zika viruses. We thus antic-

pate that this model would be relevant for assessing the control

f those viruses and other pathogens also. In addition to this, it is

ikely that results here would also be applicable to other mosquito-

orne diseases such as malaria and filariasis, and other genetic pest

anagement scenarios. 

This study indicates that feasible release strategies and ge-

etic systems are likely to allow successful transgene introgression

cross a range of fitness regimes. In particular, this work helps to
efine the relationship between specific genetic designs and con-

traints on appropriate release strategies. Further modelling work

ould likely be able to refine this further. 
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ppendix A 

A population genetics model of a two-locus engineered

nderdominance-based gene drive system is considered. This is

ased on a number of assumptions on the nature of the mod-

lled population. Firstly, it is assumed that the population is suf-

ciently large that stochastic effects and integer numbers of indi-

idual mosquitoes may be neglected. It is then assumed that the

odelled population is isolated (closed) and panmictic (randomly

ating) with a 1:1 (male to female) sex ratio both initially and in

ach subsequent generation (although this may be skewed by the

ontrol programmes). Also, as discussed within the main text, it is

ssumed that the cargo (refractory gene) is perfectly linked to the

uppressor genes (i.e. they can never become unlinked) and also

hat no resistance mechanism(s) are present or will evolve. 

Through the introduction of two transgenic constructs into a

ild population, a total of nine possible genotypes emerge. These

re assigned a number ( i ) between one and nine and are denoted

y the presence ( A or B ) or absence ( a or b ) of transgenic con-

tructs A and B , respectively (for example, genotype 4 is Aabb ,

nd related parameters have subscript 4). These are summarised

n Table 1 whilst all variables and parameters are given in Table 2 . 

odelling fitness costs, lethals and suppressors 

Within this model there are assumed to be two individual as-

ects contributing to the overall fitness of an individual relative

o wild-type. The first of these relates to the fitness cost, i.e. a

educed survival resulting from the carrying of a transgene, inde-

endent of any lethal effect. This is implemented in the model by

hoosing appropriate values for the parameters εA and εB which

epresent the relative fitness (compared to wild-type) of an indi-

idual carrying a single copy of transgenic construct A or B, respec-

ively. Here a value of ε = 0 means an individual would be com-

letely unviable whereas ε = 1 represents an individual that is pre-

isely as fit as wild-type. These fitness costs are applied multiplica-

ively for each construct such that individuals carrying two copies

ave a relative fitness of ε2 . They are also applied multiplicatively

cross constructs so that an individual carrying two copies of each

onstruct has a relative fitness of ε 2 
A 
ε 2 B . It is also worth noting that

n individual carrying no copies of, for example, construct A will

ave relative fitness ε 0 
A 

= 1 . 

Also considered here are the effects of lethal genetic compo-

ents that are suppressed with varying effect by the suppressors

ontained on the construct at the other locus. As with fitness costs

rom carrying copies of the transgenes, the effects of these lethal

nd suppressing genetic elements are modelled through appropri-

te choices of parameter values γ i ( i = 1 , . . . , 9 ). Here a value of

i = 1 represents a fully effective lethal (i.e. no individuals of the

ffected genotype survive) whereas γi = 0 represents the absence

f a lethal effect on a particular genotype. In the case of a strongly

http://dx.doi.org/10.13039/100004440
http://dx.doi.org/10.13039/501100000268
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suppressed lethal, γ i are defined as 

γ1 = γ5 = γ6 = γ8 = γ9 = 0 and γ2 = γ3 = γ4 = γ7 = 1 . 

This differs from a weakly suppressed lethal for which we take 

γ1 = γ5 = γ9 = 0 and γ2 = γ3 = γ4 = γ6 = γ7 = γ8 = 1 . 

In the case of a bisex lethal these values are taken for both males

( γ M 

i 
) and females ( γ F 

i 
) whereas for a female-specific lethal, γ M 

i 
= 0

whilst γ F 
i 

are chosen as above. 

Based on the chosen fitness costs and lethal effects discussed

here it is possible to formulate an expression for the overall fit-

ness of each genotype in terms of a fraction surviving to sexual

maturity. This is given as 

�M/F 
i 

= ε 
ηA 

i 

A 
ε 

ηB 
i 

B 

(
1 − γ M/F 

i 

)
, (1)

where ηA/B 
i 

denote the number of copies of transgenic construct A

or B that are carried by a given genotype i . 

Modelling genotype frequencies 

The assumptions stated above allow for the formulation of a

population genetics model that is simulated in a two step manner.

The first step is to calculate the proportion of the total population

that will be of each genotype and sex. This is achieved by con-

sidering all possible matings between males and females of each

genotype and the fraction of their respective progeny that will be

of each genotype. These are scaled by �M/F 
i 

( Eq. (1) ) representing

the fraction of each sex ( M or F , male or female) and genotype ( i ,

see Table 1 ) surviving to sexual maturity. The proportion of indi-

viduals that are of each genotype may then be calculated using 
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Step two in this process is to normalise these proportions such

hat they fill the range zero to one. Thus, the genotype frequencies

re obtained using 
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, (20) 

here the normalising factor �̄ is the sum of all proportional fre-

uencies and is given by 

¯ = 

9 ∑ (
M 

e 
i + F e i 

)
. (21) 
i =1 
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Modelling release strategies 

In the main text 1:1 (introduced to wild-type) releases are con-

sidered before progressing on to the consideration of a wider range

of release ratios and numbers of releases. For the case of a single

release strategy, this is implemented via an appropriate choice of

initial conditions. For a single bisex release we choose initial con-

ditions of the form 

M 

0 
1 = 

0 . 5 

1 + α
, M 

0 
9 = 

α/ 2 

1 + α
, F 0 1 = 

0 . 5 

1 + α
, F 0 9 = 

α/ 2 

1 + α

and M 

0 
2 −8 = 0 = F 0 2 −8 , 

where the release ratio is defined as α = introduced/wild-type. This

differs from a single male-only release for which initial conditions

of the form 

M 

0 
1 = 

0 . 5 

1 + α
, M 

0 
9 = 

α

1 + α
, F 0 1 = 

0 . 5 

1 + α
and M 

0 
2 −8 = 0 = F 0 2 −9 ,

are considered. 

Also considered here are scenarios in which a strategy con-

sists of multiple releases. This requires the choice of both appro-

priate initial conditions and a suitable normalisation procedure.

The first release of individuals is achieved by considering the ini-

tial conditions given above. In each subsequent time-step the re-

normalisation process from (20) is altered in order to represent

the addition of more double homozygote transgenic individuals at

a ratio ( α) defined in terms of the total population in the wild. For

bisex releases this normalisation process takes the form 

M 

t+1 
i 

= 

M 

e 
i 

( 1 + α) ̄�
, F t+1 

i 
= 

F e 
i 

( 1 + α) ̄�
, M 

t+1 
9 = 

M 

e 
9 + �̄α/ 2 

( 1 + α) ̄�
, 

and F t+1 
9 = 

F e 9 + �̄α/ 2 

( 1 + α) ̄�
, 

where i = 1 , . . . , 8 . This is similar to the normalisation procedure

for male-only releases which is of the form 

M 

t+1 
i 

= 

M 

e 
i 

( 1 + α) ̄�
, F t+1 

j 
= 

F e 
j 

( 1 + α) ̄�
, and M 

t+1 
9 = 

M 

e 
9 + �̄α

( 1 + α) ̄�
,

where i = 1 , . . . , 8 and j = 1 , . . . , 9 . These normalisation procedures

are used for each generation in which transgenic insects are re-

leased. Once releases end, the model reverts back to the procedure

given in (20) for all remaining generations. 

Supplementary material 

Supplementary material associated with this article can be

found, in the online version, at 10.1016/j.jtbi.2017.07.014 
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