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Interplay of population genetics and
dynamics in the genetic control
of mosquitoes

Nina Alphey and Michael B. Bonsall

Mathematical Ecology Research Group, Department of Zoology, University of Oxford, South Parks Road,
Oxford 0X1 3PS, UK

Some proposed genetics-based vector control methods aim to suppress
or eliminate a mosquito population in a similar manner to the sterile insect
technique. One approach under development in Anopheles mosquitoes uses
homing endonuclease genes (HEGs)—selfish genetic elements (inherited at
greater than Mendelian rate) that can spread rapidly through a population
even if they reduce fitness. HEGs have potential to drive introduced traits
through a population without large-scale sustained releases. The population
genetics of HEG-based systems has been established using discrete-time math-
ematical models. However, several ecologically important aspects remain
unexplored. We formulate a new continuous-time (overlapping generations)
combined population dynamic and genetic model and apply it to a HEG
that targets and knocks out a gene that is important for survival. We explore
the effects of density dependence ranging from undercompensating to over-
compensating larval competition, occurring before or after HEG fitness
effects, and consider differences in competitive effect between genotypes
(wild-type, heterozygotes and HEG homozygotes). We show that population
outcomes—elimination, suppression or loss of the HEG—depend crucially on
the interaction between these ecological aspects and genetics, and explain how
the HEG fitness properties, the homing rate (drive) and the insect’s life-history
parameters influence those outcomes.

1. Introduction

Molecular biology tools are facilitating new genetics-based, species-specific
methods of controlling insect pest populations, with the intention of improving
efficacy over current methods and reducing adverse environmental consequences.
In public health, the new technologies aim to reduce the burden of vector-borne
diseases; key targets are the mosquito species Anopheles gambiae (major vector of
human malaria, which causes 150-270 million cases and 0.6—1.6 million deaths
annually [1,2]) and Aedes aegypti (principal vector of dengue virus, with
ca 50-100 million infections and 18 000—-19 000 deaths a year [3,4]). Transgenic
approaches, involving the release of genetically modified (GM) mosquitoes into
natural populations, include a broad class of population reduction methods
aiming to suppress the numbers to a lower level or possibly local elimination,
based on the principles of the sterile insect technique (SIT) [5]. Released GM mos-
quitoes mate with wild mosquitoes, potentially affecting the population genetics
and population dynamics of the natural population, so ecological understanding
is important if these vector control approaches are to improve human health [6,7].

Homing endonuclease genes (HEGs) are ‘selfish’ genes that can spread
rapidly through populations even if they harm the host organism, because they
are inherited at a higher than Mendelian rate [8]. HEGs exploit cellular repair
mechanisms to copy themselves. A HEG encodes an endonuclease that recog-
nizes and cuts a very short, specific DNA sequence (about 15-30 bp). The HEG
sits inside its recognition sequence, so, in a heterozygous individual, the target
sequence on the homologous chromosome is cut, and the cell's DNA repair
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machinery may use the HEG-bearing (HEG™) chromosome as
a repair template, which results in conversion of a HEG hetero-
zygote to a HEG homozygote. Engineered HEGs have
potential to drive introduced traits, such as sterility or inability
to transmit disease, through a mosquito population without
needing large-scale sustained releases. Use of a meiosis-specific
promoter to control the HEG allows heterozygous individuals
to develop normally, but causes biased transmission of the
HEG to their gametes. Two strategies are under development
in Anopheles mosquitoes [9]. Releasing males carrying a HEG
construct that targets a gene essential for female fertility
could substantially reduce a target population of mosquitoes
in similar manner to SIT. Males carrying an X-targeting HEG
construct on their Y chromosome will produce a male-biased
sex ratio, reducing both the number of mosquitoes (fewer
females laying eggs) and disease transmission (fewer females
biting). Some transgenic lines that were intended to target X-
bearing sperm in this manner, actually created genetically ster-
ile males (protein transferred to the zygote with the sperm
resulted in damage to the maternal X chromosome, causing
embryo lethality) [10], and those mosquitoes are in early
stage trials [11]. As part of a broader programme of research
on the ecology and genetics of insect control, here we formulate
a population ecological and genetic model and apply it to the
simple case of a HEG, present in both sexes, that targets a
gene essential for survival, thereby causing pre-adult lethality.

The population genetics of HEG-based systems has been
established using discrete-time mathematical models [12,13].
However, this can only form part of our understanding of
this approach as a vector control method, as several ecologi-
cally important aspects remain unexplored. The goal is fewer
mosquitoes, so population dynamics must be combined with
the population genetics. Here, we address three key population
dynamic issues: overlapping generations, density-dependent
larval competition and the timing of the HEG’s effect on
survival relative to density-dependent mortality.

Little is really known about intra- or interspecific compe-
tition among most species of vector mosquitoes, however,
there is growing evidence that competition gives rise to
density-dependent survival through the larval stages [14-22].
Although it is not thought to be common in natural popula-
tions, overcompensatory competition has been demonstrated
in a variety of insect species [23-26], including Anopheles
arabiensis [25] and one of several possible model fits to
Ae. aegypti field data [14,15]. Recent work [27], coupling a
HEG population genetics model with simple dynamics, has
shown that HEG-based vector control can potentially suppress
or eliminate a mosquito population in timescales that are prac-
tical for disease control; combination with simple malaria
epidemiology suggests that there is little scope to eliminate dis-
ease transmission without also eliminating the mosquito
population. Those results were generated using a density func-
tion that imposed extra larval mortality that increased
monotonically with larval density, and did not allow for the
possibility of overcompensating larval competition. Among
other aims, here we extend this finding to explore a wider
range of mechanisms of density-dependent competition. In
view of the lack of empirical evidence, we consider a broad
range of strengths of density dependence to examine the effects.

Mathematical modelling of other genetic strategies pre-
dicts that late-acting genetic lethality is better at controlling
populations that are restricted by density-dependent larval
mortality [27-29]. We explore fully and test the hypothesis

that HEG mortality acting after that competition should
be more effective for population control than early-acting
HEG mortality.

Mosquitoes do not exhibit synchronized discrete gener-
ations, but overlapping generations occur with all life stages
(eggs, various instar larvae, pupae and adults) coexisting
innaturalhabitats. Here, we formulate and analyse a continuous-
time model to explore both mosquito population genetics
and population dynamics. We adapt little-known work by
Kostitzin [30], whose method applies Lotka—Volterra style
competition equations (with linear competition based on
the logistic equation) to different ‘groups’ (genotypes) rather
than different species. We use a fixed time delay to represent
density-dependent competition in immature stages, and
extend Kostitzin’s approach to incorporate a flexible two-
parameter nonlinear intraspecific competition model which
allows us to investigate the effects of under- or overcompen-
sating density-dependent population regulation and to vary
the competitive ability (as well as survival) between genotypes.
We apply this set of delay differential equations to the release of
mosquitoes bearing an early-acting or late-acting HEG that tar-
gets a gene important to survival, and investigate the interplay
between population genetics and population dynamics. We
provide a richer understanding of the population genetics
and show that the potential efficacy of vector control depends
crucially on the ecology (particularly population dynamic
regulation) and the genetics.

2. Material and methods

We set out the state variables and parameters in table 1 and the
full mathematical model in table 2. This is a deterministic model,
assuming a panmictic (random mating) population with no gen-
etic mutation or genetic drift. A fuller, more detailed derivation
of the model is given in the electronic supplementary material,
section Methods.

N; denotes the number of adults of genotype i (i takes values
1: ww, 2: Hw, 3: HH, where H is HEG" and w is HEG~ wild-
type). These variables are real numbers (not integers), in effect
assuming a large population, and are expressed in units of
adult mosquitoes per host. Adult mortality occurs at rate w,
and intrinsic per capita growth rate r (net of density-independent
mortality during immature stages) and w are identical for all
types. Population growth terms rN; are replaced by rv;, where
the progeny arising v; are functions that reflect mating crosses
among the three genotypes [30], and incorporate the effects
of homing. The homing rate g is the proportion of successful conver-
sions of w (HEG™) to H (HEG") in heterozygous individuals during
meiosis. Density-dependent competition among larvae is reflected
in the equations, with some simplifying assumptions, using a
fixed time delay 7 [36]. The composition and number of new
adults emerging at time t depend on the number and type of
adults that were mating and laying eggs at a previous time t — 7.

We formulate two versions of this model (table 2):

(1) ‘early-acting” HEG fitness costs, where HEG mortality
occurs after homing and before density-dependent compe-
tition effects—e.g. the knockout renders fertilized eggs
non-viable; or

(2) ‘late-acting’” HEG fitness costs, where HEG mortality occurs
after density-dependent competition and before mating—e.g.
the target gene is essential for pupation.

Relative fitness parameters 4 =1, ¢, = (1—hs), 3= (1—5)
incorporate HEG-induced mortality, such that homozygotes
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Table 1. Summary of symbols, state variables and parameters.

state variables of the model

value simulated

OBpady e

1.096 per day

various

”Qaﬁdus'b';:”g'g; T,.. .

symbol description
ww, Hw, genotypes: wild-type, heterozygous and
HH homozygous HEG ™"
Ni(t) number of aduIt mosquitoes of genotype /-
N(t) R number of aduIt mosuitos R
. v’ R ogeny (eggs) ot genotype B
arising from the various mating crosses
among adults, incorporating the effects of
homrng durrng merosrs
T timed delay: generatron time from egg toadut
,u R ”adult mortalrty rate OO
o intrinsic per cap/ta populatron growth rate (net o
of density-independent survival through
immature stages)
p per adult lifetime contribution of progeny to
next aduIt generation
o mstrength of densrty dependent |ntraspecrﬁc
competition
e densrty parameterrelated toscale(at e
abundance 1/a the population experiences
half of the maximum possible growth rate,
due to densrty dependent processes)
0 R (optronal) factor altering relative competrtron -
coefficient for HEG™ homozygotes
d) S (optronal)domrnanceof i e _
competition coefficient in Hw
.v.g R horning ratetheproportronof TR
conversions of HEG™ to HEG" in
heterozygous individuals at meiosis
O T knockout SR
h mdomrnance of that ﬁtness cost
tp, e parameters reﬂectrng e
mortalrty
R

'16'd$y§”v”'v"v” s

various

reference and comments

labelled i = 1,2,3; genotypes 1: ww, 2: Hw, 3: HH

see formulae in table 2

in Anopheles gambrae [27 31]
estrmated for A gamb/ae [27 32 33]

estrmated as 1 096 (+00056) [27] from Anopheles o

data in [32]

net of density-independent survival through immature
stages.

b>1 represents overcompensatrng (scramble Irke)

competition among larvae, b < 1
undercompensating

per human host, based on estimate of 30 vector
(female) Anopheles mosquitoes per host derived

[27] from human brtrng fate data across Afrrca [34] -

(1 + 0)01 Where 6) > 0 IarvaI competrtron
affects all larvae at a smaller (lower density) scale,
putting more competitive pressure on all genotypes.
In single genotype populations, HH experience
density-dependent effects at lower scale (1/a;) than
wild-type larvae (1/a;); as a result the environment
can support fewer transgenic larvae. 6 << 0
represents the opposite

a=0+ (159 a. Heterozygotes may experrence a

weaker change in competitive performance
(or none)

'homrng rate approxrmately 0.6 achieved (range 056—

0.7) for a synthetic HEG with a testis-specific
promoter [35], and approx. 0.9 for an engineered
HEG causing Y-chromosome drive (transmission to
88% of progeny embryos) [10]

. (no penalty) to 1 (Iethal)

(ﬁtness costs are recessrve) to 1 (domrnant)

“"% =1, lﬁz — hs), l/f3 (1—3

see equations (3.3); the relative reduction in the

population growth rate of the population in the

presence of the HEG

duration of egg + larva + pupa stages (1 + 14+ 1)

calculated to give natural equrlrbrrum 60 mosqurtoes
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Table 2. Model for genetic mosquito control strategy using a HEG affecting
survival.

3
:ZN’

=1

  ¢1_] lpz .I _hS lﬂg 1 _S) [P

) =3 (1 + 0 - ot + (01— 97%)

vy(t)= ((1+9)N1N2+2N1N3+(1+g)(1_g)N;_i_“

- g)N2N3>

z|—-

1 N
=N<<1+g)2—2+

. (1) ear|y_aq|ngHEGﬁtnesg cost OO S RSOOSR

V3 (t) (1 —+ g)NzNg + N32>

;. it — )i
dr
T+ (Zj 1“!"/(

”( 2) Iate actmg HEG ﬁtness cost .

- — (1) i=123

% B it — )
dt

3 E—) =123
14 (Z/ 1a,v,(l‘ 7))

suffer a fitness penalty (s > 0) as a result of the target gene being
knocked out and, unless that knockout is recessive (h = 0), het-
erozygotes incur a partial fitness penalty (ks where 0 < <1).
For each genotype, the net population growth term is multiplied
by the relative fitness ;. This applies to both early- and late-
acting HEGs. However, early- and late-acting HEGs have a
different impact on larval competition (see below), because of
the timing of the induced mortality.

Bellows [23] examined several density-dependent competition
functions of different forms and assessed their ability to represent
30 datasets exhibiting a range of intraspecific population dynamic
behaviours. We adapt the nonlinear competition function that
Bellows judged most flexible, based on that of Maynard Smith &
Slatkin [37]:

aN_ N a1
df 1+ (aN)

All genotypes experience the same strength of density-dependent
intraspecific competition (which can range from contest to
scramble by varying the value of coefficient b, with b>1
denoting overcompensating scramble-like competition). The
density-dependent scale parameters are either a single coefficient
a or are genotype-specific a;. This allows us to explore the effects
where the HEG can alter the competitive performance of transgenic
larvae and not just the proportion surviving to reproductive matur-
ity; a different value of a; could be thought of as representing
different resource needs (perhaps transgenic individuals are smal-
ler or have different metabolism from wild-type), and therefore
altering the scale at which density-dependent regulation acts (and
the number of that genotype that the habitat is capable of support-
ing). Mortality from a late-acting HEG occurs after the larvae have
participated in density-dependent competition, so it does not
appear in the competition term, i.e. the denominator of the fraction.
An early-acting HEG will already have reduced the numbers of

larvae, so the survivors suffer less competitive conditions, with n

the relative fitnesses (i;;) reducing the effect of competition.

The gametic frequency of the HEG at time, f, is determined
after homing: we label the frequencies of H HEG" (g) and w
HEG™ (p) sperm and eggs produced by adults at time t, where
p(t) + q(t) = 1. GM insects are released into the population at
time t = 0; the gametic frequency at that time is denoted by go.
Mortality of those released adults reduces the gametic frequency
to g, by the time the first transgenic progeny emerge as adults.
We numerically simulated a one-off release of a number of
adults equal to 25% of the equilibrium of the natural population
(0.25N#), all of them heterozygotes (Hw), giving an instantaneous
HEG allele frequency of 0.1. (For any given homing rate g, the
gametic frequencies gy and g, can then be calculated; for our
default homing rate value, g=0.8, gametic frequencies are
go=0.18 and g, = 0.0304.)

3. Results
3.1. Population genetics

Our population genetic outcomes are consistent with previous
work [13], albeit with one new element resulting from taking
account of the biological time lag (g, substitutes for g, where
gametic frequency is necessary to determine the outcome).
Gametic frequencies 4 =0 (HEG not present or extinct) and
g = 1 (HEG reaches fixation) are always equilibrium solutions.
An internal equilibrium ¢* (0 < g* < 1) exists if and only if a
specified relationship between the genetic properties of the
HEG (relative fitness costs of gene disruption s, dominance of
fitness costs h and homing rate g) holds true. Where it exists

. 8 —hs)—hs

s(1 — 2h) (1)

By boosting allele transmission rates, homing confers an
advantage on the HEG. Homing occurs only in a heterozygous
individual, during meiosis, where it converts (at rate ¢) a HEG ™
(w) gamete to HEG " (H ). This results in reduced fitness (survi-
val) of the resulting progeny. If the other parent contributes a w
gamete, then the zygote that would have been wild-type (ww,
no fitness penalty) becomes heterozygous (Hw, with lower
relative fitness y», = (1 — hs)). This incurs a selection disadvan-
tage relative to the fitness of the heterozygous parent in which
homing occurred

11—y s
v,  1—hs

(3.2a)

Similarly, if the other parent contributes an H gamete, then
a zygote that would have been heterozygous (Hw, with fitness
Yo = (1 — hs)) is instead homozygous (HH, with lower fit-
ness i3 = (1 — s)) and the selection disadvantage relative to
the fitness of the Hw parent in which homing occurred is
Yy — s _s(1—h)

e (3.2b)

In a synthetic HEG, intended to spread through a vector
population, the engineered gene disruption effect would pre-
ferably be nearer recessive than dominant (h < 1/2). If so,
then heterozygote fitness would be closer to that of wild-
type than of HH homozygotes, and equation (3.22) would
be smaller than (3.2b). Otherwise, the converse is true. The
population genetic outcomes, which are summarized in the
upper part of figure 1, are a consequence of the relative
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< _hs_and ¢
ks (1-h) h _hs_and h (1-h)
g<s(1—h) Sl—_hs <g<1—shs ngihS l—shs< Sl —_hs
T 1-hs s(1-h)
v gz
1-hs
v initial (release) conditions \ 4 A 4

population genetics outcome

(depends on fitness properties s, # and homing rate g of HEG)

HEG goes extinct
equilibrium g =0

q.<q*?

yes

|

population dynamics p< 1?7

yes /

]

original wild-type population population
population returns to original eliminated
not equilibrium or
sustainable oscillations around it

™\

no

HEG goes to fixation
equilibrium g =1

|

HEG goes to internal
equilibrium g*

y

population dynamics p(1—s) <1?

| population dynamics p(1 -L) <1? ‘

yes /

~

yez/

no\

population reduced
to new equilibrium
(or oscillates
around it)

population
eliminated

population reduced
to new equilibrium

(or oscillates
around it)

Figure 1. Overview of outcomes. This summarizes the way in which mosquito population genetics and dynamics interact. The population genetic outcome depends
on the fitness properties of the HEG (cost s, and its dominance h) and the homing rate (g). The population dynamic implications depend on the relationship
between the life-history parameters (p = r/u lifetime progeny net of density-independent juvenile mortality, and 7 egg-to-adult generation time) and the
HEG parameters, particularly the HEG load (0 for ww, s in HH population, or L (equation (3.3)) at mixed genotype equilibrium).

weight of these forces and so are dependent on the rela-
tionships between the homing rate ¢ and the phenotypic
(fitness) properties of the HEG (s, h).

Figure 2 illustrates the four regions, in terms of s and &,
where each of these population genetic outcomes occurs. If
the drive advantage (g) is lower than both the selection disad-
vantages (equations (3.22) and (3.2b)), then the HEG will go
extinct, i.e. to gametic equilibrium g = 0. In that case, 4 =1
is unstable, so any introduction of wild-type alleles into a
HEG" homozygote population should eventually remove
the HEG. If the genetic drive (g) is high enough that it out-
weighs both causes of reduced fitness (equations (3.2a) and
(3.2D)), then the HEG will spread to fixation; the gametic
equilibrium is g=1 (=0 is unstable, so the HEG will
always invade even from very low levels). Assuming low
dominance of fitness effects (h <1/2), an intermediate
drive (g) can favour Hw individuals (equation (3.2a)) but be
insufficient to outweigh the selection against HH genotypes
(3.2b), and these balancing forces drive the population to a
stable internal equilibrium consisting of all viable genotypes.
In that case, the equilibrium gametic frequency of the HEG is
given by g* (equation (3.1)); either allele can invade from rare
(7 =1 and g = 0 are unstable). If the HEG is strongly deleter-
ious to heterozygotes (I > 1/2), then an intermediate genetic
drive (g) produces opposing selective forces that are frequency
dependent. If the H allele is predominant in the population
(95> g*), then the HEG will be driven to fixation, because the
drive (g) outweighs the fitness effect of replacing Hw progeny
with HH (equation (3.2b)), whereas if the HEG is relatively rare
(9- < g*), then it will become extinct, because homing does
not overcome the disadvantage of replacing ww with Hw
(equation (3.24)). In those circumstances, neither allele can
invade from rare (g% is unstable, § = 1 and g = 0 are stable).

Note that the gametic equilibrium reached is independent
of initial gametic frequencies gy and g, except for that last
case, i.e. a HEG that has strong fitness effects (4 > 1/2) and
an intermediate homing rate (the relevant inequalities are
satisfied with moderate-to-high fitness cost, s; figure 2 and

1.0y
09t
0.8}
0.7t
0.61
05}
0.4
03}
021
0.1}

(L, 1)
H or w extinct
(g* unstable)

w extinct

dominance of HEG fitness costs, &

(g, 0)

0 0.1 02 03 04 05 0.6 0.7 Ou8 09 1.0
fitness costs of HEG, s

Figure 2. Population genetic outcomes relationship with s and h. The
population genetic outcome depends on the phenotypic fitness properties
of the HEG (s, h) and the homing rate (g). The graph shows the regions
of parameter space defined by s (the HEG fitness penalty) and h (the
dominance of that fitness cost), plotted for g = 0.8.

the electronic supplementary material, section Population
genetics outcomes). In comparison, in all cases, the initial
gametic frequency does affect the time taken to reach the
predicted equilibrium frequency.

One key feature of using a continuous-time framework
rather than a discrete generation model is that it takes account
of the biological time lag from egg to adult emergence. In the
period from release of HEG-bearing insects (t = 0) to the time
when the first transgenic progeny emerge as adults (f = 7), the
released GM insects reduce in number owing to mortality, but
the wild-type adults are replenished by emergence of existing
larvae. Consequently, in that period, the HEG gametic fre-
quency is diluted from its instantaneous value at release to
a frequency that may be significantly lower. With our default
parameter values, gametic frequencies fall from gy =0.18 to
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Figure 3. Dynamical behaviour. The HEG knockout is recessive lethal (s =1, h = 0), homing rate g = 0.8. Heterozygous insects are released at time t = 0,
15 per host (i.e. + 25% of the natural population equilibrium 60 per host). The number of adults over time is shown for each genotype (ww: dashed line,
Hw: dashed-dotted line, HH: dotted line, here always zero) and in total (solid line). Strength of density dependence b is 0.5 (weak, undercompensating, a,b),
2.5 (underdamped before release, ¢,d), or 3 (overcompensating, oscillating before release, e,f), the HEG is early-acting (a,.e) or late-acting (b,d,f). See electronic
supplementary material, figure S2 for further b = 1.097 and b = 5. In all figures and described results, the equilibrium size of the natural population remains
comparable across different values of b (the density scale parameter a; is calculated from A* = 60 and b for each panel). In all population dynamics figures, life-
history parameter values are estimated for Anopheles gambiae (table 1): time lag 7 = 16 days, adult mortality rate . = 0.123 per day, net population growth rate

r=1.09 per day.

4,=0.0304. In circumstances where the gametic frequency
determines the population genetic outcome, it is very likely
that the HEG allele will be sulfficiently rare (g, < g*) that the
HEG will be lost from the population rather than driven to
fixation. The quantity of insects released would have to be sub-
stantially higher to mitigate that effect. (See the electronic
supplementary material, section Population genetics outcomes.)

The "HEG load’ (analogous to genetic load in classical
population genetics) has been defined as the relative
reduction in the population growth rate of the population
in the presence of the HEG [13]. The HEG load in a wild-
type population is zero, in a pure HH population it is s,
and at the mixed genotype equilibrium g* the HEG load L is

L=2p"qhs +q*%s (3.3a)
which, alternatively, can be expressed as
_ o2 k) — (1 —
T (Lt I S

s(1— 2h)

At the mixed genotype equilibrium, the HEG load is the sum
of fitness penalties weighted by their genotype frequency
(equation (3.3a)) and is influenced by the homing rate as
well as the relative fitnesses of HEG homozygotes (1 — s)
and heterozygotes (1 — hs) (equation (3.3b)).

3.2. Population dynamics
The natural wild-type population (time-delayed version of
equation (2.1)) has the following equilibrium

N =1 (1 - 1)1/b. (3.4)

ap \Mm

We assume that r > u (otherwise, the wild-type population
would naturally die out). We fix this natural equilibrium
at 60 adult mosquitoes per host (table 1), which determines
our value of a; for every given b. It is useful to define
p = (r/u) > 1, per capita lifetime reproductive potential. Our
simulations and quantified analytical results are based
on life-history parameter values drawn from the literature
(table 1). We simulate and analyse results for several values
of b, covering situations where the natural population
dynamics are stable and overdamped (b < 1.097), or are
stable with damped oscillations to the equilibrium (1.097 <
b < 2.851), or exhibit natural oscillations about the equilibrium
value (b>2.851) (the electronic supplementary material,
section Population dynamics: stability). These pre-release
dynamics can be seen in figure 3, in the period t < 0. For
an unstable population (highest values of b), we calculate an
average population size N over the last five simulated
cycles of oscillations, using the methods of Armstrong &
McGehee [38]. The average size of an oscillating population
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is larger than the hypothetical steady state; the stronger the
density dependence, the greater the amount by which N
exceeds N*.

The effect of releasing HEG-bearing insects into the popu-
lation is to introduce a HEG load. If the HEG spreads, then
this reduces the reproductive ability of the population (in
effect, a scaling factor is applied to p). Where the population
is suppressed but not eliminated, this effect is more likely
to give stable dynamics at the post-release equilibrium,
as the stability boundaries correspond to higher values of b,
the strength of density-dependent competition (the electronic
supplementary material, section Population dynamics: stab-
ility). If the HEG goes extinct, then the population reverts
to its natural equilibrium (equation (3.4)) or oscillatory behav-
iour. To predict these outcomes and, in particular, to
ascertain the properties that are expected to lead to local elim-
ination of the vector population and thereby eliminate
disease transmission, it is necessary to explore the combined
effects of population genetics and population dynamics.

3.3. Population dynamics combined with genetics

If the HEG'’s genetic properties allow it to spread through
the vector population to some extent, then it disrupts the
target gene and reduces survival. If a sufficiently high HEG
load can be imposed, then the population can be locally
eliminated. A less effective HEG load will suppress the
population to a lower abundance which may (or may not)
be significant. These effects can be achieved in timescales
that are potentially useful for disease control. (See figure 3,
illustrating a recessive lethal knockout.)

As expected, the late-acting version has a lower post-release
equilibrium than early-acting (figure 3 compare bottom
row with top). An early-acting HEG can actually increase the
population (figure 3c,e). By killing eggs or early instars,
the early-acting HEG system creates a lower-density environ-
ment in which unaffected individuals and survivors will
compete, and with overcompensating (scramble-like) com-
petition that population rebounds to a higher abundance.
This effect is similar to that already known for classical and
genetics-based SIT [39,40].

For an overview of results, see figure 1. Population
elimination (Nj,N3,N3) = (0,0,0) is an equilibrium for both
early- and late-acting HEG constructs. It is achieved when
the net population growth rate p multiplied by 1-HEG
load is below unity, otherwise the population will persist.
Where the HEG properties are such that the HEG will go to
fixation, the equilibrium is

1 r(l—s)
<O’O’a3<1—s>( w

1 1- 1/b
0,0,— (u — 1) late-acting,
as 13

where p(1 — 5) > 1; otherwise, a population of HEG homozy-

1/b
1) > early-acting or (3.5a)

(3.5b)

gotes would die out. Where a mixed genotype population
occurs, and p(1 — L) > 1, the equilibria satisfy the follow-
ing (g* as per equation (3.1), p*=1—-g% and L per
equation (3.3)).

p(t —L) -1

N* =
a p*? + 2a prq*(1 — hs) + asq2(1 — s)

early-acting, or

(3.6a)

oy b
= [5(1 b-1 5 late-acting (3.6b)

mp*? + 2ap*q* + asq*
*2 NT* * % *

. _P°N . _2p'q" (1 —hs)N

and Nl_l—L’ N; = 11 and

*2 *

* q (1 - S)N

=171

(3.6¢)

Equations (3.5a,b) and (3.6a,b) confirm that any persistent
late-acting HEG achieves a lower population equilibrium
than the equivalent early-acting HEG (the electronic sup-
plementary material, section Population dynamic outcomes).

If density-dependent competition is very strong (high b),
then the population will oscillate around the relevant equili-
brium, with average value (N) higher than that steady-state
value (N*). A late-acting HEG achieves a lower average abun-
dance than the equivalent early-acting HEG. The stability
boundaries in a HEG-bearing population occur at higher
values of b than for the natural population (the electronic sup-
plementary material, section Population dynamics: stability).
A population suppressed by HEG vector control is very likely
to exhibit stable dynamics (e.g. figure 3 and the electronic
supplementary material, table S2). The greater the HEG
load imposed, the more stable the system is, and the more
resilient it is to small perturbations.

In the mixed genotype case, increasing the homing rate g
increases the HEG load (inspect equation (3.3b)) and so gen-
erally decreases the post-release population equilibrium (N¥,
equations (3.6)) and, if unstable (very high values of b),
decreases the average density (N). The exception is an
early-acting HEG in a population with overcompensating
density dependence (b > 1), where the HEG ‘load” benefits
the larval population, increasing the average adult abun-
dance. These findings are illustrated for recessive lethal
knockouts (s =1, h = 0; figure 4). A recessive lethal HEG is
always driven to an intermediate equilibrium frequency
q* = g (equation (3.1)), whatever the homing rate (equation
(3.2a) equals 0 and equation (3.2b) equals 1), and HEG load
L= g? (equation (3.3b)). In this case, the homing rate above
which p(1 — L) <1 and the population is eliminated is

T |
g=41-==4/1 5 (3.7)

With our parameter values (table 1), this threshold value
for a recessive lethal knockout is g = 0.942.

The HEG fitness properties, (s, h), affect the equilibrium (N*
where stable; figure 5) or average (N where unstable) popu-
lation density, through the four underlying population
genetics cases (figures 1 and 2). With homing rate ¢ = 0.8, for
most combinations of s, i, the HEG spreads to fixation,
and the equilibrium density (equations (3.5)) decreases as
the HEG-induced mortality s increases (figure 5a,b,d). With
an early-acting HEG, a population under strong density-
dependent competition rebounds to higher than natural
densities (figure 5c). Where fitness cost (s) is high and nearer
recessive than dominant (i < 1/2), the population reaches a
mixed genotype equilibrium giving intermediate suppression
(figure 5, lower right of each panel a,b,d). Where s and /1 are
both high (figure 5, upper right of each panel a-d), the HEG
is driven extinct, and the population returns to its natural equi-
librium. For much of that region (except a triangular area at the
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Figure 4. Effects of homing rate on population size. The population size is
shown, the equilibrium N* where stable (filled symbols) or the average N
where oscillating (open symbols), for the spectrum of values of homing rate
0<g<1(g=0 results in wild-type population). The HEG is recessive
lethal (s = 1, h = 0), early-acting (a) or late-acting (b). Strength of density
dependence b is 0.5, 1.097, 2.5, 3 or 5 (key in a). Pre-release equilibrium
N¥* =60 per host for all values of b; in unstable natural populations, the
pre-release average N is higher than 60 (the same value as with g = 0).

high s end; figure 2), the outcome might be altered by releasing
far more transgenic insects, so that the HEG is sufficiently
common to tip the balance to HEG fixation instead of extinc-
tion. Even with this high homing rate (0.8) and a fairly large
release (augmenting the original population by one-quarter),
there are few combinations of s and & that suppress the popu-
lation to a level at or close to local elimination. These
combinations occur when s <2¢/(1+¢) and h < 1/2, close
to the point (s, 1) = (2g/(1 + g), 1/2), where the four regions
of population genetic outcomes intersect (figure 2); the HEG
is at fixation.

The effect of differential competition among genotypes is
explored by varying 6 (> or <0) to alter the relative compe-
tition effect of HH genotypes and ¢, the dominance of that
impact (table 1; az=(1+ 60)a; and a,= (1 + ¢b)a;). This
changes the equilibrium N* (and the average N, if unstable)
in a suppressed population. Relative to the result with
equal competition, the effect of unequal competitive effects
is to multiply the equilibria by:

1

126 HEG fixed (3.8a)
1-L
1—L+2¢0p q (1 — hs) + 0g°2(1 — s), (3.8b)

mixed genotypes, early-acting

and
1-L
1—L+2¢0p*q* + 692’

mixed genotypes, late-acting.

(3.8¢)

If the effect is dominant (¢ = 1), then the expressions (3.8b)
and (3.8¢) collapse to (1 —L)/[1—L+ 6(1—L— p?)] and
1/[1 + 6(1 — p*2)], respectively. If transgenic insects require
greater resources and therefore exert competitive pressure at
lower scales (6> 0), then the suppressed population will
settle to a lower density than if all genotypes had competed
equally (and the opposite for 6 < 0). The stronger the domi-
nance of this alteration to competitive effect (higher ¢), the
larger the impact on population size (illustrated in figure 6).

We explored a comprehensive range of values of 5, 11, g, b
and a;. Our findings are also robust to changes in 7, r and u
(the electronic supplementary material, section Population
dynamics outcomes).

4. Discussion

We have devised a novel mathematical modelling method for
combining population genetics and population dynamics in a
continuous-time framework with density-dependent com-
petition. We applied it to a genetic vector control strategy
using HEGs to drive a gene knockout through a population,
inspired by a system that is in development and progress-
ing towards implementation. We have shown that across a
range of possible parameter sets, the outcome is generally
more likely to be population suppression than to be local
elimination. There have been few ecological studies of the
population dynamics of A. gambinze mosquitoes, of which
very few were conducted in semi-natural conditions [17,41].
Given our poor understanding of population regulation in
malaria vectors, our results highlight the variation in possible
outcomes of HEG vector control under different assumptions
about the strength of density-dependent larval competition.

The influences on population genetics behaviour can be
separated out between the HEG's fitness properties (the pen-
alty to survival, s, and the dominance of that fitness cost &)
and the homing rate g. Engineering a synthetic HEG targeting
a gene that is important for survival and creating transgenic
insect lines with that HEG positioned within its recognition
site is challenging, and fitness properties, homing rates and
regulation of gene expression cannot be precisely controlled
[42]. A homing rate g > 0.942 is needed for a recessive lethal
knockout to locally eliminate a population (equation (3.7)).
Given the homing rates achieved in experimental strains, 0.56
to approximately 0.9 [10,35], such a high rate presents a chal-
lenging target. It has been proposed that to achieve a high
enough HEG load in practice with realistic homing rates, mul-
tiple HEGs could be used, each targeting a different gene, with
independent fitness effects across loci [9]. More sophisticated
HEG systems are being developed for field use, targeting
female fertility or imposing a male bias, and it is intended
to combine multiple copies in a released strain to increase the
likelihood of control success.

If the HEG persists within the population (at fixation or
some intermediate frequency), then the relationship between
the genetic parameters (s, & and g within HEG load L, or
simply the HEG load s at fixation) and the life-history traits
(p) determine whether the mosquito population is locally
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Figure 5. Effects of fitness properties due to gene disruption by the HEG on population size. Homing rate g = 0.8. All genotypes compete equally. These surface
plots show the equilibrium N* (indicated by colour scales), for the spectrum of values 0 <<'s < Tand 0 < h < 1, following release of heterozygotes N,(0) equal
to 0.25 times the natural population equilibrium. Strength of density dependence b is 0.5 (weak, undercompensating; a,b) or 2.5 (strong, overcompensating; ¢d),
the HEG is early-acting (a,c) or late-acting (b,d).
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Figure 6. Effects of the HEG altering the scale at which density-dependent competition acts on population size. The post-release equilibrium N* is shown (indicated
by colour scales), for a range of values of 6(—0.2 to 4-0.2), which alters the density scale parameter a;, and the spectrum of dominance of that effects ¢ (from 0
recessive to 1 dominant), which alters a,. The HEG has homing rate ¢ = 0.8 and is early-acting (a,ce) or late-acting (b,d,f). Strength of density dependence b is 0.5
(a,), 2.5 (¢d) or 1.097 (ef). The HEG knockout is recessive lethal (s = 1, h = 0), except in (e) and (f) where s = 0.8, h = 0.1 which results in the HEG going to
fixation so then a, is irrelevant (similar pattern for any b).

eliminated or merely suppressed. The higher the reproduc- population elimination are 1 —s>1/p for a population in
tive potential of the population (p), the greater the HEG which the HEG goes to fixation, or g > /1 — 1/p for a reces-

load needed to overcome it. For example, the conditions for sive lethal knockout (equation (3.7)). Even in these simpler
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cases, it is necessary to understand the population dynamics
and not just the population genetics, to predict whether local
elimination is feasible. Close to thresholds, elimination can
take a long time to achieve.

Our model is restricted to consider only a single value of
b; all genotypes experience the same strength of density-
dependent competition. This is a mathematical consequence
of using nonlinear population dynamic models of this kind
(electronic supplementary material, section Methods). We
have modelled a wide range of strengths from very weak
(undercompensating competition with low b) to very strong
(overcompensating with high b), to explore the range of poss-
ible effects. Our illustrations present results generated with
some parameter values for b that may be regarded as implau-
sibly high or low, not to suggest that such extremes are to
be expected, but for ease of visibly discerning the nature
of the effects identified across the spectrum of strength of
density dependence.

One novel consideration in our study is altering the com-
petitive impact of larvae bearing one or two copies of the
HEG transgene. The density scale parameter in this model is
manifested as a competitive effect (a change affects larvae of
all genotypes) rather than as a competitive response. If the par-
ameter is higher for HEG homozygotes than wild-type insects
(13> ), then HH larvae contribute greater competitive
pressure on all genotypes. This might plausibly occur, for
example, if HH individuals process food less efficiently and
need to consume more nutrients during development, redu-
cing the nutritional resources available to larvae of all types.
As the transgenic insects have greater resource utilization
needs, the environment would be able support fewer of
them. By contrast, an example of different competitive
response might be less ability to use an alternative food
resource to ameliorate some of the pressure. More sophisticated
models would be required to tease out such effect/response
distinctions. In our model, the density scale parameters do
not affect whether a population is eliminated or persists follow-
ing HEG release, nor the equilibrium mix of genotypes. They
do affect the population size, by changing the scale at which
density-dependent effects have significant impact, and so
would affect the disease transmission capability of the vector
population following release.

Where the population can be suppressed but not elimi-
nated, as is the case across most of the parameter space for
properties of the HEG even with our generous homing rate
0.8 (figure 5), a crucial question is whether the new equili-
brium is below the entomological threshold necessary to
sustain disease transmission. As estimates of the basic repro-
duction number of malaria (R, or Z) across Africa vary from
near 1 to over 3000 [43], broad general assertions are inap-
propriate, but some patterns can be observed. If the wild
population is under strong density-dependent competition
with oscillatory dynamics, then HEG suppression of the
population would have a dual effect on population size, by
both inducing stable dynamics (the steady-state N* is lower
than the average N) and reducing the equilibrium size, poten-
tially increasing the chances of a successful epidemiological
outcome. A HEG that affects both survival and competitive
ability (increased density scale parameter) can be more effec-
tive at population suppression than a HEG that impacts on
survival alone, which also enhances the potential for disease
reduction. Depending on the extent of suppression, stochastic
effects (which are not included in our deterministic

framework) could become relevant, as the mosquito popu- [ 10 |

lation could be eliminated at low numbers. In principle, a
deterministically persistent HEG might become extinct in
a small stochastic population owing to genetic drift.

As we and others have noted [15,16], there is a lack of
data about density-dependent competition in the field for
mosquito disease vector species. The few experiments
published have almost all studied container-dwelling Aedes
mosquitoes, where overcompensating competition is thought
to be possible, and almost nothing is known about Anopheles
mosquitoes (an exception being ref. [17]), which will be criti-
cal for applying genetic control tools to malaria vectors.
Methods have been demonstrated for studying natural
container-breeding populations in natural settings (without
artificial addition of water or food materials), varying mos-
quito densities across natural ranges [21,22]; more of such
manipulative ecological studies to determine how density
dependence acts and to test for compensatory effects of
added mortality would have long-term value, especially if
they can quantify the form and shape of density dependence
functions for modelling genetic vector control. This is one of
several challenges in mosquito ecology, another is estimating
the intrinsic rate of population increase. Addressing these
ecological challenges could make a real contribution to
developing, regulating and implementing feasible vector con-
trol methods. For example, regulators might be concerned at
the theoretical prospect of early-acting (but not late-acting)
HEG releases possibly increasing a vector population that is
regulated by overcompensating competition, although there
is no evidence of overcompensating density-dependent larval
competition in A. gambige in the field and the potential risk
might be unfounded. Incorporating stochasticity and spatial
and temporal heterogeneity into models, might also dampen
the propensity for strong oscillations in population dynamics.

Although we applied our method to a particular appli-
cation of HEGs to mosquito control, this approach has
much broader relevance. It can be extended to other HEG strat-
egies (for example, a HEG targeting female fertility can be
modelled by expanding the system with separate equations
for males and females) and, in principle, to other genetic
vector control strategies. Our framework could be expanded
to include a second insect species, with intraspecific and inter-
specific competition following the same functional form (with
different resource utilization) [44]. Further aspects of mosquito
ecology could be incorporated, such as seasonal fluctuations in
population size or extension to structured populations with
limited interbreeding. Entomological models could be cou-
pled with epidemiological models to explore the potential for
alleviating human disease. This would be necessary for asses-
sing strategies that aim to propagate a genetic refractoriness to
disease transmission through the vector population. Extension
to include a health economic analysis could be used to assess
the consequent reduction in disease burden [45].

Previous models of selfish genetic elements used discrete-
time population genetic frameworks to deduce mathematical
conditions for invasion of the novel element primarily in
terms of biased gene conversion (transmission) and reduced
survival (fitness) [9,12,13,46]. Those papers that explicitly
considered vector population control applications explored
outcomes in terms of allele or gametic frequencies, either
with no direct modelling of the effect on population size
[9,12,13], or with fairly simple population dynamics [27].
Our study investigated the effects of the opposing forces of
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drive and natural selection in a richer population dynamic
framework that is able to represent a wide range of density-
dependent larval competition dynamics, the relative timing
of key biological processes, and fitness effects that alter com-
petitive ability as well as reduce survival. Our key novel
findings include that: the HEG gametic frequency is signifi-
cantly diluted between the release of insects and the adult
emergence of their first transgenic progeny, during which
time further wild-type larvae emerge as adults (with practical
implications for how many insects to release); a persistent HEG
has a stabilizing effect on population dynamics, which could
further suppress the mean vector abundance (for more effec-
tive disease control); an early-acting HEG performs worse
than a late-acting HEG and would be counterproductive in
the presence of overcompensating density-dependent larval
competition; a HEG altering competitive effect as well as survi-
val can give more effective vector control. We have shown that
mosquito control outcomes depend on the interplay between

genetics and ecology (here focusing on overlapping gener-
ations, larval competition and the maturation time delay
from egg to adult) and argue that both aspects need to be
appropriately considered when assessing the potential
effectiveness of genetic vector control methods.

Acknowledgements. We thank Austin Burt for helpful discussions. The
authors have a LINK grant collaboration with industrial partner
Oxitec Ltd, a company spun out from the University of Oxford to
develop genetics-based insect-control methods unrelated to the subject
of this study. Oxitec Ltd is the industrial partner on the BBSRC LINK
project for which the authors state the grant number in the Funding
Statement. N.A. has an indirect interest in shares and share options
of Oxitec Ltd. The company had no role in study design, data collec-
tion and analysis, decision to publish or preparation of the manuscript.
Data accessibility. This project generated computer code (in Matlab) and
simulation data. For access to the scripts or data files, see our website
http://merg.zoo.ox.ac.uk and contact the authors.

Funding statement. This work was supported by the UK Biotechnology
and Biological Sciences Research Council (grant no. BB/H01814X/1).

References

1. Murray UL et al. 2012 Global malaria mortality male Anapheles gambiae in large cage trials. 21, Walsh RK, Aguilar CL, Facchinelli L, Valerio L,
between 1980 and 2010: a systematic analysis. Pathog. Glob. Health 106, 20—31. (doi:10.1179/ Ramsey JM, Scott TW, Lloyd AL, Gould F. 2013
Lancet 379, 413—431. (doi:10.1016/50140-6736 2047773212y.0000000003) Regulation of Aedes aegypti population dynamics in
(12)60034-8) 12. Hastings IM. 1994 Selfish DNA as a method of pest field systems: quantifying direct and delayed

2. WHO. 2011 World malaria report 2011. Geneva, control. Phil. Trans. R. Soc. Lond. B 344, 313-324. density dependence. Am. J. Trop. Med. Hyg. 89,
Switzerland: World Health Organization. (doiz10.1098/rstb.1994.0069) 68—77. (doi:10.4269/ajtmh.12-0378)

3. WHO. 2008 The global burden of disease: 2004 13. Deredec A, Burt A, Godfray HCUJ. 2008 The population ~ 22.  Walsh RK, Facchinelli L, Ramsey JM, Bond JG, Gould
update: deaths and DALYs 2004: annex tables. genetics of using homing endonuclease genes in F. 2017 Assessing the impact of density dependence
Geneva, Switzerland: World Health Organization. vector and pest management. Genetics 179, in field populations of Aedes aegypti. J. Vector Ecol.

4. Gubler DJ. 2002 Epidemic dengue/dengue 2013-2026. (doi:10.1534/genetics.108.089037) 36, 300—307. (doi:10.1111/j.1948-7134.2011.
hemorrhagic fever as a public health, social and 14. Dye C. 1984 Models for the population dynamics of 00170.x)
economic problem in the 21st century. Trends the yellow fever mosquito, Aedes aegypti. J. Anim.  23. Bellows Jr TS. 1981 The descriptive properties of
Microbiol. 10, 100—103. (doi:10.1016/50966- Ecol. 53, 247-268. (d0i:10.2307/4355) some models for density dependence. J. Anim. Ecol.
842X(01)02288-0) 15. Legros M, Lloyd AL, Huang Y, Gould F. 50, 139—156. (doi:10.2307/4037)

5. Alphey L, Benedict M, Bellini R, Clark GG, Dame DA, 2009 Density-dependent intraspecific competition in ~ 24. Prout T, McChesney F. 1985 Competition among
Service MW, Dobson SL. 2010 Sterile-insect the larval stage of Aedes aegypti (Diptera: immatures affects their adult fertility: population
methods for control of mosquito-borne diseases: an Culicidae): revisiting the current paradigm. dynamics. Am. Nat. 126, 521-558. (d0i:10.2307/
analysis. Vector Borne Zoonotic Dis. 10, 295-311. J. Med. Entomol. 46, 409—419. (doi:10.1603/ 2461536)

(doi:10.1089/vbz.2009.0014) 033.046.0301) 25. Gilles JRL, Lees RS, Soliban SM, Benedict MQ. 2011

6. Alphey L et al. 2002 Malaria control with genetically ~ 16. Godfray HU. 2013 Mosquito ecology and control of Density-dependent effects in experimental larval
modified vectors. Science 298, 119—121. (doi:10. malaria. J. Anim. Ecol. 82, 15-25. (doi:10.1111/ populations of Anopheles arabiensis (Diptera:
1126/science.1078278) 1365-2656.12003) Culicidae) can be negative, neutral, or

7. Scott TW, Takken W, Knols BGJ, Boéte C. 2002 The  17. Muriu SM, Coulson T, Mbogo CM, Godfray HCJ. 2013 overcompensatory depending on density and diet
ecology of genetically modified mosquitoes. Science Larval density dependence in Anapheles gambiae levels. J. Med. Entomol. 48, 296—304. (doi:10.1603/
298, 117-119. (doi:10.1126/science.298.5591.117) s.s., the major African vector of malaria. me09209)

8. Burt A, Trivers R. 2006 Genes in conflict: the biology J. Anim. Ecol. 82, 166—174. (doi:10.1111/1365- 26. Beck-Johnson LM, Nelson WA, Paaijmans KP, Read
of selfish genetic elements. Cambridge, MA: Harvard 2656.12002) AF, Thomas MB, Bjernstad ON. 2013 The effect of
University Press. 18.  Juliano SA. 2009 Species interactions among larval temperature on Anopheles mosquito population

9. Burt A. 2003 Site-specific selfish genes as tools for mosquitoes: context dependence across habitat dynamics and the potential for malaria
the control and genetic engineering of natural gradients. Annu. Rev. Entomol. 54, 37— 56. (doi:10. transmission. PLoS ONE 8, €79276. (doi:10.1371/
populations. Proc. R. Soc. Lond. B 270, 921-928. 1146/annurev.ento.54.110807.090611) journal.pone.0079276)
(doi:10.1098/rspb.2002.2319) 19. Leisnham P, Juliano S. 2010 Interpopulation 27. Deredec A, Godfray HCJ, Burt A. 2011 Requirements

10. Windbichler N, Papathanos PA, Crisanti A. 2008 differences in competitive effect and response of the for effective malaria control with homing
Targeting the X chromosome during mosquito Aedes aegypti and resistance to invasion endonuclease genes. Proc. Natl Acad. Sci. USA 108,
spermatogenesis induces Y chromosome by a superior competitor. Oecologia 164, 221-230. E874—E880. (doi:10.1073/pnas.1110717108)
transmission ratio distortion and early dominant (doi:10.1007/500442-010-1624-2) 28. Atkinson MP, Su Z, Alphey N, Alphey LS, Coleman
embryo lethality in Anopheles gambiae. PLoS Genet. ~ 20. Leisnham PT, Lounibos LP, 0'Meara GF, Juliano SA. PG, Wein LM. 2007 Analyzing the control of
4, €1000291. (doi:10.1371/journal.pgen.1000291) 2009 Interpopulation divergence in competitive mosquito-borne diseases by a dominant lethal

11. Klein TA, Windbichler N, Deredec A, Burt A, Benedict interactions of the mosquito Aedes albopictus. genetic system. Proc. Natl Acad. Sci. USA 104,

MQ. 2012 Infertility resulting from transgenic I-Ppol

Ecology 90, 2405—2413. (doi:10.1890/08-1569.1)

9540—9545. (doi:10.1073/pnas.0610685104)

LLOLEL0T 1L ey 205y 7 bioBusiqndeposielorys [


http://merg.zoo.ox.ac.uk
http://merg.zoo.ox.ac.uk
http://dx.doi.org/10.1016/s0140-6736(12)60034-8
http://dx.doi.org/10.1016/s0140-6736(12)60034-8
http://dx.doi.org/10.1016/S0966-842X(01)02288-0
http://dx.doi.org/10.1016/S0966-842X(01)02288-0
http://dx.doi.org/10.1089/vbz.2009.0014
http://dx.doi.org/10.1126/science.1078278
http://dx.doi.org/10.1126/science.1078278
http://dx.doi.org/10.1126/science.298.5591.117
http://dx.doi.org/10.1098/rspb.2002.2319
http://dx.doi.org/10.1371/journal.pgen.1000291
http://dx.doi.org/10.1179/2047773212y.0000000003
http://dx.doi.org/10.1179/2047773212y.0000000003
http://dx.doi.org/10.1098/rstb.1994.0069
http://dx.doi.org/10.1534/genetics.108.089037
http://dx.doi.org/10.2307/4355
http://dx.doi.org/10.1603/033.046.0301
http://dx.doi.org/10.1603/033.046.0301
http://dx.doi.org/10.1111/1365-2656.12003
http://dx.doi.org/10.1111/1365-2656.12003
http://dx.doi.org/10.1111/1365-2656.12002
http://dx.doi.org/10.1111/1365-2656.12002
http://dx.doi.org/10.1146/annurev.ento.54.110807.090611
http://dx.doi.org/10.1146/annurev.ento.54.110807.090611
http://dx.doi.org/10.1007/s00442-010-1624-2
http://dx.doi.org/10.1890/08-1569.1
http://dx.doi.org/10.4269/ajtmh.12-0378
http://dx.doi.org/10.1111/j.1948-7134.2011.00170.x
http://dx.doi.org/10.1111/j.1948-7134.2011.00170.x
http://dx.doi.org/10.2307/4037
http://dx.doi.org/10.2307/2461536
http://dx.doi.org/10.2307/2461536
http://dx.doi.org/10.1603/me09209
http://dx.doi.org/10.1603/me09209
http://dx.doi.org/10.1371/journal.pone.0079276
http://dx.doi.org/10.1371/journal.pone.0079276
http://dx.doi.org/10.1073/pnas.1110717108
http://dx.doi.org/10.1073/pnas.0610685104

29.

30.

31

32.

33.

34.

Phuc HK et al. 2007 Late-acting dominant lethal
genetic systems and mosquito control. BMC Biol. 5,
11. (doi:10.1186/1741-7007-5-11)

Kostitzin VA. 1939 Mathematical biology, p. 238.
London, UK: Harrap.

Depinay J-M et al. 2004 A simulation model of
African Anapheles ecology and population dynamics
for the analysis of malaria transmission. Malaria J.
3, 29. (doi:10.1186/1475-2875-3-29)

Molineaux L, Gramiccia G. 1980 The Garki

project: research on the epidemiology and

control of malaria in the Sudan savanna of West
Africa. Geneva, Switzerland: World Health
Organization.

Clements AN, Paterson GD. 1981 The analysis of
mortality and survival rates in wild populations of
mosquitoes. J. Appl. Ecol. 18, 373—399. (doi:10.
2307/2402401)

Hay SI, Rogers DJ, Toomer JF, Snow RW. 2000
Annual Plasmodium falciparum entomological
inoculation rates (EIR) across Africa: literature
survey, internet access and review. Trans. Royal Soc.
Trop. Med. Hyg. 94, 113—127. (doi:10.1016/50035-
9203(00)90246-3)

35.

36.

37.

38.

39.

40.

41.

Windbichler N et al. 2011 A synthetic homing
endonuclease-based gene drive system in the
human malaria mosquito. Nature 473, 212-215.
(doiz10.1038/nature09937)

Gurney WSC, Blythe SP, Nisbet RM. 1980
Nicholson’s blowflies revisited. Nature 287, 17-21.
(doi:10.1038/287017a0)

Maynard Smith J, Slatkin M. 1973 The stability of
predator—prey systems. Ecology 54, 384-391.
(doi:10.2307/1934346)

Armstrong RA, McGehee R. 1980 Competitive
exclusion. Am. Nat. 115, 151-170. (doi:10.1086/
283553)

Rogers DJ, Randolph SE. 1984 From a case study to
a theoretical basis for tsetse control. Insect Sci. Appl.
5, 419-423.

Yakob L, Alphey L, Bonsall MB. 2008 Aedes aegypti
control: the concomitant role of competition, space
and transgenic technologies. J. Appl. Ecol. 45,
1258—1265. (doi:10.1111/}.1365-2664.2008.
01498.x)

Gimnig JE, Ombok M, Otieno S, Kaufman MG,
Vulule JM, Walker ED. 2002 Density-dependent
development of Anopheles gambiae (Diptera:

42.

43.

4,

45.

46.

Culicidae) larvae in artificial habitats. J. Med.
Entomol. 39, 162—172. (doi:10.1603/0022-2585-39.
1.162)

Ashworth J, Taylor GK, Havranek JJ, Quadri SA,
Stoddard BL, Baker D. 2010 Computational
reprogramming of homing endonuclease specificity
at multiple adjacent base pairs. Nucleic Acids Res.
38, 5601-5608. (doi:10.1093/nar/gkq283)

Smith DL, McKenzie FE, Snow RW, Hay SI. 2007
Revisiting the basic reproductive number for malaria
and its implications for malaria control. PLoS Biol. 5,
42. (doi:10.1371/journal.pbio.0050042)

Bonsall MB, Yakob L, Alphey N, Alphey L. 2010
Transgenic control of vectors: the effects of
interspecific interactions. /srael J. Ecol. Evol. 56,
353-370. (doi:10.1560/1JEE.56.3-4.353)

Alphey N, Alphey L, Bonsall MB. 2011 A model
framework to estimate impact and cost of genetics-
based sterile insect methods for dengue vector
control. PLoS ONE 6, e25384. (doi:10.1371/journal.
pone.0025384)

Slatkin M. 1986 Interchromosomal biased gene
conversion, mutation and selection in a multigene
family. Genetics 112, 681—698.

LLOLELOT “LL @021y 205 'y 7 BuorBuysignd/aapos(edoryis:


http://dx.doi.org/10.1186/1741-7007-5-11
http://dx.doi.org/10.1186/1475-2875-3-29
http://dx.doi.org/10.2307/2402401
http://dx.doi.org/10.2307/2402401
http://dx.doi.org/10.1016/s0035-9203(00)90246-3
http://dx.doi.org/10.1016/s0035-9203(00)90246-3
http://dx.doi.org/10.1038/nature09937
http://dx.doi.org/10.1038/287017a0
http://dx.doi.org/10.2307/1934346
http://dx.doi.org/10.1086/283553
http://dx.doi.org/10.1086/283553
http://dx.doi.org/10.1111/j.1365-2664.2008.01498.x
http://dx.doi.org/10.1111/j.1365-2664.2008.01498.x
http://dx.doi.org/10.1603/0022-2585-39.1.162
http://dx.doi.org/10.1603/0022-2585-39.1.162
http://dx.doi.org/10.1093/nar/gkq283
http://dx.doi.org/10.1371/journal.pbio.0050042
http://dx.doi.org/10.1560/IJEE.56.3-4.353
http://dx.doi.org/10.1371/journal.pone.0025384
http://dx.doi.org/10.1371/journal.pone.0025384

	Interplay of population genetics and dynamics in the genetic control of mosquitoes
	Introduction
	Material and methods
	Results
	Population genetics
	Population dynamics
	Population dynamics combined with genetics

	Discussion
	Acknowledgements
	Data accessibility
	Funding statement
	References


