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Malaria continues to impose a substantial burden on human
health. We have previously proposed that biological approaches
to control the mosquito vector of disease could be developed using
homing endonuclease genes (HEGs), a class of selfish or parasitic
gene that exists naturally in many microbes. Recent lab studies
have demonstrated that HEGs can function in mosquitoes. We con-
structed and analyzed a model of mosquito population genetics
and malaria epidemiology to determine how well HEGs need to
function in order to have a significant effect on the burden of
disease. Our model, combined with currently available data, indi-
cates that populations of Anopheles gambiae could be eliminated
by releasing 2-3 HEGs targeting female fertility genes, or a driving-
Y chromosome that is transmitted to 75-96% of progeny. Combi-
nations of fertility-targeting HEGs and Y drive may also be effec-
tive. It is possible to eliminate the disease without eliminating the
vector, but the parameter space producing this outcome appears to
be small. HEGs causing a quantitative reduction in adult survival
can be more effective than those targeting female fertility, but
the selection coefficients that need to be imposed are still large,
unless many HEGs are to be released. Simulations show that
HEG-based strategies can be effective over socially relevant time
frames. Important limiting assumptions of the models are that
there is only a single vector species, and we model a homogeneous
population, not a landscape. Nevertheless, we conclude that HEG-
based approaches could have a transformational effect on malaria
control efforts.

biological control | genetic load | vector control

Malaria kills eight or nine hundred thousand people every
year, mostly infants and children in tropical Africa (1). The
best existing methods of control—artemisinin-based drug treat-
ment and mosquito control with chemical sprays and treated
bed nets—can reduce the burden of disease substantially if ap-
plied with some vigor, and can even eliminate the disease in some
regions, but are not thought to be capable of global eradication
(2). It is not even clear that current levels of efficacy can be main-
tained, given the likelihood of parasites and mosquitoes evolving
further resistance, and immunity waning as a result of partial con-
trol (2, 3). Genetic approaches to vector control have been widely
discussed as potentially powerful methods of augmenting existing
malaria control measures (4, 5).

Homing endonuclease genes (HEGs) are a class of selfish
genetic element found naturally in many microbes (6, 7). They
spread through populations by encoding an endonuclease that
recognizes an 18- to 30-bp sequence that typically exists only once
per genome. The gene is inserted in the middle of its own recog-
nition sequence, so that in heterozygous individuals only the
chromosome not containing the gene gets cut. Recombinational
repair of a broken chromosome will use the unbroken homolog
(containing the HEG) as a template for repair, and so the HEG
gets copied across to the chromosome where previously it was
absent, converting a heterozygote into a homozygote. This pro-
cess is called homing.

We have previously suggested two ways that HEGs could be
used to control a vector population (8, 9). First, a HEG could
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be engineered to recognize a sequence in the middle of a native
mosquito gene and then be inserted in the middle of its own re-
cognition sequence. If such a HEG was active in the germ line,
then it could increase in frequency in a population, knocking out
the mosquito gene as it did so. If the target gene was important
in survival or reproduction, then the number of mosquitoes may
be reduced,; if the gene was involved in the development or trans-
mission of the parasite, then vector competence may be reduced.
This approach uses the canonical homing reaction as it occurs in
microbes. Alternatively, a HEG could be engineered to recognize
a repeated sequence on the X chromosome and then be linked to
meiosis-specific control sequences and inserted on the Y chromo-
some. Such a HEG would cleave the X chromosome at male
meiosis, potentially resulting in a preponderance of functional
sperm and zygotes carrying the Y chromosome. The HEG-bear-
ing Y would spread through the population, biasing the sex ratio
toward males, therefore reducing the number of mosquitoes
and disease transmission. This driving-Y strategy does not rely on
recombinational repair and homing, but merely on cleavage dis-
rupting chromosomal transmission through meiosis.

Whether these strategies can be made to work effectively will
depend on, among other things, the underlying mechanistic
assumptions being correct and on the molecular processes occur-
ring with sufficient frequency in mosquitoes as to have a signifi-
cant epidemiological effect in a reasonable amount of time.
Homing is not known to occur naturally in any animal, but two
recent studies using a HEG and its recognition sequence from
yeast have shown that homing can occur in both Drosophila mel-
anogaster and Anopheles gambiae (10, 11). In male An. gambiae
the homing rate (i.e., the fraction of potential recipient chromo-
somes in heterozygotes that acquire the HEG) was about 60%
(11). Also in An. gambiae, a HEG targeting an X-linked repeat
has been shown to result in the Y chromosome being transmitted
to about 90% of progeny (12). The question then arises, what
rates are needed to make HEGs useful for malaria control? The
answer will be a key component of the “minimum product pro-
file” for HEGs to be a viable control tool.

To address this question we have constructed and analyzed
a model of mosquito population genetics and malaria epidemiol-
ogy. Because these HEG-based strategies are meant to affect the
vector, much of the detail in the model involves the mosquito por-
tion of the disease transmission cycle, with the human side left
deliberately simplified. We focus in particular on strategies that
target aspects of mosquito demography (survival, reproduction,
and the sex ratio). It is clear that a population-wide knockout

Author contributions: A.D., H.C.J.G., and A.B. designed research; A.D. performed research;
and A.D. and A.B. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.

'To whom correspondence should be addressed. E-mail: a.burt@imperial.ac.uk.
See Author Summary on page 17575.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1110717108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1110717108


http://www.pnas.org/content/108/43/E874/1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110717108/-/DCSupplemental

Bane

/

D\

of a weakly selected mosquito gene that is essential for malaria
transmission could be very effective; what is not clear is whether
any such gene exists. By contrast, many genes with strong effects
on survival and reproduction are known in Drosophila and are
likely to be identifiable in Anopheles by homology and expression
studies (13).

We begin by modeling HEGs that knock out specific mosquito
genes and spread by homing, deriving the requirements for mos-
quito elimination. Because the main goal is to eliminate malaria,
not mosquitoes, we then derive requirements for disease elimina-
tion, under two scenarios: first, when the only effect of the HEG
is to reduce (but not necessarily eliminate) the number of mos-
quitoes, and second, when the effect of the HEG is to reduce
adult longevity. Because malaria parasites require many days to
develop within a mosquito before they can be transmitted to a
human, increasing adult mosquito mortality has long been con-
sidered a particularly effective form of control (14, 15). We also
consider what will be required to prevent cleavage-resistant
alleles from spreading, and the possibility of a HEG being lost
due to chance as a population approaches elimination. We then
model the alternative approach of using Y-linked HEGs that
target the X chromosome at male meiosis to bias the sex ratio.
Finally, for selected scenarios, we use computer simulations to
analyze the dynamics of HEG-based malaria control, to assess
whether it can occur over a socially useful time frame.

Results

Homing and Mosquito Elimination. To analyze what is required to
eliminate a mosquito population, we begin with a simple model
of mosquito population dynamics in a homogeneous, constant
environment using a discrete-time lumped age—class formulation
adapted from ref. 16. The life cycle is divided into three juvenile
stages (egg, larva, and pupa) and one adult stage. The three
juvenile stages are each assumed to be of fixed duration, during
which individuals experience a constant rate of density-indepen-
dent mortality. Little is known about population regulation in
mosquitoes, except that density-dependent mortality is thought to
occur during the larval stage (17, 18). We therefore assume that
larvae experience an additional rate of mortality that increases
monotonically with larval density. In this model the maximum or
intrinsic growth rate of the population occurs at low density and is
represented by R,,,.

For an isolated mosquito population to persist, R,, must be
greater than 1, and for a HEG to eliminate a population, it must
reduce R, below 1. If we let R}, be the intrinsic rate of population
increase in the presence of the HEG and define the “HEG load”
as & =1-R,,/R,, then to eliminate a vector population (i.e.,
have R), < 1), it is necessary that & > 1—1/R,, (9). We have
been unable to find any previous estimate of R, for An. gambiae
and therefore have derived an estimate from the maximum rate
of increase of a population at the beginning of the wet season. As
part of the Garki project in Northern Nigeria (19), An. gambiae
densities in a village (Kwaru) were measured every 2 wk for over
3 y by indoor pyrethrum spray collections. Mosquito densities
showed strong seasonal fluctuations, increasing exponentially
at the beginning of the wet season and crashing in the dry season
(Fig. S1). The average rate of increase at the beginning of three
different wet seasons (1971-1973) was 1.096 4 0.0056 (se) d~'.
With an estimated generation time of 24.2 d (see SI Appendix),
this daily rate of increase translates into a per-generation rate of
increase of R,, = 1.096>*2 = 9.2. As there are a number of uncer-
tainties associated with this estimate (see Discussion), and as R,
is expected to vary across the species range, falling to R,, ~ 1 near
the edge of its distribution (assuming the boundaries are at
equilibrium), we have used R,, =12, R,, =6, and R, =2 as
representing high, medium, and low values, and illustrate the
implications of these different values for HEG-based control.

Deredec et al.

We have previously derived expressions for the HEG load as a
function of the heterozygous and homozygous effects of knocking
out the target gene and the homing rate (8, 9). For example, a
HEG targeting an essential gene for which the knockout is com-
pletely recessive will impose an equilibrium load of & = €2,
where e is the rate of homing. Therefore, if R,, = 12, the homing
rate must be greater than 0.96 to eliminate the population; if
R,, = 6, the condition is e > 0.91; and if R,, =2, it is e > 0.71.
Targeting a female fertility gene is somewhat more efficient, as
the equilibrium load is £ = 4€?/(1 + 3¢?), and the conditions
for elimination are e > 0.86(R,,, = 12),e > 0.75(R,, = 6),and e >
0.45 (R,, = 2).

Homing rates as high as these may not be easily achievable in
mosquitoes; the recent study of Windbichler et al. (11) recorded
homing rates of about 0.6 in males (see SI Appendix). One ap-
proach to increasing the load is to target more than one gene (8).
Homing acts analogously to recombination in breaking up linkage
disequilibrium, and therefore if we assume that homing rates and
fitness effects are independent across loci, then HEGs at differ-
ent loci will be in linkage equilibrium in the population even if the
loci are close together on the same chromosome (8). Therefore, if
n different loci are targeted, and the load imposed at the ith locus
is &}, the combined load imposed on the population will be

Zy=1-T [1 - Z). 1]

Fig. 1 shows the number of HEGs that need to be released as a
function of the homing rate (assumed to be equal across loci)
for the case of homing in both sexes and target genes that affect
female fecundity. For any given homing rate, more HEGs are
needed the higher the R,,. Similar calculations for different
classes of target gene, and according to whether homing occurs
in one or both sexes, are fully consistent with the results of De-
redec et al. (9): (i) it is more effective to target a fertility gene
than an essential gene; (i7) it is better that homing occurs in both
sexes than only in one; and (i) if homing can occur only in one
sex, it is better to target fertility in that sex than in the other
sex (Fig. S3).

Homing and Malaria Elimination (1): Reducing the Number of Mosqui-
toes. If a mosquito population is not eliminated, it may nonethe-
less be reduced sufficiently in size that it can no longer support a
parasite population and the disease is eliminated. For the para-
site, the quantity that is analogous to the intrinsic rate of increase
is the basic reproductive rate, or the number of secondary cases
induced by a single primary case in a naive population, typically
represented by R,. In the same way that we defined & as the
proportional reduction in the mosquito’s intrinsic rate of in-
crease due to a HEG, we now define A as the proportional
reduction in the parasite’s basic reproductive rate due to a HEG:

Number of HEGs
(o)}

L1

0 0.2 0.4 0.6 0.8 1
Homing rate (e)

Fig. 1. Number of HEGs required to eliminate a population as a function
of the homing rate when homing occurs in both sexes and the knockouts
are recessive female sterile, for different values of R,,.
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A =1-R,/R,, where Ry, and Rj, are, respectively, the basic
reproductive rate of the parasite before and after vector control
by the HEG. R, is a linear function of the number of adult
mosquitoes (20), and therefore if the only effect of a HEG is to
reduce the density of mosquitoes, then A will be equal to the
proportional reduction in that density. This reduction in adult
density will in turn depend upon the precise form of the density-
dependence function regulating mosquito populations. We mod-
eled this effect by assuming that the probability of surviving the
larval period is

Psurvive = 01 X a/(a+L)*

where 6, is the probability of larval survival at low densities,  is a
constant (which can be interpreted as the larval density at which
survival is half the maximum attainable), and L is the number
of larvae. This form of density dependence is the same as that
modeled by Beverton and Holt (21) and can be thought of as a
discrete-time version of a continuous logistic growth model (22).
The mortality implied by this function is assumed to be spread
evenly over each day of the larval period. This function has a
number of desirable features: (i) it has only a single parameter
(a), (ii) the resulting equilibrium density of adults is a linear func-
tion of « (and therefore the proportional change in adult density
is independent of «), and (iii) adult density is a monotonically
increasing function of larval density [i.e., the function does not
show “overcompensation” (23)].

The effect of introducing a HEG that imposes a load upon the
population will be to reduce the density of all life stages. Because
density dependence is assumed to act on larvae, the equilibrium
larval density will depend on the magnitude of the load and will
be independent of whether the load is expressed before or after
the larval stage (e.g., whether the HEG causes death of embryos
or adults). But parasite transmission depends on the number of
adult female mosquitoes, not the number of larvae, and the equi-
librium number of adult females will depend on when the load is
expressed. All else being equal, HEGs that target genes that are
only essential to pupae or adults will be more effective than those
targeting genes essential to embryos or early larvae, because
deaths of these early life stages will relax density-dependent larval
mortality, which will compensate in part for the HEG-associated
deaths (24). The difference is shown in Fig. 24, which plots A as a
function of &. If the HEG acts after density dependence, then the
effect on parasite transmission increases nearly linearly with the
effect on the mosquito rate of reproduction, and with a slope
greater than 1. However, if the HEG acts before density depen-
dence, it is less effective, though the timing of HEG action does
not affect the criterion for completely eliminating the vector, and
the curves eventually converge. The graph also shows that for any
given load &, there will be larger decrements in parasite trans-
mission when R,, is small than when it is large, because low R,,
corresponds to relatively little density-dependent compensation
for the mortality imposed by the HEGs. As a result, if R, has
already been reduced by releasing a HEG, a second HEG will
have a greater effect on disease transmission than if the first one
had not been released. That is, there is positive synergy between
multiple HEGs, evident from a greater-than-linear decline in
log(A) with increasing numbers of HEGs (Fig. 2B). This relation-
ship occurs because of the nonlinear relationship between HEG
load and equilibrium mosquito abundance.

HEGsS can impose a load not only by causing mosquitoes to die,
but also by reducing female fertility or by skewing the sex ratio
toward males. What is the relationship between & and A in these
cases? It can be shown that for HEGs that reduce female fecund-
ity, and thereby the number of eggs laid, the relationship is the
same as for HEGs that kill mosquitoes before density depen-
dence, whereas for HEGs that distort the sex ratio (whether by
altering sex chromosome inheritance or targeting a gene in the

E876 | www.pnas.org/cgi/doi/10.1073/pnas.1110717108
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Fig. 2. (A) Proportional reduction in the basic rate of increase of the parasite
as a function of the reduction in the intrinsic rate of increase of the vector
when mortality is imposed before (dashed line) or after (solid line) the den-
sity-dependent larval stage for different values of R,,. HEGs that affect female
fecundity will follow the dashed lines, and HEGs that alter the sex ratio will
follow the solid lines. (B) Synergistic effect of releasing multiple HEGs on the
proportional reduction in R, for HEGs that target genes essential for female
fecundity (red), prelarval survival (dashed black), postlarval survival (solid
black), or causing quantitative reductions in adult survival (dark, medium, and
light gray for s = 0.75, 0.5, and 0.25, respectively). (C) HEG load required to
eliminate the disease when the load is imposed before (B, dashed lines) or
after (A, solid lines) density dependence for Ry = 5 (red), 50 (orange), or 500
(blue). For comparison the load needed to eliminate the vector is also shown
(black line). (d) Contour plots showing combinations of R,, and R, (log scale)
for which the disease is eliminated using the specified number of HEGs (n), for
HEGs targeting genes essential for postlarval survival (black) or female fecund-
ity (red), with a homing rate of e = 0.6. Malaria is eliminated in populations
below and to the left of each line. All plots derived from Eq. S5 (S/ Appendix).
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sex determination pathway), the relationship is the same as for
HEGs that kill mosquitoes after density dependence. This is be-
cause the number of eggs per female does not change, and males
are assumed to contribute as much as females to the competition
among larvae, so sex ratio distortion does not lead to an immedi-
ate relaxation of density-dependent larval mortality.

Having calculated the relationship between # and A, we are
now able to compare the HEG load required to eliminate the
disease with that required to eliminate the mosquito (Fig. 2C).
Only if R is relatively small and the load is imposed by killing
adults or skewing the sex ratio is it significantly easier to eliminate
the disease than to eliminate the mosquito.

Finally, it is interesting to ask whether the goal of eliminating
the disease rather than the vector changes the relative efficacy of
targeting genes affecting viability versus fertility. As we have seen,
for any given homing rate, the equilibrium load is higher when a
female fertility gene is targeted than a gene needed for adult
survival. But for any given load, targeting female fertility is less
effective than targeting adult viability, because it reduces density-
dependent mortality. To compare the overall efficacy of targeting
female fertility and adult viability, we calculated the number of
HEGs of each type needed to eliminate the disease for varying
values of R,,, Ry, and homing rate (Fig. 2D and Fig. S4). For most
parameter values it is more effective to target female fertility
genes, and only in populations with very large R,, and very small
R, do strategies targeting adult mortality become more effective.

Homing and Malaria Elimination (2): Reducing Adult Longevity. The
viability targets we have considered thus far are essential genes,
with homozygous knockouts being lethal. The only epidemiolo-
gical effect of targeting such genes is via a reduction in the num-
bers of mosquitoes. We now consider HEGs that target genes that
are useful but not essential to the adults, and in particular genes
for which homozygous knockouts have a daily survival rate that is
reduced by a fixed factor compared to wild type. In this case the
effect of HEG-based control is not only to reduce the numbers of
mosquitoes, but also to reduce their average lifspan, and there-
fore the individual vectorial capacity of the mosquitoes [i.e., the
expected number of infectious bites by a single mosquito after
feeding on an infected host (25)]. In this case the effect of a HEG
cannot be summarized in a single metric (load), and instead we
need to keep track of its two constituents separately: the homing
rate and the effect on adult longevity (here measured by the
selection coefficient s against the homozygote). Consistent with
expectations, the parameter space for eliminating the disease can
be significantly larger than that for eliminating the vector, parti-
cularly for low R, (Fig. 3). Also as expected, there is little to be

gained by imposing quantitative reductions in female fecundity
as compared to complete sterility. The greater effectiveness of
reducing adult longevity is also manifest in some cases as a reduc-
tion in the number of HEGs that need to be released to eliminate
the disease (Fig. S5).

In principle, one of the potential advantages of targeting adult
longevity is that it will select less strongly for resistance (15, 26).
To assess this possibility, we have investigated the relationship
between the number of HEGs required to eliminate the disease
and the selection coefficient against the knockout. Numerical si-
mulations suggest that A is maximized if the selection coefficient
against the knockout is equal to the homing rate (i.e., s = ¢) and
decreases for either higher or lower values of the selection coeffi-
cient (e.g., Fig. S6). If the homing rate is 0.6, targeting a gene with
s = 0.6 is not dissimilar to targeting an essential female fertility
gene (which is expressed only in one sex). To have a significantly
smaller selection coefficient (e.g., 0.1) would in many environ-
ments require up to 10 HEGs be released, even with homing rate
as high as 0.9.

Cleavage-Resistant Mutants. In modeling HEGs that induce the
canonical homing reaction, we have thus far made the simplifying
assumption that cleavage of the target site always leads to suc-
cessful homing. In fact, a significant proportion of cleavage events
can be repaired in other ways, notably by nonhomologous end
joining (11, 27). This does not lead to insertion of the HEG and
instead often leads to some change at the target site that would
make it no longer recognized by the enzyme—it would be resistant
to cleavage. The fate of such alleles will depend upon their fitness
effects: If they have normal fitness, then they will be strongly se-
lected for and spread to fixation, and the HEG will disappear (9).
At the other extreme, if the alleles are nonfunctional and have the
same selection coefficient as the HEG-bearing allele, then they will
not spread and the equilibrium load is unchanged (S Appendix).
For intermediate cases and for rates of homing and misrepair
in keeping with results of experimental studies (11), the load in-
creases more or less linearly with the selection coefficient against
the mutant (Fig. S7).

Possible Stochastic Loss of HEGs. Because a HEG targeting an
essential female fertility gene does not go to fixation, it is concei-
vable that, as the population is reduced to very low numbers, the
HEG might be lost by chance, allowing the population then to
recover. To investigate this possibility, we performed stochastic
simulations. For simplicity, we considered only a single HEG,
under conditions in which that was sufficient for deterministic
elimination (i.e., & >1-1/R,). In simulations with e = 0.8

on
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Fig. 3.

Fate of the mosquito and the disease as a function of the homing rate and selection coefficient against homozygous knockouts for HEGs causing

quantitative reductions in (A4) adult survival and (B) female fecundity. Red lines show combinations of parameters in which the mosquito is eliminated, and
black lines show combinations of parameters in which the disease is eliminated, for different initial values of Ry.
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and R,, =6, the population was eliminated in every one of
500 runs. For e = 0.5 and R, = 2, there were 486 runs in which
the population was eliminated; 2 in which the HEG was lost and
the population had recovered its original density, and 12 in which
both the mosquitoes and the HEGs still persisted at the end of
the simulations (5 y). These simulations are for HEGs that have
no heterozygous fitness effects. In Drosophila, homozygous lethal
mutations typically reduce fitness by a few percent when hetero-
zygous (28). We are not aware of any similar generalization for
female sterile mutations, but introducing a 5% heterozygous
fitness cost for HEG-bearing females had no significant effect on
the outcome of our simulations.

Driving-Y Chromosomes. If a HEG is used to create a driving-Y
chromosome and a male-biased sex ratio, the equilibrium load
imposed on the population will be 2m-1, where m is the propor-
tion of males in the population, or the proportion of sperm that
inherit the Y chromosome [assuming the HEG has no effect on
male fertility (9)]. Combining this result with our range of esti-
mates for R,,, the conditions for eliminating a mosquito popula-
tion will be m =96, 92, and 75% for R, =12, 6, and 2,
respectively. If the mosquito is not eliminated, then the effect on
malaria epidemiology will be the same as for a HEG that affects
survival after density dependence (i.e., the solid lines in Fig. 2 4
and C).

It is also possible to release simultaneously both a driving-Y
chromosome and a HEG that targets some important mosquito
gene. The effect of a combined release will depend upon the gene
targeted by the HEG. If, for example, it is a female fertility gene,
then the effects of the two constructs are independent, each will
spread as if the other was absent, and the equilibrium load will
again be given by Eq. 1. However, if the HEG targets a gene in-
volved in sex determination, then the effects of it and the driving
Y are not independent, and the presence of one will affect the
spread of the other. For example, in the medfly (Ceratitis capita-
ta), homozygous knockouts for the fra gene are male regardless of
their sex chromosome constitution (29). If a HEG targeting such
a gene is released simultaneously with a driving Y, the two con-
structs would act antagonistically, and the equilibrium proportion
of males (and therefore the load) would only be equal to the high-
er of the values expected from each construct separately (Fig. S8).

Other combinations are also possible, such as putting a HEG
that targets a female fertility gene onto a driving-Y chromosome.
The HEG will create mutations in the female fertility gene, but
would not home; instead, it would spread along with the driving
Y, which will not be counterselected by the mutations it causes
because it never occurs in females. If the target gene is essential

density of vectors

-------- frequency of HEGs

HEG abundance in adult females

— + — + — proportion of males

for female fertility and knockouts are recessive, then once the Y
has gone to fixation the additional load due to these mutations
willbe & =j/(1 +j) if the target gene is on an autosome, or j/2 if
it is on the X chromosome, where j is the rate of mutation caused
by the HEG. The maximum load is therefore % for each gene
targeted. This is in addition to the load caused by the sex ratio
distortion. The load can be increased if the mutations have some
heterozygous effects; if fully dominant, the additional load will be
& =4j/(1 + 3j) for autosomal targets and 2j/(1 + j) for X-linked
targets. The maximum additional load in these cases is 1.

Time Course to Elimination. To determine whether HEG-based con-
trol can occur over a socially useful time frame, we have used
deterministic computer simulations to investigate the length of
time between release of HEG-bearing mosquitoes into a popula-
tion and reductions in disease, assuming a single release of males
equal to 1% of the wild adult male population (Fig. 4). For all
three scenarios modeled (HEGs targeting female fertility, HEGs
targeting adult longevity, and a HEG-based driving-Y chromo-
some), there is little change in vector abundance or disease pre-
valence for more than a year, as the HEGs spread through the
population. After a year, vector abundance and disease preva-
lence each begins to decline. Decreasing the number of released
males by a factor of 10 postpones the effect of the HEG only by
4-5 mo. There are some quantitative differences in timing among
strategies, but the differences are relatively small (<2 y) com-
pared to the time scales of product development or of public
health interventions more generally. Although more detailed tac-
tical models will be needed to make precise predictions about
HEG spread and malaria control in any particular population,
these simple models suggest that the time from release to positive
impact will not be unreasonably long.

Discussion

Genetic approaches to vector control have rightly attracted con-
siderable attention for their potential to reduce disease transmis-
sion (4, 5). Formal modeling is required to assess the various
possibilities and guide future development. The main conclusions
from our modeling of HEG-based malaria control strategies are
as follows:

i. The best available data on homing rates and R,, indicate that
populations of An. gambiae could be eliminated by releasing
2-3 HEGs targeting female fertility genes. Alternatively,
populations could be eliminated with a driving-Y chromosome
that is transmitted to 75-96% of progeny. Combinations of
fertility-targeting HEGs and Y drive may also be effective.

HEG abundance in adult males

prevalence of malaria

35 35
30 130
25 25
20 20
15 15
10 10
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-1 0 1 2 3 4 5
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Fig. 4. Example time courses after a single release of heterozygous HEG-bearing mosquitoes into a population at initial frequencies of 1% (arrows). R, = 6;
Ro = 162. (A) The introduced mosquitoes carry two independent HEGs each of which targets a gene essential for female fertility (homing rate e = 0.6). (B) The
introduced mosquitoes carry two independent HEGs each of which targets a gene involved in adult survival, with homozygous knockouts having s = 0.5
(homing rate e = 0.6). (C) The introduced mosquitoes carry on their Y chromosome a HEG that targets a repeated sequence on the X chromosome, resulting
in transmission of the Y to m = 91% of sperm. The black curves refer to the left Y axis, whereas the red curves can be read on the right Y axis. In A and B, the
abundance of the HEG among adult females is calculated as the number of homozygotes plus half the number of heterozygotes, whereas in C the abundance
of the HEG is calculated as the number of adult males carrying it.
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ii. It is possible to impose a load sufficient to eliminate the dis-
ease without eliminating the vector. In this context, targeting
genes essential to the adult (i.e., after density dependence) is
more effective than targeting genes essential to the egg or
early juvenile stages (i.e., before density dependence), and
targeting genes essential for female fertility is usually more
effective than either one. Moreover, there is positive synergy
between multiple HEGs in the reductions they cause in R,.
However, if the only effect of the HEG is to reduce the num-
ber of vectors, the parameter space in which the disease is
eliminated but not the vector is very small, the exception being
when R, is small and R,, is large.

iii. HEGs causing a quantitative reduction in adult survival can
in some circumstances be more effective than those targeting
female fertility. However, the selection coefficients that need to
be imposed are still large, unless many HEGs are to be released.

iv. To prevent the spread of resistant alleles, it will be necessary
to target genomic sites that cannot tolerate changes.

v. Stochastic loss of a HEG targeting a female fertility gene can
occur before population elimination, but it does not appear
to be a common outcome.

vi. HEG-based strategies can be effective over socially relevant
time frames.

Our conclusion that eliminating the disease is not much easier
than eliminating the vector derives in part from the fact that An.
gambiae is such an efficient vector and even low densities can
maintain the disease. The high levels of anthropophily of at least
some variants make it much more efficient than vectors in other
locations, where malaria has been eliminated without eliminating
the vector (30). When vectors are inefficient, R,, can be large
but R, small, putting the population in our zone of exception
(Fig. 2C). Another contributing factor may be in the form of
the relationship between density and survival of larvae. Because
little is known about this relationship, we have used a particularly
simple relationship that has some mechanistic justification and
gives simple dynamics (22). We have also investigated alternative
relationships, and for some density-dependent functions even a
small load will give a dramatic reduction in equilibrium density
and eliminate the disease (SI Appendix). Yet other forms of den-
sity dependence can make it more difficult to eliminate the dis-
ease than modeled here, though obviously in no case does it
become more difficult than eliminating the vector, the require-
ments for which are independent of the precise density-depen-
dent function (assuming R, is the maximum rate of increase of
the population). Some of these alternative density-dependent
functions can also show overcompensation, in which a reduction
in egg or larval density can lead to an increase in the number of
adults, and therefore imposing a small load can increase disease
transmission [i.e., A < 0; (31)]. Such behavior occurs only if the
load is imposed before density dependence; if the load is imposed
by killing adults or distorting the sex ratio, then A remains a
monotonically increasing function of the load.

As we have noted, the requirements for eliminating the vector
are independent of the density-dependent function, and instead
the critical parameter is R,,. We have been unable to find any
previous estimate of this key parameter for An. gambiae and
therefore have derived an estimate from the maximum rate of
increase of a population at the beginning of the wet season. This
estimate should be considered as only roughly indicative of the
true value: It will be an underestimate to the extent that there
continues to be density-dependent processes at this time, and an
overestimate to the extent that the population increase is due to
mosquitoes coming out of aestivation rather than reproducing
(32). In addition, R, is expected to be lower during the dry sea-
son, and it is the geometric mean of values throughout the year
(assuming equal generation times) that is relevant for our pur-
poses. Moreover, we have made a single estimate of this quantity
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from a single population, but also recognize that it will vary across
the species range. In light of these uncertainties, we have used a
range of estimates for our calculations. By comparison, R,, for
Aedes aegyptii has been estimated to be in the range 3.1-11.2 (17).

Two other assumptions of the model are worth noting. Most
obviously, our model has only a single vector species, and if there
are multiple noninterbreeding vectors, then HEGs released into
only one of them may eliminate that vector but not the disease.
In sub-Saharan Africa, where about 90% of malaria cases and
fatalities occur (1), there is a relatively limited number of vector
species, the most important being the two sibling species An. gam-
biae s.s. and Anopheles arabiensis, plus the more distantly related
Anopheles funestus (33). Second, we have modeled the spread of
HEGs within a homogenous vector population, not over a geo-
graphical landscape. An. gambiae can disperse a kilometer or
more every generation (34), and more modeling will be required
to determine what this means for HEG spread and to determine
the optimal scale of deployment. It will also be interesting to
determine the frequency of stochastic HEG loss in a landscape
model. Seasonality could also be incorporated into such a model,
though unfortunately even less information is available on popu-
lation biological parameter values during the dry season (35).
Further information on density-dependent and stage-specific
mortality rates and fecundity schedules throughout the annual
cycle should be a priority for future ecological fieldwork. Our
model also does not explicitly consider any other control mea-
sure. HEGs are not likely to be deployed in a vacuum, but rather
in the presence of bed nets, insecticides, etc. HEG-based strate-
gies should be fully compatible with these other control measures,
and there should be no need to interrupt them in order for HEGs
to be effective, though modeling would be required to investigate
this issue in more detail.

As with any other form of pest control, the use of HEGs will
generate selection for resistance, and steps should be taken to
reduce the likelihood of resistance evolving. We have modeled
the most obvious form of resistance against fertility-targeting
HEGs, a change in the recognition site, and this indicates that it
will be important to target sites at which such changes cannot be
tolerated. Active sites of proteins are obvious candidates. Other
forms of resistance management should also be considered. For
example, naturally occurring HEGs that target protein-coding
genes tend not to recognize variation at silent sites (36, 37),
and ideally this feature could be maintained in the engineered
variants. Also, combination therapy is well known to retard the
evolution of resistance to drugs, and the same principle could be
applied to HEGs, targeting multiple sites per gene and/or multi-
ple genes. For the X-shredding strategy, the rDNA repeat, found
only on the X chomosome in An. gambiae, is an attractive target,
and changes in the recognition sequence are probably unlikely, as
hundreds of copies would have to change simultaneously (12).
Other forms of resistance could conceivably evolve and ought
to be investigated in large lab populations before release. As the
history of chemical interventions has proven, even if resistance
does eventually evolve, transient suppression can be socially
useful, particularly if there are follow-up interventions with no
cross-resistance.

The strength of selection for resistance will be critically depen-
dent on the choice of target gene. For example, targeting adult
longevity can substantially reduce disease transmission while
imposing little selection for resistance (15, 26). However, our
modeling shows that this effect cannot be achieved by a simple
increase in the hazard of adult living. If the increased mortality
could be restricted to females, or, even better, to old females,
then selection for resistance would be reduced. The main prac-
tical difficulty with these approaches in the context of HEG-
based control is in identifying suitable target genes that will have
the desired effects when knocked out. The situation is not helped
by the uncertainty in extrapolating lab- or cage-based fitness
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estimates to the field. By contrast, genotypes causing complete
lethality or sterility in the lab are more likely to have these effects
in the field. More generally, although we have focused in this
paper on targeting aspects of vector demography, with obvious
(and calculable) fitness effects, it should also be possible to use
HEGs to target other aspects of vectorial capacity, including host
seeking and feeding behavior and the ability of the mosquito to
support parasite development. The difficulty in modeling such
strategies at this point is that in the absence of any candidate
genes, it is not clear what fitness effect to ascribe to the knock-
outs. If there is little fitness effect on the mosquito but the effect
on the parasite is substantial, then they may be very attractive,
and when such candidate genes are found it will be straightfor-
ward to adapt the model to assess them.

HEG-based strategies of reducing or eliminating a pest popu-
lation have not previously been deployed, and are not to be done
lightly. Conventional biological control programs—which involve
the release of a self-sustaining control agent and which have been
used to suppress more than 200 species of invasive insects in
many countries around the world (38)—are perhaps the closest
precedent. Much work will need to be done on risk assessments,
community engagement, regulatory protocols, and associated
issues before any release could be performed, not to mention
the further work on molecular biology and entomology. Potential
direct and indirect effects on the abundance of other species and
on ecosystem services should be considered. Nevertheless, the
conclusion from this study, combined with recent estimates of the
critical parameters in the lab (11, 12), is that such approaches
could have a transformational effect on malaria control efforts.

Materials and Methods
Mosquito population dynamics are modeled using an overlapping-genera-
tion, discrete-time lumped age-class formulation adapted from ref. 16, with
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time intervals of 1 d. The three juvenile stages (egg, larva, and pupa) are each
assumed to be of fixed duration, and individuals in these stages experience a
constant rate of density-independent mortality. Larval mosquitoes also ex-
perience density-dependent mortality, and it is this that regulates population
densities. When adult female mosquitoes emerge, they start feeding, mate a
single time with a randomly chosen adult male, and begin to oviposit. We
assume that when mosquitoes feed on infectious humans, they take up the
malaria pathogen with a fixed probability and then enter a disease matura-
tion phase of fixed duration, after which they can transmit the pathogen. We
include the dynamics of malaria in humans but in a deliberately simplified
manner. Humans, whose density is assumed to be constant, are infected
with a fixed probability after being fed upon by an infectious mosquito and
then immediately become infectious until they recover from the disease or
die. Adult mosquitoes have a fixed probability of dying on any particular day,
independent of their infection status.

The population genetics of the mosquitoes are modeled by considering
the frequencies of each genotype at each stage (9). Autosomal HEGs can have
avariety of fitness effects, and in heterozygotes they home with probability e
[and therefore are transmitted to the next generation with probability
(e +1)/2]. X-shredding HEGs inserted on the Y chromosome are transmitted
along with the Y to a fraction m of the sperm.

The model considers only a single vector species. Its parameterization is
mostly based on estimates from the literature for An. gambiae (see
Table S1), in particular from Molineaux and Gramiccia (19). To estimate
the frequency of stochastic loss and the time course for control, and to con-
firm that the theoretical results match the equilibrium behavior of the model,
simulations were run in Mathematica 5.2 using a time step of 1 d. For more
details, see S/ Appendix.
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