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Abstract

Background: Introgressing anti-pathogen constructs into wild vector populations could reduce disease transmission. It is
generally assumed that such introgression would require linking an anti-pathogen gene with a selfish genetic element or
similar technologies. Yet none of the proposed transgenic anti-pathogen gene-drive mechanisms are likely to be
implemented as public health measures in the near future. Thus, much attention now focuses instead on transgenic
strategies aimed at mosquito population suppression, an approach generally perceived to be practical. By contrast, aiming
to replace vector competent mosquito populations with vector incompetent populations by releasing mosquitoes carrying
a single anti-pathogen gene without a gene-drive mechanism is widely considered impractical.

Methodology/Principal Findings: Here we use Skeeter Buster, a previously published stochastic, spatially explicit model of
Aedes aegypti to investigate whether a number of approaches for releasing mosquitoes with only an anti-pathogen
construct would be efficient and effective in the tropical city of Iquitos, Peru. To assess the performance of such releases
using realistic release numbers, we compare the transient and long-term effects of this strategy with two other genetic
control strategies that have been developed in Ae. aegypti: release of a strain with female-specific lethality, and a strain with
both female-specific lethality and an anti-pathogen gene. We find that releasing mosquitoes carrying only an anti-pathogen
construct can substantially decrease vector competence of a natural population, even at release ratios well below that
required for the two currently feasible alternatives that rely on population reduction. Finally, although current genetic
control strategies based on population reduction are compromised by immigration of wild-type mosquitoes, releasing
mosquitoes carrying only an anti-pathogen gene is considerably more robust to such immigration.

Conclusions/Significance: Contrary to the widely held view that transgenic control programs aimed at population
replacement require linking an anti-pathogen gene to selfish genetic elements, we find releasing mosquitoes in numbers
much smaller than those considered necessary for transgenic population reduction can result in comparatively rapid and
robust population replacement. In light of this non-intuitive result, directing efforts to improve rearing capacity and
logistical support for implementing releases, and reducing the fitness costs of existing recombinant technologies, may
provide a viable, alternative route to introgressing anti-pathogen transgenes under field conditions.
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Introduction

The mosquito-borne dengue virus, transmitted primarily by the
yellow fever mosquito Aedes aegypti (Linnacus) is estimated to cause
approximately 390 million infections each year ([1]). No wide-
spread prophylactic treatments are currently available for dengue,
and thus vector population control remains the primary public
health strategy. The release of genetically modified mosquitoes
provides one approach towards vector population control.
Releasing mosquitoes that carry transgenes rendering them
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vector-incompetent could, in principle, facilitate the prevention of
epidemics by replacing wild-type populations of Ae. aegypti with
mosquitoes carrying transgenic anti-pathogen constructs (e.g., [2]).
Ultimately, the frequency of such anti-pathogen transgenes must
increase to fixation (e.g., [3]), or at least reach and remain at a
sufficiently high frequency to lower the number of competent
vectors to levels preventing epidemic outbreaks (e.g., [4], [5]).
Aedes aegypti populations in cities are potentially quite large, and
the large release numbers generally perceived to be necessary for
population replacement has mspired the development of several

July 2014 | Volume 8 | Issue 7 | e2827

CrossMark

click for updates


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0002827&domain=pdf

Author Summary

Dengue is transmitted by the Aedes aegypti mosquito.
Releases of genetically sterile males have been shown to
reduce wild mosquito numbers. An alternative approach is
to release mosquitoes carrying genes blocking dengue
transmission. It is often assumed that spreading such
genes in mosquito populations requires using selfish
genetic elements (SGEs - genes that are inherited at
higher rates than other genes in the genome). Absent such
techniques, the release numbers required to transform
mosquito populations is seen as prohibitive. However,
strategies that rely on SGEs or related technologies to
spread anti-dengue genes are unlikely to be implemented
in the near future as a public health response. Using a
biologically detailed model of Aedes aegypti populations
dynamics and genetics, we assess how many mosquitoes
need to be released to spread an anti-pathogen gene in an
urban environment without using an SGE. We compare
release numbers with two other, currently feasible trans-
genic strategies: releasing mosquitoes with female-lethal
genes, and mosquitoes carrying both female-lethal and
anti-pathogen genes. We show that even without using
SGEs, releasing mosquitoes in numbers much smaller than
those considered necessary for transgenic population
reduction can effectively reduce the ability of Aedes
aegypti to spread dengue.

transgenic gene-drive strategies and related approaches. These
approaches including linking anti-pathogen constructs to
MEDEA ([6]) or homing endonuclease genes ([7] and [8]),
inducing widespread Wolbachia infections (e.g., [9], [10] and [11]),
among others (reviewed in [3] and [12]). These gene-drive
strategies vary in their stages of development and future potential
for application in public health contexts. Only those based on
Wolbachia symbionts have thus far been demonstrated to be
workable in the field for mosquitoes ([13]). Even for Wolbachia-
based interventions, the epidemiological impact of this approach
under realistic conditions remains unknown. For instance, the
epidemiological performance of Wolbachia-induced refractoriness,
particularly in regions where multiple serotypes potentially
circulate (e.g., [14] and [15]) remains to be tested.

Introducing anti-pathogen genes into wild populations therefore
remains a major challenge. Moreover, because any specific anti-
pathogen gene for reducing disease transmission in the field could
fail due to pathogen resistance evolution, a system that enables
effective replacement of one anti-pathogen transgene with another
is critical to the long-term success of population replacement
programs. As none of the proposed transgenic anti-pathogen gene-
drive mechanisms are likely to be implemented as public health
measures in the near future ([16], [12] and [17]), transgenic
strategies aimed at suppressing mosquito populations have
received considerable attention ([18], [19], [20], and [21]). These
approaches are inspired by the sterile-insect technique (SIT),
whereby a large number of sterile males are reared, irradiated and
released, subsequently mating with wild females and thereby
reducing the fecundity of wild female mosquitoes ([22], [20]).
Although traditional SIT programs for Ae. aegypti have never
been implemented over large geographic regions or for extended
periods of time ([23] and [24]), transgenic population reduction
strategies in Ae. aegypti have advanced to field trials ([25] and [26]).
Our examination of the literature indicates that there is a
prevailing view that population suppression by repeated release
of transgenic, sterile mosquitoes may be practical ([18], [24]). By
contrast, aiming at population replacement by repeated release of
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mosquitoes carrying a single anti-pathogen gene without a gene-
drive mechanism is generally not seen as practical (e.g. [3], [27]
and [28]), unless the transgenic construct can provide a net fitness
benefit to refractory mosquitoes (e.g., when the virulence of the
pathogen to mosquitoes is high - [29] and [30]).

Yet despite this prevailing view, there are surprisingly few
quantitative assessments of how releasing anti-pathogen genes into
a mosquito population without an accompanying gene-drive
mechanism could alter the genetic composition of natural Ae.
aegypti populations. Quantifying the effectiveness of release strate-
gies aimed at population replacement that do not rely on gene-drive
mechanisms under realistic conditions is key to establishing a
baseline against which the efficacies of more elaborate drive
mechanisms can be compared ([29]). Such an assessment can
potentially help evaluate the performance of existing anti-pathogen
genes under field conditions (e.g., [27]), as well as identify key facets
of mosquito biology that might promote or hinder the spread of
anti-pathogen constructs in the absence of gene-drive (e.g., mating
preferences among transgenic and wild-type mosquitoes - [30]).

Here we use Skeeter Buster ([31]), a biologically detailed model
of Ae. aegypti population dynamics parameterized for a tropical
city, to quantitatively assess whether a transgenic control program
based on rearing and releasing transgenic Ae. aegypli carrying
a single anti-dengue gene (e.g., [2]) could provide a feasible
approach to population replacement in the absence of gene-drive
mechanisms. We compare our results to release sizes necessary for
suppressing vectoring mosquito numbers with a transgenic strain
carrying 1) a single anti-pathogen gene, 2) a single female-killing
gene, and 3) both an anti-pathogen gene and a female-killing gene
(e.g., [32]).

Materials and Methods

Model description

Skeeter Buster models the population genetics and dynamics
of Ae. aegypti in an urban setting, incorporating key processes in
the life cycle, including temperature-dependent survival rates,
container-level development and nutrient dynamics, oviposition,
and dispersal ([31]). Four life stages are explicitly modeled:
eggs, larvae, pupae, and adults. Development, reproduction and
mortality are stochastic, but these processes are also driven by
temperature- and, for development, resource-dependent rates.
Skeeter Buster models individual water-holding containers located
in specific houses (“sites”) laid out on a rectangular grid. Resource
dynamics within containers and the feedback between larval
biomass and resource availability (i.e., density dependence) in
containers with mosquitoes in them are based on the equations
used in [33]. Mosquitoes emerge as adults and occupy sites where
the containers in which they developed are located. Females select
mates among males in the same site, mate only once during
their lives, and oviposit in containers at the site they occupy on a
given day during each gonotrophic cycle. Adults can potentially
migrate each day to a randomly selected adjacent site (fixed
daily probability of migration =0.3 based on the mark-release
recapture studies of [34] and parameterized according to [31],
[35]). In Skeeter Buster, females may also undergo occasional long
range dispersal events (for instance, via inadvertent translocation
in vehicles). Such long distance dispersal is modeled by allowing a
small proportion (2%) of individuals to disperse to a site randomly
selected within a Manhattan distance of twenty sites. The resulting
dispersal pattern has been shown to be consistent with field studies
(e.g., [36] and [31]). For a more thorough description and
justification of the features and components of the model, see [31],

[35], and [37].
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Because Skeeter Buster aims to model the biology of Ae. aegypti
in a realistic environment, it must be parameterized in a location-
specific manner with local meteorological data and a description of
the distribution of containers. Data from the equatorial Amazo-
nian city of Iquitos, Peru (73.2W, 3.7S), which has been subject to
long-term, detailed larval habitat surveys (e.g., [38]), has proven
particularly well-suited for use with Skeeter Buster (e.g., [31], [35]
and [37]). Although there is currently no planned release of
transgenic mosquitoes in Peru (A. Morrison, pers. comm.), using
Iquitos as a case-study allows us to build on this earlier work
and apply Skeeter Buster to model the population dynamics of
Ae. aegypti at this location (e.g., [37]). As in [39], a 2448 house
subsection (68 houses x36 houses) of the city is simulated with
periodic boundary conditions, following the approach described in
[37]. In Iquitos, the average distance between sites is on the order
of 5-10 meters ([37]), and the simulated region corresponds to an
area of approximately one square kilometer of a densely populated
neighborhood in Iquitos. These conditions result in an equilibrium
population size of approximately 14000 total female adult
mosquitoes (or approximately 6 female adult mosquitoes per site)
prior to releases of transgenic mosquitoes.

Skeeter Buster follows the genotypes of mosquitoes, allowing
evaluation of changes in the genetic composition of the population
that result from releasing transgenic mosquitoes. This feature
permits quantitative comparisons between our results and those
obtained for alternative genetic control strategies. The anti-
pathogen and female-specific lethal genes are both modeled as
diallelic loci. Each locus is characterized by the presence or
absence of the transgenic construct. For brevity, we refer to
individuals that lack both constructs as “wild-type mosquitoes”.
We simulate introgression by the anti-pathogen transgene when
mosquitoes carrying only the anti-pathogen gene are released
(for brevity, we denote this as the “AP” strategy). We compare the
resulting reduction in competent vectors to reductions caused by a
transgenic control program based on the female-specific lethal
gene alone (an “FK” strategy aiming exclusively at population
reduction), as well as to a “reduce and replace” (“RR”) strategy
based on releasing mosquitoes carrying both the anti-pathogen
and female-specific lethal transgenes. As an FK strategy permits
the introduced female-specific lethal transgene to remain in the
population past the first generation, it can potentially accelerate
population reduction relative to non-sex specific lethal constructs
(e.g., [40]). To highlight the contrast between transgenic strategies
based on population reduction and approaches aiming at
population replacement, we do not analyze population reduction
strategies that cause both male and female offspring mortality (for
instance, bisex RIDL and conventional SIT strategies - e.g., [20]
and [25]). The female-specific lethal gene is assumed to be
expressed only when eggs are reared in the absence of tetracycline
(19)).

Inserting transgenes into the Ade. aggypti genome may potentially
disrupt the normal functioning and regulation of the inserted site.
We assume such fitness costs may reduce the expected survivorship
of transgenic individuals relative to wild-type individuals by 5-10%
per copy of the anti-pathogen transgene carried (the midpoint
and upper limit of the range used in, e.g., [27] and [41]). For
simplicity, and to facilitate our comparison of the different
strategies, we do not model any fitness costs associated with the
female-specific lethal gene aside from female-specific conditional
mortality. We also assume that when present, costs associated with
the anti-pathogen gene are expressed at the egg stage for both
male and female mosquitoes, and hence potentially result in a
reduction in larval production when either parent carries a
transgene copy ([42]). We compare how the presence and absence
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of such fitness costs associated with the transgene insertion affect
prospects for population replacement. While the dengue virus may
confer a fitness cost on infected mosquitoes (e.g., [43]), how much
evading infection facilitates the transgene’s spread depends, in
part, on dengue prevalence among vectors ([29]). This prevalence,
in turn, can be highly location- and time-specific, and governed
by several factors including local epidemiological dynamics,
the susceptibility of mosquitoes to vertical transmission of dengue,
as well as potentially seasonal effects (e.g., [44], [45] and [46]).
Incorporating all these processes into our model is beyond the
scope of our study. Thus, for simplicity and to stringently test
the effectiveness of population replacement strategies absent
gene-drive, we assume throughout that mosquitoes carrying the
anti-pathogen gene enjoy no fitness benefit relative to wild-type
mosquitoes.

Finally, genetic control programs relying on population
reduction alone are vulnerable to reinvasion if releases cease.
Wild Ae. aegypti individuals from populations that have not been
subject to control efforts can immigrate into the population,
undermining sustainable population reduction in the absence
of ongoing releases ([47] and [48]). By contrast, the effects of
immigration on the efficacy of population replacement strategies
are relatively understudied. [39] shows how an RR strategy can
also be subject to such adverse effects of immigration. Comparing
the robustness of the different strategies in the face of immigration
by wild-type mosquitoes can therefore be critical in evaluating
their potential under biologically relevant conditions. We thus
assess the impact of gravid wild-type immigrant females on the
efficacy of the population replacement programs we consider.

Modeling the release regimes

All released transgenic individuals are modeled as homozygotes
carrying two copies of the anti-pathogen transgene. The ant-
pathogen gene is considered to have dominant phenotypic
expression. Because transgenic female mosquitoes carrying an
anti-pathogen gene do not transmit dengue, we compare male-
only adult releases (which may be more readily amenable to
regulatory and community approval e.g., [49] and [50]) to bi-sex
adult releases that would increase nuisance biting to some extent.
Releases of genetically-modified mosquitoes are modeled by
dynamically adding cohorts of mosquitoes homozygous for the
anti-pathogen gene at specified dates to specific sites following a
single burn-in year permitting the population to attain demo-
graphic equilibrium (e.g., [51] and [39]).

Distributing and releasing transgenic adults can be logistically
challenging. For instance, the adult-stage of Ae. aggypts is compara-
tively short-lived in the field, and thus releasing adult mosquitoes
may require planning releases to coincide with the emergence of
individuals as adults. An alternative strategy is to release transgenic
mosquito eggs. Ae. aegypti eggs are desiccation-resistant and can
survive for extended periods of time (e.g., [52], [53]), permitting
long-term storage and subsequent distribution. Using viable eggs
has therefore been suggested as an alternative to releasing adults
([54], [24] and [51]). Eggs could also potentially be easier to
handle, reducing the costs associated with transporting transgenic
strains. We therefore evaluate the effectiveness of a release
program involving the distribution of transgenic eggs instead
of adults. Following [19], [51] and [39], the release of eggs is
modeled as weekly additions into specified sites of nutrient-filled
containers shielded from ovipositing females. We model 100 to
1600 eggs placed in covered, nutrient-filled containers. Although
sufficient resources are provided in the containers, only approx-
imately 40% of the eggs ultimately develop to adulthood due to
natural mortality. These added containers are removed from the
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simulation upon the emergence as adults or death of all
mosquitoes they contain. Because male and female eggs cannot
currently be separated, an equal number of eggs of both sexes are
assumed to be placed in each of the containers.

We base the release ratios for mosquitoes on those used in
an earlier study ([51]) employing Skeeter Buster to evaluate how
releasing transgenic mosquitoes carrying a single conditionally-
lethal construct could facilitate population reduction. The largest
release numbers for which we present results (totaling approxi-
mately 120,000 adult males per week) corresponds to a release
ratio of approximately 17.5:1 released males to wild-type males
present when releases begin. These ratios are within the range
used in control programs for mosquitoes based on the sterile insect
technique (e.g., [53]).

[51] found that the weekly release numbers necessary to cause
local population extinction depended on the geographic pene-
trance of the release regime. Furthermore, the ability to implement
the transgenic control programs characterized above could also
depend on the accessibility of different sites in the urban arena.
Release sites may be clumped in space in some instances, whereas
in other cases it may be feasible to release individuals at regularly-
spaced points across the grid, or, through aerial releases of adults,
potentially into a very high proportion of sites. To approximate
the potential effect of different spatial implementations, we model
three idealized spatial configurations: homogenous releases every-
where, regular point-source releases at every 101 site at regularly-
spaced points in the grid, and random point-source releases at
10% of the sites randomly chosen. None of these regimes can be
expected to be achieved exactly under field conditions, but
comparing the distinct spatial patterns can help inform the spatial
configuration of releases that actual transgenic control programs
should strive to reproduce. For the operational reasons explained
in [51], we do not examine the distribution of eggs into every site.
In the cases where releases only occur in a subset of sites, we fix
the sites at which releases take place for the duration of each
simulation run. If the composition of release sites changes
frequently as the releases are carried out, then the release regime
can be expected to begin to approximate the homogenous
configuration over time. Such homogenization can make it
difficult to contrast the effects of releasing transgenic mosquitoes
at a limited number of sites to the case where releases occur at all
sites.

Following [51] and [39], we assume indefinite releases cannot
be sustained. Thus, we compare a relatively short (one year)
release period to a longer (three year) release period. To assess the
fate of the transgene after releases end, we run the model for an
additional two years. Finally, because Skeeter Buster is a stochastic
model, we run 30 simulations of each release regime varying the
spatial arrangement of sites (and hence containers) in the grid for
each simulation. For the random point-source releases, we also
randomize the release sites at the beginning of each simulation.

Results

We find that even relatively modest release numbers of
transgenic mosquitoes carrying a single anti-pathogen construct
can reduce the abundance of vector-competent mosquitoes within
the first year of releases, in some cases to very low levels (Fig. 1).
Continued releases occurring over a longer duration lower
competent vector numbers much further. If the anti-pathogen
gene is not fixed, a fitness cost associated with the anti-pathogen
gene can slow the rate of population replacement as releases occur
(e.g., Fig. 1A) and allows the reemergence of competent vectors.
When releases can drive the number of vector competent
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mosquitoes to very low levels, the rate of recovery of the vector-
competent population after releases end is modest with more than
90% of the vector population still incompetent two years after
releases end (e.g., Figs. 1B, D). Bi-sex releases of adults can cause
greater reductions in vector competence compared to similarly-
sized male-only adult releases (Figs. 1A and 1C versus Figs. 1B and
1D). Finally, we find the vector competent mosquito population
declines further when adults are released at all sites compared to
when adults are released in every 101 site (c.g., Fig. 1A versus
Fig. 1C).

Although the release regimes we analyzed can cause substantial
reductions in the population of competent vectors, increasing the
number of mosquitoes released is key to driving the number of
vector-competent female mosquitoes to very low numbers two
years after releases end (Figs. 2-3). Increasing this release number
can compensate for the detrimental effect of the fitness cost
associated with the anti-pathogen gene. For the same number of
total mosquitoes released throughout the release program, multi-
year releases can be more effective than single year releases (Fig. 2).
For instance, releasing two males each week at all sites for three
years causes a greater reduction in the abundance of vector
competent mosquitoes compared to releasing six males at all sites
for a single year. Furthermore, if releases are spatially homoge-
nous, fewer total males need to be released compared to male
releases at every 10% site, but both spatial release strategies permit
substantial population replacement when the total number of
released males is approximately 20000 males per week across the
entire neighborhood (Fig. 2A v. Fig. 2B).

We also note that, when both male and female mosquitoes can
be released, many fewer total mosquitoes need to be released every
week compared to unisex releases to facilitate replacement (Figure
S1).

Because the containers with transgenic eggs permit the
emergence of transgenic mosquitoes of both sexes, releasing as
few as 100 eggs per week per house in 10% of houses can cause
substantial population replacement (Fig. 3), reducing the popula-
tion of vector competent females to below 10% of pre-release
levels in a single year. Increasing the spatial regularity of releases
facilitates long-term replacement (Fig. 3). For the same number of
eggs distributed, reducing the fitness cost lowers the number of
vector competent mosquitoes two years after releases end by
almost an order of magnitude (Fig. 3).

Comparison to transgenic control strategies involving
reduction

Across all release scenarios, releases of transgenic mosquitoes
under a “replacement-alone” (AP) strategy (mosquitoes carrying
an anti-pathogen gene without a conditionally-lethal construct)
lowered the long-term population of vector-competent mosquitoes
more successfully than the “reduce and replace” (RR - mosquitoes
carrying both the anti-pathogen and female-lethal construct)
strategy (Fig. 4). In comparison to the RR releases, even in the
presence of a fitness cost, releases of mosquitoes under the AP
strategy proved capable of maintaining the vector-competent
population at low levels. We note that these simulations assume
the female-specific lethal construct provides no additional fitness
cost (e.g., male carriers of the lethal gene are unaffected). When
the female-killing transgene is likely to carry to a fitness cost, the
reduction in competent vectors for the RR (and FK) strategy may
be considerably less than what we show here (e.g., [51]).

The contrast between the two transgenic control strategies can
be particularly pronounced when releases last for three years and
the anti-pathogen gene carries a fitness cost. For an RR strategy,
the detrimental effects of a fitness cost can become more apparent
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Figure 1. The effect of releasing transgenic mosquitoes carrying a single anti-pathogen gene on the reduction in vector-competent
(i.e., wild-type adult female) mosquitoes in the population. (A) Unisex releases of 20 adult males per site per week at 10% of the sites
regularly spaced apart, when releases occur over a single year (black lines) and three year (grey lines) period, respectively, in the presence (solid lines)
and absence (dashed lines) of a fitness cost, (B) bisex releases (with a 1:1 sex-ratio) of 10 male and 10 female adult mosquitoes per site per week,
when releases occur at 10% of the sites regularly spaced apart over a single year (black lines) and three year (grey lines) period, in the presence (solid
lines) and absence (dashed lines) of a fitness cost, (C) unisex releases of 2 adult males per site per week, when releases occur at all sites over a single
year (black lines) and three year (grey lines) period, respectively, in the presence (solid lines) and absence (dashed lines) of a fitness cost, (D) bisex
releases (with a 1:1 sex-ratio) of 1 male and 1 female adult mosquito per site per week, when releases occur all sites over a single year (black lines) and
three year (grey lines) period, in the presence (solid lines) and absence (dashed lines) of a fitness cost. Increasing the release duration reduces the
vector competent population substantially. The time series represent the averages over 30 runs; in this, and in subsequent figures, “+F.C.” refers to an
anti-pathogen construct bearing a fitness cost of 5% per copy unless stated otherwise, and “0 F.C.” refers to releases using constructs that do not
carry a fitness cost. Here, and in subsequent figures, as the vertical axes are plotted on a log scale adding 1 to the average number of competent
vectors allows depicting the elimination of competent vectors on this scale. Dynamics from the burn-in periods are not shown.
doi:10.1371/journal.pntd.0002827.9g001
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fitness cost associated with the anti-pathogen transgene. Solid lines represent releases for a single year, and dashed lines represent releases
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and 97.5th percentile abundances across simulation runs.
doi:10.1371/journal.pntd.0002827.g002

especially during population recovery as the entire mosquito
population grows rapidly from low numbers. This results in the
competent vector population size quickly recovering towards pre-
release levels. By contrast, even in the presence of a fitness cost,
releases of mosquitoes carrying only the anti-pathogen gene result
in low numbers of vector-competent mosquitoes for extended
periods of time following the end of releases, and the vector
competent population recovers much more slowly. We also find
transgenic control strategies based on population reduction alone
(the FK strategy) fail to lower the long-term vector competent
population sizes below the levels obtained using the RR and AP
strategies, even when the anti-pathogen construct carried a fitness
cost (Figure S2).

The AP strategy consistently lowered the long-term number of
vector-competent mosquitoes more than the RR strategy. Under
an RR strategy, population reduction can release the surviving
mosquitoes from density-dependent constraints, allowing surviving
wild-type mosquitoes to have high per-capita growth rates. By
contrast, the AP strategy does not lower population density, and
hence density dependence can remain strong even as releases are
ongoing. Under some conditions (e.g., when only a small number
of adult males are released Fig. 4A), this difference between the
two strategies prevents the RR strategy from being able to lower
the number of vector competent mosquitoes as effectively as the
AP strategy once the vector competent population has been
reduced, even when releases are ongoing (e.g., Figs. 4A, 4C, and
4D). Thus, for some release scenarios (e.g., releases of eggs), an AP
strategy can have a larger transient effect on vector-competent
population reduction than an RR strategy (e.g., Fig. 4C and
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Fig. 4D). By contrast, when the RR strategy is comparatively
effective at reducing mosquito abundances (e.g., when sufficiently
large numbers of females are also released - e.g., Fig. 4B), an RR
strategy can cause greater reductions in the vector-competent
mosquito population during the transient stages in some of the
release scenarios (Iigs. 4 and 5). We find that, when present,
these differences are most pronounced after there has been an
approximately three orders of magnitude decline in the vector-
competent population caused by an RR strategy, although the
difference can be apparent by 200 days into releases (e.g., Fig 5A).
When the fitness cost is very high, the difference between an RR
strategy and an AP strategy during the transient stages has the
potential to be modestly larger than when there is weaker or no
fitness cost, because the higher fitness cost renders an ant-
pathogen construct less capable of spreading through an AP
strategy. An FK strategy based on population reduction
alone proves unable to lower the number of vector competent
mosquitoes further than the RR strategy, even during the transient
stages (Figure S2). These results are robust to whether simulation
runs resulting in population extinction are included in the analysis
(Figures S3-S4).

Immigration of wild-type females

We find that immigration by gravid, mature wild-type females
has an appreciable effect on the long-term numbers of vector
competent females under an AP transgenic control strategy. As
immigration from wild-type populations increases (e.g., at least 5
immigrants per day across the simulated region), the frequency of
wild-type mosquitoes can also increase several fold (Fig. 6A).
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Figure 3. The average reduction in vector-competent females from 30 simulation runs two years after releases end across release
numbers when different numbers of transgenic mosquito eggs (of both sexes) are released at 10% of the sites along a regular grid
(Reg.) for a single year (solid lines), and at 10% of the sites selected at random (Ra.) for a single year (dashed lines). Black lines
represent results in the presence of a fitness cost associated with the anti-pathogen transgene, and grey lines represent the results assuming no
fitness cost. For transgenic control programs lasting a single year, approximately 650,000 to 7.7 million total eggs are released, while for programs
lasting for three years, approximately 190,000 to 23 million total mosquito eggs are released. Although sufficient resources are provided in the
containers, only approximately 40% of the eggs ultimately develop to adulthood due to natural mortality. As in Fig. 2, the end points of the error bars
represent the 2.5th and 97.5th percentile abundances across simulation runs. Solid error bars correspond to releases along a regular grid, and
translucent error bars correspond to releases at a random subset of sites.

doi:10.1371/journal.pntd.0002827.g003

Increasing the number of AP-only mosquitoes released has only a accentuate the effect of wild-type immigration events (Fig 6B; see

small effect on these results, as does eliminating the fitness cost also [39]).

associated with the anti-pathogen transgene. As the immigration

rate increases, the effect of increasing release numbers on the Discussion

number of vector competent mosquitoes becomes more apparent

(black versus grey lines, Fig. 6A). Because the genetic engineering of anti-pathogen constructs
Although immigration can potentially increase the number of for Ae. aegypti is somewhat further developed than for gene-drive

competent vectors, its impact on transgenic control strategies other mechanisms (e.g., [27], [12] and [17]), it is critical to assess

than AP can be more pronounced. For instance, under an RR the prospects of alternative approaches to spreading currently

strategy, even comparatively rare immigration events severely proposed anti-pathogen constructs under field conditions. Such

undermine population replacement efforts (Fig 6B; see also [39]). an assessment could provide a baseline against which the field

Moreover, when the transgenic control strategy involves popu- efficacies of gene-drive mechanisms and related approaches could

lation reduction, increasing the numbers released can actually be compared (e.g., [29]). As genetic control methods based either
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Figure 4. The average number of vector competent mosquitoes for each day for up to 30 simulation runs modeling “reduce and
replace” (RR) transgenic control strategies and a strategy releasing mosquitoes carrying the anti-pathogen construct alone (an AP
strategy). (A) adult males are released at all sites, (B) adult male and adult females are released at all sites, (C) eggs are released in 10% of the sites
along a regular grid, and (D) adult males and females are released in 10% of the sites along a regular grid. The numbers of mosquitoes released per
site for the illustrated time series are: (A) 2 adult males, (B) 1 adult male and 1 adult female, (C) 100 eggs, (D) 10 adult males and 10 adult females. In
this, and in subsequent figures, we assume that the conditionally-lethal construct carries no additional fitness costs beyond dominant female adult
lethality. In all panels, solid lines represent releases for a single year and dashed lines represent 3 year releases. RR releases are illustrated in black and
AP only releases are in grey. Lines from release scenarios where all vector competent mosquitoes were eventually eliminated (either through
population extinction or complete replacement) in all runs are omitted, and thus not all 30 simulation runs are included in calculating the average
numbers for the RR strategy.

doi:10.1371/journal.pntd.0002827.9g004

in whole or in part on population reduction may require stochastic, spatial model of a natural population of Ae. aegyptr, we
considerable resources to sustain, strategies aimed at population find that releasing mosquitoes carrying only a single anti-pathogen
replacement provide an alternative approach to achieving long- construct at ratios well below those considered necessary for
term reductions in vector competence. Based on simulations with a transgenic technologies based on population reduction can
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Figure 5. The average number of vector competent mosquitoes for each day for up to 30 simulation runs modeling “‘reduce and
replace” (RR) transgenic control strategies and a strategy releasing mosquitoes carrying the anti-pathogen construct alone (an AP
strategy) under differing fitness costs associated with the anti-pathogen gene. In all panels, dotted lines represent the absence of a fitness
cost associated with the anti-pathogen gene, solid lines represent a fitness cost of 5% per copy of the anti-pathogen gene, and dashed lines
represent a fitness cost twice the value used in previous figures (10% fitness cost per copy). RR releases are illustrated in black and AP-only releases
are in grey. The results are for (A) adult male releases at all sites, (B) adult male and adult female releases at all sites, (C) adult male releases at 10% of
the sites along a regular grid, and (D) adult male and adult female releases at 10% of the sites along a regular grid. We illustrate the dynamics from a
single year of releases with per-site release numbers of (A) 7 adult males, (B) 1 adult male and 1 adult female, and (C) 80 adult males, and (D) 15 adult
males and 15 adult females. Lines from release scenarios where all vector competent mosquitoes were eventually eliminated (either through
population extinction or complete replacement) in all runs are omitted.

doi:10.1371/journal.pntd.0002827.9g005

facilitate robust reductions in vector-competence in a reasonable reductions in vector capacity considered necessary to achieve
time frame, in some cases reducing the average number of public health goals. For instance, reducing vector capacity (as
th 1 measured via house indices) using source removal, space spraying

competent vectors to between of pre-control th 1t

and legal and educational interventions to between —— to —
an ng anda cducatonal mterventions to be cen 3000 O25

10000 '° 1000

levels (e.g., Figs. 1 and 2). These reductions compare favorably to
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Figure 6. The effect of the daily immigration rate on the number of vector competent mosquitoes two years after releases end
under a three year release of adult male transgenic mosquitoes at 10% of the sites along a regular grid when (A) mosquitoes
carrying just the anti-pathogen construct are released (an AP strategy) and (B) mosquitoes carrying both an anti-pathogen and
female-lethal transgene are released (an RR strategy) with (solid lines) and without (dashed lines) a fitness cost with 80 (black lines)
and 160 (grey lines) males released per site. The end points of the error bars represent the 2.5th and 97.5th percentile abundances across
simulations. Only gravid, wild-type females carrying neither the anti-pathogen nor the conditionally-lethal gene are assumed to migrate into the
urban arena. Such females are assumed to immigrate into any site in the simulated region at random. Under the RR strategy, when the immigration
rate is low the combined effects of genetic drift at small population sizes and the spatially heterogeneous nature of the population recovery after
releases end amplify the variability across runs in the number of competent vectors (e.g., [39]). Each model run represents a different, randomized
spatial configuration of sites into which migrants arrive.

doi:10.1371/journal.pntd.0002827.g006

of pre-control levels in Cuba and Singapore facilitated dengue A frequently cited limitation to successfully introgressing an
control in both countries in the 1980s ([56]). However, we caution anti-pathogen gene (e.g., [2]) without an accompanying gene-drive
that the ultimate epidemiological benefits of any transgenic control mechanism is that such an approach may require prohibitively
program depends on the effectiveness of the anti-pathogen large release numbers (e.g., [57], [3], [27], [58], [12]). However,
transgene under field conditions. based on our results modeling the Ae. aegypti population in a

When transgenic females are unable to carry dengue, we also neighborhood of approximately 2500 houses in Iquitos, Peru, total
find that releasing females in addition to males greatly reduces the weekly release numbers of less than 25000 adult male and female
number of mosquitoes necessary to reduce vector competence mosquitoes into the expected population of approximately 21000
(Figure 1, Figure 8 and Figure S1). These results appear robust adults suffice to severely reduce the number of vector-competent
across a range of release regimes. In particular, we also show that females two years after releases end. The total release numbers we
releasing even very few eggs per house (especially in comparison to simulate are comparable to the number of mosquitoes used to
the number of eggs that may need to be distributed to cause establish Wolbachia in the trial studies in Yorkey’s Knob and
population elimination - e.g., [51]) to be quite effective. A Gordonvale, Australia, communities of approximately 615 and
transgenic control program based on distributing eggs will not 670 houses, respectively ([13]). There, between 10,000-22,000
require timing release events to coincide with adult emergence Wolbachia-infected mosquitoes were released weekly into a seasonal
events, and may be logistically easier to implement or prove more mosquito population ([13]) (or roughly 50-110 mosquitoes per
cost effective. Nevertheless, improving the geographic uniformity of hectare per week, assuming a combined release area of approx-
releases for both adult and egg releases facilitates introgression, imately 200 hectares across the municipalities — Text SI).
particularly when transgenic mosquitoes bear fitness costs. Finally, In seasonal environments, such as the communities where the
our comparison to other genetic control strategies shows that an AP Wolbachia-infected mosquitoes were released, releasing mosquitoes
strategy is considerably more robust to immigration than the RR as the population is increasing from a seasonal minimum could
strategy. Under the RR strategy, increasing release numbers results improve the efficacy of transgenic control strategies using
in a trade-off between population replacement and vulnerability to Wolbachia ([59]). Yet even for a relatively stable, non-seasonal
immigration; by contrast, an AP strategy implies no such trade-off, mosquito population (as in Iquitos), our results suggest that the
and the effects of wild-type immigration can be reduced by releasing release densities required for a successful AP strategy may be quite
more mosquitoes carrying only an anti-pathogen construct. modest. Assuming an average houschold size of 5.8 people in
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Iquitos (e.g., [60]) and a land area of approximately 78,400
hectares for the entire city ([61]), our simulated region represents
an area of Iquitos containing roughly 4% of the human
population. A crude extrapolation of our results suggests that
approximately 650,000 mosquitoes would need to be released
weekly (for a total of approximately 34 million individuals released
per year) throughout an entire city the size of Iquitos to render a
substantial fraction of Ae. aegypti vector-incompetent at the end
of the release duration. This translates into a release density of 8
to 9 released mosquitoes per hectare, per week. By comparison, a
transgenic SIT-based release program that reduced the population
size of Ae. aegypti at a site in the Grand Cayman Islands by about
80% involved approximately 3.3 million engineered males
released in a 23-week period ([25]), or roughly 143,000 male
mosquitoes per week. This was the equivalent of about 3150 males
per hectare, per week, and [25] note that these release rates
constitute the minimum necessary to cause population elimination
in the absence of immigration. This represents a figure several
orders of magnitude larger than the release numbers that we found
necessary for introgressing an anti-pathogen gene without an
accompanying gene-drive mechanism in our study. Our results
therefore suggest that transgenic control strategies based on
population replacement could be plausibly implemented to reduce
vector capacity even in the absence of mature gene-drive like
technologies.

Our comparative modeling approach allows us to highlight why
releasing mosquitoes carrying only an anti-pathogen construct (the
AP strategy) can lower vector competence more effectively than
approaches based on population reduction (the “reduction-only”
FK strategy and a “reduce and replace” RR strategy). Skeeter
Buster has previously been applied to evaluate transgenic control
strategies that rely on population reduction ([51] for an FK
strategy, and [39] for an RR strategy). These studies found that
some wild-type genes can be expected to persist due to inherent
stochasticity in the simulation runs. [39] show that when
mosquitoes that do not carry the anti-pathogen gene are able to
persist following large population reductions, genetic drift at small
population sizes can hinder the effectiveness of the RR strategy.
The effects of genetic drift at small population sizes in the RR
strategy can be reflected in the genetic composition following
population recovery, rendering sustainable reductions in vector
competence using an RR strategy very challenging ([39]). By
contrast, the AP strategy does not cause population reduction.
Continually releasing mosquitoes carrying an AP transgene can
therefore monotonically increase the transgene’s frequency (e.g.,
Fig. 1). Furthermore, the AP strategy does not cause population
reduction, and thus wild-type mosquitoes remain subject to
density-dependent pressures, reducing their ability to contribute
heavily to the genetic composition of subsequent generations.
These mechanisms allow the AP strategy to perform better than
the RR strategy after releases end under a wide array of release
scenarios, and improve the robustness of the AP strategy to
immigration in comparison to the RR strategy.

However, we note that, at least during the transient stages,
the RR strategy can lower vector competence further in some
instances compared to the AP strategy. In our simulations, we find
such transient effects to be most apparent when the population
of vector-competent mosquitoes has already been reduced
substantially. Thus, the public health benefits of higher transient
reductions could be limited, while the risk can be much more
pronounced, particularly considering the long-term failure in the
face of immigration of wild-type mosquitoes. Nevertheless, such
enhanced (albeit transient) reductions caused by the RR strategy
may justify switching between alternative transgenic strains as
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releases are ongoing. In a subsequent paper, we analyze whether
switching between released strains could exploit transient reduc-
tions to maximize the potential for long-term reductions in vector
competence (Robert et al., in review).

Our work also provides a framework that allows communities
and other stakeholders to assess the benefits and costs of
implementing different release regimes and genetic control
strategies. We anticipate individuals and entities to differ in their
willingness to sustain a prolonged genetic control program of Ae.
aegypti ([62]). Reductions in vector-competence they consider
necessary to reduce transmission of Ae. aegypti-vectored diseases
may depend on, among other factors, receptiveness to genetically-
based control strategies (e.g., [23]) or existing public health
strategies (e.g., source removal or clinical interventions) that
could complement a genetically-based vector control program.
Our approach presents a quantitative basis for characterizing
both the anticipated reduction in vector competence and the
corresponding release numbers that would be required to attain
such reductions. Potentially, the costs of implementing a trans-
genic release program could then be compared to the costs
associated with implementing alternative disease management
strategies.

Cost-benefit analyses are particularly critical when releases of
transgenic females are being considered. The viability of this
approach requires carefully weighing real as well as perceived risks
in the affected communities. Female releases may be unacceptable
unless the anti-pathogen gene renders its carriers completely
vector incompetent. Additionally, in communities at risk for
other diseases vectored by Aedes aegypti, assessing how effectively
the transgene protects against other pathogens (e.g., chikungunya -
[63]) will be critical. Such risks must be weighed against the cost
savings of working with fewer transgenic mosquitoes. Evaluating
the marginal effects of producing additional mosquitoes required
for male-only releases is key to such an assessment. Our approach
allows comparing the number of transgenic mosquitoes required
under male-only and bi-sex releases to obtain a given reduction in
vector competence. Communities could then weigh the cost of
risk mitigation necessary for female releases (e.g., investing in
improved anti-pathogen constructs) against the marginal costs of
producing and releasing more mosquitoes required for male-only
releases.

Our analyses sought to compare the efficacies of distinct
transgenic release strategies in a tropical urban environment.
However, we calibrated our model for the Ae. aegypti population in
Iquitos, Peru, and location-specific assessments should precede
implementation of a transgenic vector control program in
other localities. Such analyses may suggest that some Ae. aegypti
populations are less amenable to the transgenic strategies we
consider. For example, the distribution of breeding containers in
other tropical cities may be more spatially heterogeneous than
the distribution in Iquitos ([38] and [64]). Under the prevailing
pattern of container distribution in Iquitos, there appears to be
little spatial clustering in the predicted distribution of female
mosquitoes carrying an anti-pathogen transgene (Figure S5).
In other localities, if breeding containers are much less evenly
distributed than they are in Iquitos, then the spatial distribution of
the anti-pathogen construct may differ. Nevertheless, as [51] note,
high levels of spatial heterogeneity can also be expected to reduce
the efficacy of transgenic control programs based on population
reduction. Thus, how increased spatial heterogeneity differentially
affects transgenic strategies based on population reduction and
strategies based on population replacement may therefore vary
by location. Our framework provides a potential approach to
compare such effects across different communities.
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Our results may also be applicable should it become necessary
to eliminate the transgene (see also [27]) or to prevent its spread.
Presumably wild-type male mosquitoes could be released at
numbers comparable to those described here (or possibly lower,
especially if wild-type mosquitoes have a fitness advantage) in
order to eliminate the transgene. Alternatively, should pathogens
evolve resistance to the vector’s expressed anti-pathogen mecha-
nisms or to become more virulent to humans (e.g., [63]), we
anticipate that releases using alternative or complementary
transgenic constructs ([27]) may be considered even without the
need to successfully link all such constructs to a gene-drive
mechanism. However, releases with multiple constructs may also
raise the effective fitness costs experienced by transgenic strains
substantially.

Following previous modeling studies (e.g., [27], [41] and [39]),
we considered an additive fitness cost of 5-10% per copy of the
anti-pathogen gene. We found that although such a fitness cost
could reduce the long-term frequency of vector-incompetent
females, the rate at which the vector-competent population
recovered was relatively mild (e.g., Fig. 1) especially when
compared to the rate of recovery of the vector-competent
population in a RR or FK-only strategy (e.g., Fig. 4). Nevertheless,
some lab- and field cage-based studies have reported that fitness
costs associated with transgenic insertions in Ae. aegypti can
potentially be much larger or operate at different life stages (e.g.,
[66] and [67]). How such fitness costs are expressed under field
conditions remains an open question (e.g., [68]), although
improvements have been made in reducing fitness costs at least
in artificial settings ([69]). As specific anti-pathogen constructs
become available, our comparative framework provides one
approach to assessing the release numbers necessary to com-
pensate for different reported fitness costs. Such comparative
assessments could be used to discern if the release numbers
required are prohibitive, and can provide quantitative evidence for
the need to invest in developing gene-drive like technologies,
further reducing the fitness cost, or alternative anti-pathogen
transgenes. Finally, in some cases the dengue virus may confer a
fitness cost on infected mosquitoes (e.g., [43]), providing a
potential fitness benefit to transgenic mosquitoes that can facilitate
spread without being linked to a gene-drive mechanism ([29]). Our
results indicate that even without conferring a fitness benefit, an
anti-pathogen transgene may substantially reduce vector compe-
tence in an urban Ae. aegypti population. However, if carrying a
transgene provides a net fitness benefit to mosquitoes in the field,
then under certain conditions (e.g., if there is sufficient assortative
mating among transgenic mosquitoes - e.g., [30]), releasing more
mosquitoes might not be necessary to compensate for fitness
costs associated with the transgene. In light of our results that
population replacement may not require gene-drive, assessing any
potential fitness benefits transgenic constructs provide their
bearers, as well as quantifying the refractoriness provided by the
anti-pathogen construct, become particularly salient issues.

Some transgenic control programs, particularly those based on
population reduction, frequently apply a density-independent
control method or wait for seasonally low densities before
conducting releases ([70]). For instance, [51] simulated a two-
week, pre-release vector control program using a traditional

method (e.g., insecticide spraying) that lowered the number of

released mosquitoes carrying a dominant, conditionally lethal-
construct necessary to achieve extinction. Some preliminary
analyses show, in principle, that a similar approach could
potentially improve prospects for population replacement, al-
though the duration of the traditional intervention needs to be
somewhat longer to have a detectable effect when release sizes are
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small (Figure S6). A possible further advantage of having
population reduction precede transgenic population replacement
efforts (rather than aim to simultaneously reduce and replace a
vector population) is that it could decouple an anti-pathogen
construct from the conditionally-lethal gene. This could mitigate
any detrimental effects transient linkage disequilibria may have
when the two constructs are released simultaneously (as may occur
in the RR strategy - [32]). Using a pre-release control that can
rapidly cause significant population reductions (e.g., spraying)
may therefore help raise the effective release ratio and provide an
alternative to implementing a genetic replacement strategy over an
extended period of time or, where rearing or fitness costs are
potentially high, allow even fewer mosquitoes to be released than
the numbers considered here.

In conclusion, our results raise an intriguing possibility: even in
the absence of drive mechanisms or fitness advantages conferred
by transgenic constructs, releasing mosquitoes in numbers
much smaller than those considered necessary for other genetic
management strategies (e.g., those based on population reduction)
can result in rapid and robust population replacement. Although
smaller release numbers may suffice to establish Wolbachia in some
settings (e.g., [71]), alternative, engineered anti-pathogen genes
may continue to be necessary in responding to possible failures of
Wolbachia (or any other specific anti-dengue construct) to reduce
disease transmission in the field. Directing efforts to improve
rearing capacity and logistical support for implementing releases,
and reducing the fitness costs of existing recombinant technologies,
may provide a viable, alternative route to introgressing anti-
pathogen transgenes under field conditions.

Supporting Information

Figure S1 The average reduction in vector-competent females
from 30 simulation runs two years after releases end when both
male and female transgenic mosquitoes are released (A) at all sites
for a single year, (B) at all sites for three years, (C) at 10% of the
sites across a regular grid for a single year, and (D) at 10% of the
sites across a regular grid for three years. In panels (C) and (D),
males and females are released in equal numbers. In all panels,
the black lines represent results in the presence of a fitness
cost associated with the anti-pathogen transgene, and grey lines
represent the results assuming no fitness cost. The end points
on the error bars represent the 2.5th and 97.5th percentile
abundances across simulation runs.

(EPS)

Figure 82 A comparison of the reduction in competent female
vectors across three transgenic control strategies: direct population
reduction (an FK strategy aiming exclusively at population
reduction), a “reduce and replace” (an RR strategy) strategy,
and the “replacement-alone” strategy (an AP strategy), when adult
male transgenic mosquitoes are released in all sites, which is the
scenario that provided the highest extinction rates for transgenic
control measures based on vector population reduction alone (e.g.,
[51] - we note that female releases are assumed to be undesirable
when released females carry only a conditionally-lethal gene). In
both panels, the lines represent the number of vector competent
females averaged over all 30 model runs, and thus incorporate
simulations resulting in population extinction. Panel (A) describes
the results of modeling the release of 4 males per site for a single
and three years, while panel (B) describes the results of modeling
the release of 8 males per site for a single year. In both panels,
grey lines represent an AP strategy, black lines represent an RR
strategy, and blue lines represent a strategy based on population
reduction alone. For the RR and AP strategies (black and grey
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lines), solid lines represent scenarios with a fitness cost associated
with the anti-pathogen transgene, while dashed lines represent
scenarios where no fitness cost is associated with the anti-pathogen
transgene. For the strategy based on population reduction alone,
the solid line represents a single year release while the dashed
line represents a three year release. Here, and in Supporting
Information Figure S3, we assume that the conditionally-lethal
construct carries no additional fitness costs beyond dominant
female adult lethality.

(EPS)

Figure 83 The average number of vector competent mosquitoes
for each day across 30 simulation runs modeling “reduce and
replace” (RR) transgenic control strategies and a strategy releasing
mosquitoes carrying the anti-pathogen construct alone (an AP
strategy). The same release regimes are analyzed as in Figure 4 in
the main text, but unlike Figure 4 in the main text, simulations
resulting in population elimination are not omitted in calculating
the daily average number of vector competent mosquitoes. (A)
adult males are released at all sites, (B) adult male and adult female
releases at all sites, (C) eggs are released in 10% of the sites along a
regular grid and (D) adult males and females are released in 10%
of the sites along a regular grid. In all panels, solid lines represent
releases for a single year and dashed lines represent 3 years
releases. RR releases are illustrated in black and AP only releases
are in grey. The numbers of mosquitoes released per site for the
illustrated time series are: (A) 2 adult males, (B) 1 adult male and 1
adult female, (C) 100 eggs, (D) 10 adult males and 10 adult
females.

(EPS)

Figure S4 The average number of vector competent mosquitoes
for each day across 30 simulation runs modeling “reduce and
replace” (RR) transgenic control strategies and a strategy releasing
mosquitoes carrying the anti-pathogen construct alone (an AP
strategy) under differing fitness costs associated with the anti-
pathogen gene. The same release regimes are analyzed as in
Figure 5 in the main text, but unlike Figure 5 in the main text,
simulations resulting in population elimination are not omitted
in calculating the daily average number of vector competent
mosquitoes. The results are for (A) adult male releases at all sites,
(B) adult male and adult female releases at all sites, (C) adult male
releases at 10% of the sites along a regular grid, and (D) adult male
and adult female releases at 10% of the sites along a regular grid.
In all panels, dotted lines represent the absence of a fitness cost
associated with the anti-pathogen gene, solid lines represent a
fitness cost of 5% per copy of the anti-pathogen gene, and dashed
lines represent a fitness cost twice the value used in previous figures
(10% fitness cost per copy). RR releases are illustrated in black and
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AP-only releases are in grey. We illustrate the time series from a
single year of releases with per-site release numbers of (A) 7 adult
males, (B) 1 adult male and 1 adult female, and (C) 80 adult males,
and (D) 15 adult males and 15 adult females.
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transgene 1s assumed to carry a fitness cost of 5% per copy. Colors
represent the frequency of female adults carrying the ant-
pathogen gene at each site, from blue (wild-type only) through
red (anti-pathogen gene is at fixation). The number at the top of
each panel represents the frequency of adult females carrying the
anti-pathogen gene on the corresponding date.
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Figure 86 A comparison of the average reduction across 10
simulation runs in competent female vectors with and without pre-
release traditional control interventions (e.g., chemical insecticide
spraying). The dashed line represents the reduction in the absence
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the release of 100 eggs in 10% of the sites randomly determined
for a single year. In all control situations, the anti-pathogen
transgene is assumed to carry a fitness cost of 5% per copy.
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Text 81 A description of how the release area for the Wolbachia-
based field trials were measured.
(PDF)

Acknowledgments

We would like to thank members of the Gould and Lloyd labs whose
comments improved the content of this paper. This work benefited from
discussions fostered by the Research and Policy for Infectious Disease
Dynamics (RAPIDD) program of the Science and Technology Directory,
Department of Homeland Security, and Fogarty International Center,
NIH.

Author Contributions

Conceived and designed the experiments: KWO ALL FG. Performed the
experiments: KWO. Analyzed the data: KWO MAR ALL FG. Wrote the
paper: KWO.

8. Deredec A, Burt A, Godfray HCJ (2008) The population genetics of using
homing endonuclease genes in vector and pest management. Genetics 179:
2013-2026.

9. McMeniman CJ, Lane RV, Cass BN, Fong AWC, Sidhu M, et al. (2009) Stable
introduction of a life-shortening Wolbachia infection into the mosquito Aedes
aegypti. Science 323: 141-144.

. Moreira LA, Tturbe-Ormaetxe I, Jeffery JA, Lu G, Pyke AT, et al. (2009) A
Wholbachia symbiont in Aedes aegypti limits infection with dengue, Chikungunya,
and Plasmodium. Cell 139: 1268-1278.

11. Walker T, Johnson PH, Moreira LA, Iturbe-Ormaetxe I, Frentiu FD, et al.
(2011) The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti
populations. Nature 476: 450-453.

. McGraw EA, O’Neill SL (2013) Beyond insecticides: new thinking on an ancient
problem. Nat Rev Microbiol 11: 181-193.

. Hoffmann AA, Montgomery BL, Popovici J, Iturbe-Ormaetxe I, Johnson PH,
et al. (2011) Successful establishment of Wholbachia in Aedes populations to
suppress dengue transmission. Nature 476: 454-457.

July 2014 | Volume 8 | Issue 7 | e2827



20.

21.

22.

23.

24.

31.

32.

33.

36.

37.

39.

40.

41.

42.

43.

. Endy TP, Nisalak A, Chunsuttiwat S, Libraty DH, Green S, et al. (2002) Spatial

and temporal circulation of dengue virus serotypes: a prospective study of
primary school children in Kamphaeng Phet, Thailand. Am J Epidemiol 156:
52-59.

. Wilder-Smith A, Yoksan S, Earnest A, Subramaniam R, Paton NI (2005)

Serological evidence for the co-circulation of multiple dengue virus serotypes in

Singapore. Epidemiol Infect 133: 667-671.

. Wang S, Ghosh AK, Bongio N, Stebbings KA, Lampe D], et al. (2012) Fighting

malaria with engineered symbiotic bacteria from vector mosquitoes. Proc Natl

Acad Sci U S A 109: 12734-9.

. Wang 8, Jacobs-Lorena M (2013) Genetic approaches to interfere with malaria

transmission by vector mosquitoes. Trends Biotechnol 31: 185-193.

. Benedict MQ, Robinson AS (2003) The first releases of transgenic mosquitoes:

an argument for the sterile insect technique. Trends Parasitol 19: 349-355.

. Fu G, Lees RS, Nimmo D, Aw D, Jin L, et al. (2010) Female-specific ightless

phenotype for mosquito control. Proc Natl Acad Sci U S A 107: 45504554
Black WC, Alphey L, James AA (2011) Why RIDL is not SIT. Trends Parasitol
27: 362-370.

Fraser MJ (2012) Insect transgenesis: current applications and future prospects.
Annu Rev Entomol 57: 267-89.

Knipling EF (1955) Possibilities of insect control or eradication through the use
of sexually sterile males. J Econ Entomol 48: 459-62.

Curtis CF (1978) Allegations against Indian research unit refuted. Nature 273:
96.

Alphey L, Benedict M, Bellini R, Clark GG, Dame DA, et al. (2010) Sterile-
insect methods for control of mosquito-borne diseases: an analysis. Vector Borne
Zoonotic Dis 10: 295-311.

. Harris AF, McKemey AR, Nimmo D, Curtis Z, Black I, et al. (2012) Successful

suppression of a field mosquito population by sustained release of engineered
male mosquitoes. Nat Biotechnol 30: 828-830.

. Lacroix R, McKemey AR, Raduan N, Kwee Wee L, Hong Ming W, et al.

(2012) Open field release of genetically engineered sterile male Aedes aegypti in
Malaysia. PLoS One 7: e42771.

. Rasgon JL (2009) Multi-Locus Assortment (MLA) for transgene dispersal and

elimination in mosquito populations. PLoS One 4: ¢5833.

. Marshall JM, Hay BA (2012) General principles of single-construct chromo-

somal gene drive. Evolution 66: 2150-2166.

. Boéte C, Koella JC (2003) Evolutionary ideas about genetically manipulated

mosquitoes and malaria control. Trends Parasitol 19: 32-38.

. Boéte C, Agusto F, Reeves RG (2014) Impact of mating behaviour on the

success of malaria control through a single inundative release of transgenic
mosquitoes. ] Theor Biol 347: 33-43.

Magori K, Legros M, Puente ME, Focks DA, Scott TW, et al. (2009) Skeeter
Buster: a stochastic, spatially explicit modeling tool for studying Aedes aegypti
population replacement and population suppression Strategies. PLoS Negl Trop
Dis 3: ¢508.

Robert MA, Okamoto K, Gould F, Lloyd AL (2013) A reduce and replace
strategy for suppressing vector-borne diseases: insights from a deterministic
model. PLoS One 8: ¢73233.

Gilpin ME, McClelland GAH (1979) Systems analysis of the yellow fever
mosquito Aedes aegypti. Fortschr Zool 25: 355-388.

. Harrington LC, Scott TW, Lerdthusnee K, Coleman RC, Costero A, et al.

(2005) Dispersal of the dengue vector Aedes aegypti within and between rural
communities. Am J Trop Med Hyg 72: 209-220.

. Xu C, Legros M, Gould F, Lloyd AL (2010) Understanding uncertainties in

model-based predictions of Aedes aegypti population dynamics. PLoS Negl Trop
Dis 4: ¢830.

Getis A, Morrison AC, Gray K, Scott TW (2003) Characteristics of the spatial
pattern of the dengue vector, Aedes aegypti, in Iquitos, Peru. Am J Trop Med Hyg
69: 494-505.

Legros M, Magori K, Morrison AC, Xu C, Scott TW, et al. (2011) Evaluation of
location-specific predictions by a detailed simulation model of Aedes aegypti
populations. PLoS One 6: ¢22701.

. Morrison AC, Gray K, Getis A, Astete H, Sihuincha M, et al. (2004) Temporal

and geographic patterns of Aedes aegypti (Diptera: Culicidae) production in
Iquitos, Peru. J Med Entomol 41: 1123-1142.

Okamoto KW, Robert MA, Lloyd AL, Gould F (2013) A reduce and replace
strategy for suppressing mosquito-borne diseases: Insights from a stochastic,
spatial model. PLoS One 8: ¢81860.

Schlickelman P, Gould F (2000) Pest control by the introduction of a conditional
lethal trait on multiple loci: potential, limitations, and optimal strategies. J Econ
Entomol 93: 1543-1565.

Huang Y, Lloyd AL, Legros M, Gould F (2010) Gene-drive into insect
populations with age and spatial structure: a theoretical assessment. Evol Appl 4:
415-428.

Moreira LA, Wang J, Collins FH, Jacobs-Lorena M (2004) Fitness of anopheline
mosquitoes expressing transgenes that inhibit Plasmodium development.
Genetics 166: 1337-41.

Sylvestre G, Gandini M, Maciel-de Freitas R (2013) Age-dependent effects of
oral infection with dengue virus on Aedes aegypti (Diptera: Culicidae) feeding
behavior, survival, oviposition success and fecundity. PLoS One 8: ¢59933.

PLOS Neglected Tropical Diseases | www.plosntds.org

44.

46.

47.

48.

49.

50.

51.

56.

57.

58.

60.

61.

62.

64.

66.

67.

68.

69.

70.

71.

Vector Population Replacement without Gene-Drive

Tewari SC, Thenmozhi V, Katholi CR, Manavalan R, Munirathinam A, et al.
(2004) Dengue vector prevalence and virus infection in a rural area in south
India. Trop Med Int Health 9: 499-507.

Garcia-Rejon J, Lorofio Pino MA, Farfan-Ale JA, Flores-Flores L, Del Pilar
Rosado-Paredes E, et al. (2008) Dengue virus-infected Aedes aegypti in the home
environment. Am J Trop Med Hyg 79: 940-950.

Yoon IK, Getis A, Aldstadt J, Rothman AL, Tannitisupawong D, et al. (2012)
Fine scale spatiotemporal clustering of dengue virus transmission in children and
Aedes aegypti in rural Thai villages. PLoS Negl Trop Dis 6: €1730.

Dietz K (1976) The effect of immigration on genetic control. Theor Popul Biol 9:
58-67.

Prout T (1978) The joint effects of the release of sterile males and immigration of
fertilized females on a density regulated population. Theor Popul Biol 13: 40-71.
Klassen W, Curtis CF (2005) History of the Sterile Insect Technique. In: Dyck
VA, Hendrichs J, Robinson AS, editors, Sterile Insect Technique: Principles and
Practice in Arca-Wide Integrated Pest Management, Springer. 3. 36 p.

Reeves RG, Denton JA, Santucci F, Bryk J, Reed FA (2012) Scientific standards
and the regulation of genetically modified insects. PLoS Negl Trop Dis 6: ¢1502.
Legros M, Xu C, Okamoto K, Scott TW, Morrison AC, et al. (2012) Assessing
the feasibility of controlling Aedes aegypti with transgenic methods: a model-based
evaluation. PLoS One 7: ¢52235.

. Fox I (1974) Viability of Puerto Rican Aedes aegypti eggs after long periods of

storage. J] Am Mosq Control Assoc 34: 450.

. Rezende GL, Martins AJ, Gentile C, Farnesi LC, Pelajo-Machado M, et al.

(2008) Embryonic desiccation resistance in Aedes aegypti: presumptive role of the
chitinized serosal cuticle. BMC Dev Biol 8: 82.

. Bloem K, Bloem S, Carpenter J (2005) Impact of moth suppression/eradication

programmes using the sterile insect technique or inherited sterility. In: Dyck VA,
Hendrichs J, Robinson AS, editors, Sterile Insect Technique: Principles and
Practice in Arca-Wide Integrated Pest Management, Springer. pp. 677-700.

. McDonald PT, Hausermann W, Lorimer N (1977) Sterility introduced by

release of genetically altered males to a domestic population of Aedes aegypti at the
Kenya coast. Am J Trop Med Hyg 26: 553-561.

Scott TW, Morrison AC (2003) Aedes aegypti density and the risk of dengue virus
transmission. In: Ecological Aspects for Application of Genetically Modified
Mosquitoes, Springer, chapter 14. pp. 187-206.

James AA (2005) Gene drive systems in mosquitoes: rules of the road. Trends
Parasitol 21: 64-67.

Windbichler N, Menichelli M, Papathanos PA, Thyme SB, Li H, et al. (2011) A
synthetic homing endonuclease-based gene drive system in the human malaria
mosquito. Nature 473: 212-215.

. Hancock PA, Sinkins SP, Godfray HCJ (2011) Strategies for introducing

Wholbachia to reduce transmission of mosquito-borne diseases. PLoS Negl Trop
Dis 5: e1024.

Fujita Y, Fujii A, Furukawa S, Ogawa T (2005) Estimation of willingness-to-pay
(WTP) for water and sanitation services through contingent valuation method
(CVM): A case study in Iquitos City, The Republic of Peru. JBICI Rev 11: 59
87.

Instituto de Investigaciones de la Amazonia Peruana.Caracterizacion del area de
inuencia de la carretera Iquitos. URL http://www.iiap.org.pe/publicaciones/
cds/zin/ caracterizacion.htm.

Hanh TTT, Hill PS, Kay BH, Quy TM (2009) Development of a framework for
evaluating the sustainability of community-based dengue control projects.

Am ] Trop Med Hyg 80: 312-318.

. Dupont-Rouzeyrol M, Caro V, Guillaumot L, Vazeille M, D’Ortenzio E, et al.

(2012) Chikungunya virus and the mosquito vector Aedes aegypti in New
Caledonia (South Pacific Region). Vector Borne Zoonotic Dis 12: 1036-41.

Arredondo-Jiménez JI, Valdez-Delgado KM (2006) Aedes aegypti pupal/
demographic surveys in southern Mexico: consistency and practicality. Ann

Trop Med Parasitol 100 Suppl: S17-S32.

. Medlock J, Luz PM, Struchiner CJ, Galvani AP (2009) The impact of transgenic

mosquitoes on dengue virulence to humans and mosquitoes. Am Nat 174: 565—
577.

Irvin N, Hoddle MS, O’Brochta DA, Carey B, Atkinson PW (2004) Assessing
fitness costs for transgenic Aedes aegypli expressing the GFP marker and
transposase genes. Proc Natl Acad Sci U S A 101: 891-896.

Facchinelli L, Valerio L, Ramsey JM, Gould F, Walsh RK, et al. (2013) Field
cage studies and progressive evaluation of genetically-engineered mosquitoes.
PLoS Negl Trop Dis 7: ¢2001.

Marrelli MT, Moreira CK, Kelly D, Alphey L, Jacobs-Lorena M (2006)
Mosquito transgenesis: what is the fitness cost? Trends Parasitol 22: 197-202.
Scolari F, Siciliano P, Gabrieli P, Gomulski LM, Bonomi A, et al. (2011) Safe
and fit genetically modified insects for pest control: from lab to field applications.
Genetica 139: 41-52.

Mumford JD (2005) Application of benefit/cost analysis to insect pest control in
crops using the sterile insect technique. In: Dyck VA, Hendrichs J, Robinson AS,
editors, Sterile Insect Technique: Principles and Practice in Area-Wide
Integrated Pest Management. Heidelberg, Germany: Springer, pp.481-498.
Jeffery JAL, Thi Yen N, Nam VS, Nghia LT, Hoffmann AA, et al. (2009)
Characterizing the Aedes aegypti population in a Vietnamese village in preparation
for a Wolbachia-based mosquito control strategy to eliminate dengue. PLoS Negl
Trop Dis 3: €552.

July 2014 | Volume 8 | Issue 7 | e2827


http://www.iiap.org.pe/publicaciones/cds/zin/caracterizaci
http://www.iiap.org.pe/publicaciones/cds/zin/caracterizaci

