ABSTRACT

ROBERT, MICHAEL ANDREW. Mathematical Models of Genetic Strategies for Controlling the Den-
gue Vector, Aedes aegypti. (Under the direction of Alun L. Lloyd and Fred Gould.)

Because traditional efforts for controlling the primary mosquito vector of dengue fever, Aedes
aegypti, have not led to significant decreases in disease cases, attention has turned to the devel-
opment of novel methods of control, including genetic strategies. In genetic strategies, strains of
genetically modified (i.e. transgenic) insects are released that are engineered to either have fewer
viable offspring or to be less capable of transmitting disease pathogens, leading to either reduction
of a wild-type population or replacement of a vector-competent population with one that cannot
transmit disease pathogens. Significant progress in developing transgenic strains has been made in
recent years, and the release of transgenic insects to control native populations is becoming more
plausible; however, cautious evaluation, testing, and planning must occur before these measures
are implemented on a large scale. Mathematical models are valuable tools that are used throughout
the development of genetic strategies, particularly in the evaluation, testing, and planning stages.
In this work, different types of models are utilized to study genetic strategies at different stages in
the development process.

With a stochastic model designed to study cage experiments for testing a female-killing (FK)
population reduction strategy, we underscore the utility of mathematical models in designing and
evaluating experiments. We show that fitness disadvantages associated with transgenes can go un-
detected in experiments in which large numbers of transgenic individuals are released and that
studying small population densities in cage experiments could be complicated by extinction that
occurs as a result of the experimental design. We also illustrate how the model can be used to pro-
pose and explore experiments that have not previously been considered.

Utilizing an optimal control model, we explore integrated control programs that include FK
releases. We show that optimal releases lead to lower costs of control than similar constant releases

that have previously been studied. We show that integrated control approaches can be more cost-



effective than corresponding programs that involve single control strategies. We also explore the
influence of costs of control on the total cost of integrated programs.

Employing a relatively simple deterministic model, we propose and evaluate a Reduce and Re-
place (R&R) strategy that aims to cause simultaneous population reduction and replacement by
combining FK genes with anti-pathogen (AP) genes. We show that R&R releases are more effective
in reducing competent vector densities long-term than similar FK releases. We show that releases
including R&R females lead to greater reduction in competent vector density than male-only re-
leases. Overall, the magnitude of reduction in total and competent vectors depends upon the re-
lease ratio, release duration, and whether females are included in releases.

With the same modeling framework, we evaluate an R&R strategy against AP-only and FK-only
strategies, along with three hybrid strategies that combine FK, AP, and R&R releases. In most scenar-
ios, we find that AP-only and R&R followed by AP strategies lead to the most reduction in competent
vectors. While R&R releases often cause the most reduction while releases are being conducted,
they are not as effective in reducing competent vectors long term in part due to the effects of link-
age disequilibrium when population densities are low. We show that if fitness disadvantages are
associated with the AP gene, fewer AP-only releases are needed to maintain low competent vector
densities following an initial release period than similar R&R or FK-only releases.

The insights from the studies included in this dissertation can be and have been used to guide
the development of genetic strategies in the laboratory, aid in the design and evaluation of exper-
iments aimed at testing these strategies, and provide a general framework for guiding eventual

release programs involving transgenic strains of Ae. aegypti.
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Chapter 1

Introduction



1.1 Background

Dengue fever is a mosquito-borne viral disease that affects 50-390 million people each year
throughout tropical and subtropical regions of the world [1,2]. Although significant progress to-
wards vaccines has been made in recent years [3], there is not yet a licensed vaccine available for
dengue. Prevention of dengue depends primarily upon control of its principal vector, Aedes aegypti
[4-7], an urban mosquito species that prefers to lay its eggs in artificial containers in and around
homes [8,9]. Although Ae. aegypti and dengue fever were effectively under control in the 1950s and
1960s due to intense campaigns to eliminate yellow fever, which is also vectored by this mosquito
species, control efforts were not maintained and both Ae. aegypti populations and dengue fever
cases have resurged in the past three decades [10,11].

Traditional control measures for reducing populations of Ae. aegypti include removal of sites
where eggs are laid (i.e., source reduction), which targets immature mosquitoes, and application
of pesticides, which targets adult mosquitoes [8]. In an attempt to provide more effective and sus-
tainable control of the disease vector, much interest has been placed in the development of novel
methods of control, including genetic strategies. In genetic strategies, the pest genome is altered
to create a genetically modified (i.e., transgenic) strain of the pest species that either cannot re-
produce as effectively as wild-type individuals or that is less able to transmit disease pathogens
[12,13]. The former are “population reduction” strategies while the latter are “population replace-
ment” strategies.

Development of genetic strategies for the control of disease vectors was inspired by the success
of the traditional Sterile Insect Technique (SIT) in reducing, and in some cases eliminating, popu-
lations of some agricultural pests in the 1950s and 1960s [14]. In SIT, males of a pest species are irra-
diated and released into the wild [15,16]. Females that mate with irradiated males do not produce
viable offspring, and populations decline with repeated SIT releases [16]. While SIT has been ef-
fective at reducing agricultural pest species, it has been less successful with mosquito species [14].

The promise of SIT sparked interest in developing more sophisticated methods for sterilization,



but the genetic technology necessary was insufficient at the time [12,13]. In the past two decades,
however, genetic technology has advanced significantly, and interest in genetic strategies has been
renewed [12,13].

Although genetic strategies hold promise for controlling Ae. aegypti populations, special care
must be taken in the development and implementation of these approaches due in part to the nov-
elty of the technology involved and the uncertainty of risks associated with introducing new genetic
material into the environment [17,18]. For many strategies, one of the first steps is evaluating the
feasibility of an approach with simple mathematical models of the population dynamics and/or the
population genetics of a population subject to control (e.g. [19-26]). More complex mathematical
models are used to evaluate the potential impacts of spatial movement, stochasticity, and complex
biological processes on the ability of strategies to succeed (e.g. [27-32] ). Once transgenic strains
have been successfully developed in a laboratory, experiments in an enclosed environment (such
as a large cage) test the impact of the transgenic strain on a wild-type population (e.g. [18,33,34]).
If these tests show promise, then releases can be conducted in a small, isolated area, and once the
impacts on the isolated area are well understood, a transgenic strain can be a promising candidate
for release in a larger population. Mathematical models can provide valuable insights in these lat-
ter stages of the development process by helping improve the design and understand the outcome

of experiments as well as in planning releases in larger populations.

1.2 Dissertation OQutline

In this dissertation, I develop and explore mathematical models that aim to assess the feasibility
of genetic strategies at various stages of their development from idea to implementation. Chapter
2 discusses a stochastic model used to study large field cage experiments for testing a population
reduction strategy. An optimal control model for exploring cost-effective integrated control strate-
gies that include a population reduction strategy is discussed in Chapter 3. Chapter 4 introduces
and explores the potential of a genetic strategy that combines population reduction and popula-

tion replacement in a relatively simple deterministic model, and Chapter 5 utilizes this same model



to evaluate reduction, replacement, and combined strategies against one another.

1.3 Other Related Work

The work presented here has contributed to other projects outside of the scope of this disserta-
tion, and the author of this dissertation has co-authored one paper and two currently unpublished
manuscripts that have developed from these projects. The cage model of Chapter 2 was utilized
in making decisions regarding the future of field cage experiments in Tapachula, Chiapas, Mexico,
and once the experiments ended, the model was used to interpret the unexpected outcome of the
experiments [34]. The work of Chapters 4 and 5 has developed in tandem with related explorations
in a stochastic, spatially-explicit model that is calibrated to model mosquito populations in the
city of Iquitos, Peru [Okamoto et al., submitted; Okamoto et al., in prep]. Furthermore, this work is
currently being used by collaborators in the Gates Grand Challenge in Global Health initiative to

develop and test new genetic strategies.
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Chapter 2

Mathematical models as aids for design

and development of experiments: the

case of transgenic mosquitoes !

'This chapter is published in the Journal of Medical Entomology. Robert, M.A., M. Legros, L. Facchinelli, L. Valerio,
J.M. Ramsey, T.W. Scott, E Gould, and A.L. Lloyd. (2012) Mathematical Models as Aids for Design and Development of
Experiments: The Case of Transgenic Mosquitoes. J. Med. Entomol. 49, 1177-1188.



ABSTRACT

We demonstrate the utility of models as aids in the design and development of experiments
aimed at measuring the effects of proposed vector population control strategies. We describe the
exploration of a stochastic, age-structured model that simulates field cage experiments that test the
ability of a female-killing (FK) strain of the mosquito Aedes aegypti (L.) to suppress a wild-type pop-
ulation. Model output predicts that choices of release ratio and population size can impact mean
extinction time and variability in extinction time among experiments. We find that unless fitness
costs are greater than 80% they will not be detectable in experiments with high release ratios. At
lower release ratios, the predicted length of the experiment increases significantly for fitness costs
greater than 20%. Experiments with small populations may more accurately reflect field conditions,
but extinction can occur even in the absence of a functional FK construct due to stochastic effects.
We illustrate how the model can be used to explore experimental designs that aim to study the
impact of density dependence and immigration; predictions indicate that cage population eradi-
cation may not always be obtainable in an operationally realistic time frame. We propose a method
to predict the extinction time of a cage population based on the rate of population reduction with
the goal of shortening the duration of the experiment. We discuss the model as a tool for exploring
and assessing the utility of a wider range of scenarios than would be feasible to test experimentally

due to financial and temporal restraints.



2.1 Introduction

In entomology, mathematical models have often been used as tools in Integrated Pest Manage-
ment and Insecticide Resistance Management (Ruesink 1976, Worner 1991, Gould 2010). In this
context, they are generally designed for predicting the spatial and temporal population genetics
and dynamics of insect pests in the field environment (Stinner et al. 1983, Mayer et al. 1995). While
it is easy to point out the potential for inaccuracies and artifacts in the predictions from these dy-
namical models, they are generally relied upon when empirical approaches for prediction are too
expensive, not operationally feasible, or prohibited for regulatory or ethical reasons. For example,
simulation models have been used by the U.S. EPA to develop resistance management strategies
for transgenic insecticidal crops (U.S. EPA 1998, 2001).

Experimental design is often guided by statistical considerations; for instance, power calcula-
tions can guide choice of sample size. Such familiar calculations are based on simple statistical
models (e.g., regression or ANOVA), but it is less widely appreciated that dynamical models can
also be used to assess and improve the design of experiments (Curtis et al. 1976a, 1976b). In this
context, models that include the essential parameters in an experiment can be used to tailor the
experiment to answer the specific questions of most interest and to predict the limitations of an ex-
periment before resources are invested. Here we demonstrate the application of simulation models
for this purpose by describing a model developed to aid field cage testing of a transgenic strain of
Aedes aegypti (L.), the major mosquito vector of dengue virus (Rosen et al. 1985).

Current strategies for dengue prevention rely on suppression or elimination of local Ae. ae-
gypti populations (Gubler 1998, Morrison et al. 2008). There is no licensed, commercially avail-
able dengue vaccine, and anti-viral drugs are not expected to be used prophylactically (Scott and
Morrison 2008, 2010). When implemented properly, mosquito control effectively prevents dengue
(Morrison et al. 2008). Unfortunately, successful dengue vector control programs are the exception
and where they do exist they are difficult to sustain. The urgent need to prevent the growing dengue

public health problem has led to exploration of novel vector control approaches, including genetic
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strategies, among which are methodologies based on the concept of the classical Sterile Insect Re-
lease method (Knipling 1955). In this modern genetic approach, mosquito strains are transgenically
manipulated so that either all offspring or just the female offspring with a specific transgene will die
under field conditions, but can be successfully reared in production facilities where tetracycline is
added to the larval diet. Recent publications provide detailed descriptions of this pest control tac-
tic and the molecular genetic methods used for strain development (see Heinrich and Scott 2000,
Thomas et al. 2000, Alphey et al. 2008, Alphey et al. 2010, Fu et al. 2010).

In our study, we are specifically interested in the utility of female-killing (FK) strains of Ae. ae-
gypti. In such strains, female offspring that inherit the FK transgene are unable to develop prop-
erly and die prior to pupation or are effectively removed from the population upon emergence
because they cannot find mates or take bloodmeals. One such strain has been developed in which
adult female Ae. aegypti that inherit the transgene are incapable of flight and therefore incapable
of reproducing or obtaining a bloodmeal and transmitting virus (Fu et al. 2010). This effectively
lethal flightless condition is intended to affect only females as a result of specific promoter se-
quences within the transgenic construct. The transgene that incapacitates female flight muscles
is only turned on when tetracycline is absent from the diet. Although this success in developing a
female-killing strain is promising, a series of tests must be conducted in order to ensure safety and
effectiveness before genetically modified insects can be released (Benedict et al. 2008).

Results from laboratory cage trials indicate that a wild-type population can be suppressed suc-
cessfully with regular introduction of FK individuals at a large release ratio (Wise de Valdez et al.,
2011). Recently, large field cage trials in Tapachula, Mexico were conducted to study the ability
of these FK individuals to suppress a wild population in a more environmentally natural setting
(Facchinelli et al., 2013). The laboratory and field cage trials employed a similar experimental de-
sign which was aimed at testing whether releases of FK males into a target population could cause
extinction under idealized release conditions. In order to quantitatively assess these experiments
and determine what can be learned from their outcomes, we develop a stochastic model that in-

corporates the biological details of the experiments and enables a quantitative assessment of what
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can and cannot be learned from the results of these cage trials.

We modify the model and use it to consider a number of other experimental designs and re-
lated experiments with the goal of illustrating the model’s utility in assisting in the effective design
of future cage studies of FK strains in which researchers seek to understand the impacts of mating
fitness costs, density-dependent population regulation (Southwood et al. 1972, Legros et al. 2009),
and immigration of wild-type individuals into the population being controlled (Dietz 1976, Prout
1978, Barclay 2005). While this model could also be used to conduct a detailed assessment of pre-
vious and ongoing experiments as well as to explore alternative experimental designs in detail, we
do not pursue either avenue here.

In the following sections of this paper, we 1) describe the protocols used in the cage trials, 2)
describe the characteristics of the mathematical model built to simulate the population dynamics
and population genetics of the cage trials, 3) present results of model simulations, and 4) discuss

the specific and broader implications of the model results.

2.2 The Experimental Protocol

The FK laboratory and field cage trials employ a design in which sets of control and treatment
populations are maintained in separate cages throughout the experiment. Control populations
consist solely of wild-type mosquitoes, provide baseline information on dynamics of a caged pop-
ulation of Ae. aegypti, and are used to calculate input of FK mosquitoes into treatment populations
(see equation 2.1). Treatment populations consist of both wild-type and FK individuals. To reduce
the impact of environmental influences on cage dynamics, a treatment population is paired with
a control population with similar environmental conditions.

In both cages, wild-type populations are established and allowed to stabilize (i.e., reach a stable
adult population density). Eggs laid in the cage are collected twice per week, counted, and hatched
in a laboratory. At the beginning of each week a specific number, N, of second-instar larvae that
hatch from collected eggs is returned to the cage from which they were collected. This is done in

order to maintain a stable adult population size. Larvae are provided with adequate resources to
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ensure that larval survival and development are not density-dependent. Using this method of pop-
ulation maintenance, a stabilization period of about 13 weeks is needed (Wise de Valdez, et al.
2011).

In the experiments, once both control and treatment populations are stabilized, the treatment
phase of the experiment begins. Each week, in addition to the return of larvae hatched from eggs
collected in the cage, r N homozygous FK pupae are introduced into the treatment cage (pupae are
introduced rather than larvae for operational reasons). Here, r is the initial release ratio of homozy-
gous FK pupae to wild-type larvae. For example, if a 10:1 initial ratio of homozygous FK pupae to
wild-type larvae is desired (r = 10), then the number of FK pupae placed into the treatment cage
each weekis 10N. (Note that since only male FK mosquito adults are expected to survive, the num-
ber of male mosquitoes released each week, assuming a 1:1 sex ratio, is approximately 37 N.) The
control cage continues to receive only larvae hatched from eggs collected in the cage.

If FK releases have the desired effect of reducing population size, the number of eggs laid in
the treatment cage will decline over time, and so the number of larvae returned to the treatment
cage is adjusted to reflect this. This is achieved by setting the input into the treatment cage at the

beginning of week w, N,,, equal to the ratio of eggs laid in the treatment and control cages in the

C

previous week (E! , and E,;_,, respectively) multiplied by the fixed input into the control cage

(Equation 2.1).

N, =N (2.1)

Altering the input into the treatment cage in this manner ensures that the input is directly pro-
portional to the numbers of eggs laid each week, and that population dynamics are not density-
dependent.

In the experiments, once mating occurs between FK males and wild-type females, larvae that
hatch from the eggs are screened for a physical marker indicating that they bear the FK genetic
construct so that the frequency of the FK gene can be monitored. The larvae that are returned to

the cage each week are hatched from a random sample of the eggs that are laid in the cage so that
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the distribution of genotypes of the larvae is expected to reflect that of the eggs laid. This process of
input, removal, and screening continues until no eggs are produced in the treatment cage for two

consecutive weeks, at which point the population is declared extinct.

2.3 Description of the Model

We employ a discrete time stochastic model that links population genetics and population dy-
namics of caged Ae. aegypti populations and study expected extinction times and variation of ex-
tinction times that result from different experimental designs. For a detailed description of the
mathematical details of the model, see Appendix A. We track integer numbers of the population
each day subdivided by age, sex, and genotype. My , 4 is the number of adult males of genotype g
and age a onday d, F, 4 is the number of adult females of age a on day d, and Ej ; is the number of
eggs laid of genotype g on day d. There are three possible genotypes: wild-type (g = 1), heterozy-
gous FK (g = 2), and homozygous FK (g = 3); the only individuals of this latter genotype are the
released males. Note that only wild-type females will be viable, so multiple adult female genotypes

are not tracked.

Emergence and Survival

Individuals in each larval cohort emerge as adults over several days according to the probability
distribution presented in Fig. 2.1 (obtained from unpublished data from Facchinelli, Valerio, Ram-
sey, and Scott). Fig. 2.1 shows the emergence distribution for male larvae. We assume that females
emerge one day later than males (Christophers 1960, Craig 1967), so female emergence is given
by an identical distribution that is shifted by one day compared to that of males. Pupae emerge
within the first two days of being placed into the cage, with a 32% chance of emerging the day after
placement, a 65% chance of emerging two days after placement, and a 3% chance of dying before
emergence (Rueda et al. 1990).

When mosquitoes are adults, the number that survives from one day to the next is determined

by a sex-dependent daily survival probability: s,, for males and s for females. In the results pre-
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Figure 2.1: Probability distribution of adult male emergence times when second-instar larvae are
seeded in containers in semi-field conditions. The horizontal axis is the number of days after second-
instar larvae are placed in the cage on day 0, and the vertical axis is the probability that males will
emerge on the day given on the horizontal axis. In this study, female emergence time distribution has
the same shape, but is shifted so that female emergence occurs one day later than would male emer-
gence. Note that the probability of mortality before emergence is 0.2318. (Obtained from Facchinelli,
Valerio, Ramsey, and Scott, unpublished data)

sented below, we set s,,, = 0.72 and sy = 0.9 for all age cohorts (Muir and Kay 2007, Foque et al. 2006).
In Appendix B, we explore variations in survival parameters (including age-dependent survival pat-
terns), and we show that the effects of age-dependent survival are minimal unless the average lifes-
pan is much longer than assumed here, underscoring that knowledge of the lifespan distribution

is important in making predictions with this model (see Figs. B.1 and B.2 in Appendix B).

Mating and Reproduction

We assume that adult males begin mating two days after emergence and that females mate
one day after emergence with only one mate and do not mate again (Christophers 1960), although
there is evidence that polyandrous mating occurs at a low rate (Williams and Berger 1980, Young
and Downe 1982). A mating pair distribution (i.e., the distribution of mate genotypes) is deter-
mined for each female cohort on the day that it mates; this distribution determines the genotypes
of the offspring of that cohort. In Appendix B, we further explore the effects that mating age and
polyandrous mating might have on cage experiments. We assume that FK males can incur a fitness

disadvantage in the form of reduced mating competitiveness. While fitness disadvantages could
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also manifest themselves through a reduced number of offspring or survival disadvantages, we
feel that studying fitness disadvantages only through reduced mating competitiveness captures
the most likely effects of fitness disadvantages for this system. We assume that the mating fitness
cost, if incurred by FK males, is additive, and denote this fitness cost by c. We define the mating
fitness of each genotype as ®; =1, , =1—¢/2, and ®3=1—c. Hence on day d a female chooses a
male of genotype k with probability py 4, where

2% My 2.2)

p , =
bd DD P My ia

We assume that females begin laying eggs five days after they mate and continue to lay eggs un-

til their death. We assume that the daily number of eggs laid by a female mosquito is independent
of age. (Age-dependent fecundity, which reflects changes in daily fecundity related to gonotrophic
cycles, is explored in Appendix B). We assume the number of eggs laid by a cohort of age a each day
follows a Poisson distribution with mean AF, ; where A is the mean number of eggs that an indi-
vidual female lays each day. Throughout this analysis, we set A = 10 (Harrington et al. 2001, Styer et
al. 2007). The genotypes of the offspring in eggs laid by each cohort on a given day are determined
by the distribution of genotypes of the mating pairs formed on the day the cohort mated and the
Mendelian probability, P, i, that an offspring of genotype g results from the mating of a wild type
female and male of genotype k. That is, the probability that an offspring produced by a female who
mated on day d is of genotype g is vg 4 = > i Prd Py i

The distribution of genotypes among eggs laid is then used to determine the distribution of the
genotypes of larvae input on a weekly basis as described in the experimental protocol. In the model,

we select the number of larvae of each genotype by sampling from a multinomial distribution.

Density Dependence

Density regulation of Ae. aegypti populations is a complicated process that is not yet well un-
derstood. Changes in population density can affect larval development time, larval survival, and

adult size, and the impacts on these aspects of growth and development can depend upon factors
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such as container size, food availability, and temperature (Barbosa et al. 1972, Gilpin and McClel-
land 1979, Agnew et al. 2002, Braks et al. 2004, Padmanabha et al. 2011). While the impacts of all of
these aspects of density dependence on cage experiments are important to understand, the study
of most of them would require drastic alterations of the current experimental protocol. Here, we
focus on investigating the influence of density dependence on larval survival because such a study
can be done using a simple variant of the current experimental protocol.

In this analysis, all aspects of the current design are maintained, with two exceptions. We con-
sider the return of pupae rather than larvae in order to consider density-dependent regulation that
occurs during the larval stages, and we put pupae into the cages according to the following func-

tion, adapted from Bellows (1981):

Niu(Ew-1)=1E,-rexp(—aEl_). 2.3)

N, (E, 1) is the number of input pupae returned to the cage each week, determined as a func-
tion of the number of eggs, E,,_;, collected during the previous week. Parameters a, 8, and y de-
termine the functional description of density-dependent larval survival. Although the parameter
space available for exploration is vast, we focus on three parameter sets to provide a brief illustra-
tion of one way in which density dependence can be studied in the cage experiments. We choose
these parameter sets because they give rise to three different descriptions of density dependence
(see Fig. 2.2; values of the parameters ¢, 3, and y are given in the figure caption). In the absence of
FKindividuals, all three input curves give rise to an equilibrium at approximately E = 4025, which
corresponds to the average weekly egg production in density-independent cage populations where
the weekly pupal input is N = 200. The three forms differ primarily by location of the maximum
relative to this equilibrium. Form 1 has a maximum near the equilibrium, so the number of pupae
returned does not differ much when the number of eggs collected is near the equilibrium value.
The maximum input for Form 2 results from a number of eggs being laid that is well beyond what
is expected to be observed in cages. Pupal input for populations regulated by this form of den-

sity dependence can increase when the number of eggs collected surpasses the equilibrium value.
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Figure 2.2: Functional forms for density-dependent survival. These forms determine the num-
ber of larvae placed into the cage each week in terms of the number of eggs collected in
the previous week, mimicking density-dependent larval survival. For the function N, (E,_;) =
YEq-1exp(—aE},_,), Form 1 (triangles): a = 0.0522, p = 0.4370, and y = 0.3540, Form 2 (circles):
a=0.0516, B =0.4021, and y = 0.2125, and Form 3 (dotted): ¢ = 0.0089, = 0.6896, and y = 0.7516.
The solid line represents input in the absence of density-dependent survival. Since a population re-
sulting from regular input of 200 larvae will produce, on average, 4025 eggs in a week, populations
resulting from each of the four input types have an equilibrium point at E = 4025, N(E)=200.

The maximum value of Form 3 occurs below the equilibrium, so the number of pupae returned
generally decreases when the number of eggs collected increases; however, as the number of eggs
collected decreases from the equilibrium, the number of pupae returned first increases, but then
decreases again as the number of eggs collected gets closer to zero. We assume that during a field
release, the homozygous FK individuals produced for release will be provided with adequate re-

sources, so their survival is not regulated by density dependence in the model.

Immigration

We explore another variant of the current experimental protocol that could be used to study
the potential effect of immigration of wild-type individuals into a population that is being con-
trolled by releases of FK individuals. To study introduction of larvae that could occur as a result
of movement of containers, we introduce additional wild-type larvae into both cages each week.
These introductions occur for the duration of the experiment, including the stabilization period.
In Appendix B, we consider the immigration of newly emerged, unmated adults and three day old,

mated adult females and mating males.
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Simulations

We simulate a number of different experimental designs by varying the baseline wild-type in-
put, N, and release ratio, r. We study the impacts that these experimental designs have on the wild-
type population under various scenarios (e.g., considering fitness costs, immigration, and density
dependence) by observing population decline and extinction. We focus primarily on mean time to
extinction and variation in extinction times, which allows us to predict the range of total experiment
times (i.e., stabilization period + time to extinction) that could result from different experimental
designs. Throughout the results and discussion, we present the extinction time as the number of
days until the treatment population reaches extinction following the initial FK release. Under some
scenarios (e.g., with density dependence and immigration), population extinction does not always
occur. In those cases, we observe reduction in population density as measured by the percentage
of wild-type adult females remaining a given number of weeks following the initial FK release rel-
ative to the number of wild-type adult females present the day before releases begin. For illustra-
tive purposes, we choose to measure the reduction 14 weeks following the initial release (14 weeks
postrelease). Note that variability in our results is due only to the components outlined in the model
description. There are a number of other potential sources of variability that we do not consider,
such as that caused by environmental factors or individual-based variability in survival, mating,
or reproduction. Unless otherwise stated, for each parameter set, we run 1000 simulations for a

maximum of 1000 days each.

2.4 Results

Treatment cage dynamics from one simulation are shown in Fig. 2.3. The population in each
cage was stabilized before releases were started, and population numbers oscillated with a period
of seven days, which reflects the weekly release schedule. Females reached higher pre-FK release
densities because they had a higher probability of survival than males. About three weeks after

the first introduction of FK individuals, adult males heterozygous for FK began to appear, which

19



indicated successful matings between homozygous FK males and wild-type females. At the same
time, the population of wild-type adults in the treatment cage began to decline, which followed
the decline in the number of wild-type eggs. Comparison of the model output to data from Wise de
Valdez et al. (2011) shows that the model captured the general dynamics observed in experiments

(Fig. B.1); see Appendix B for further discussion.
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Figure 2.3: Treatment cage dynamics of the stabilization and postrelease period obtained from a
single simulation. (A) The number of wild type adults, (B) The numbers of heterozygous and ho-
mozygous FK males, and (C) The number of eggs laid. Here, N =200, r =5, A=10, ¢ =0, s, =0.72,
sy = 0.9. The releases of FK individuals begin at the time marked by the vertical grey line.

While assessing the results presented here, it is important to remember two components of

the experimental design that influence the extinction time in all of the results. First, heterozygote
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adults typically began appearing three weeks following the initial input of FK males (see Fig. 2.3).
This indicates that the presence of FK males began impacting the adult population about three
weeks following the initial release. Second, extinction time is defined as in the experiments by Wise
de Valdez et al. (2011): A population is considered to be extinct when no eggs have been laid for two
consecutive weeks. With the influence of these two components, the very minimum extinction time

will be more than 35 days postrelease.
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Figure 2.4: Extinction time (postrelease) for different values of baseline input, N. Circles represent
mean time to extinction and error bars represent mean =+ standard deviation. Here, r = 10, A = 10,
c=0,s,,=0.72, sy =0.9. Note the horizontal axis is on a log scale.

Baseline Wild-type Input

We varied the baseline wild-type input, N, over a wide range of values. We found that as N
increased, the mean time to extinction increased gradually, and the variance generally decreased
(Fig. 2.4). Even though mean extinction time did increase with larger values of N, the difference
from N =100 to N = 1000 was only about 24 days on average with a three day difference in standard
deviation. An increase in N by 100 individuals did not cause more than a few days change in average
extinction time when N > 400, but decreasing N from high values to low values (e.g. from 1500 to
50) did lead to a reduction of a few weeks in extinction time. We note, however, that small baseline

input may lead to populations being incapable of persisting in the absence of FK introductions. We
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return to this point in a subsequent subsection of the results.

Release Ratio

Fig. 2.5 shows the effects of release ratio of FK to wild-type individuals on extinction time. We
varied the release ratio, r, from 0.10 to 400, and we found that the mean and variance of time to
extinction decreased as the release ratio increased. These decreases were most rapid for low release
ratios and became more gradual with higher release ratios. In fact, in our simulations, the mean
extinction time differed by about 209 days between r = 0.1 and r = 1 with a 51 day difference in
standard deviation, whereas there was only a difference of eight days between average extinction

times for r =25 and r =400 with a two day difference between the standard deviations.
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Figure 2.5: Extinction time (postrelease) for different release ratios, r. Circles represent mean time
to extinction and error bars represent mean + standard deviation. Here, N = 200, A = 10, ¢ = 0,
sm =0.72, sy = 0.9. Note the horizontal axis is on a log scale.

Fitness Cost

We utilized the model to predict the effects that mating fitness cost, taken to vary from 0 to 0.9,
could have on extinction time under four different release ratios (r = 0.1,1,10,100). With all four
release ratios, there were increases in the mean and variance of extinction times as the fitness cost

was increased (Fig. 2.6). The differences in mean extinction time caused by increasing fitness costs
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Figure 2.6: Extinction times (postrelease) for different fitness costs combined with different release
ratios. Here, N =200, A = 10, s,, = 0.72, sy = 0.9. Release ratios are r =0.1 (A), r =1 (B), r =10 (C),
and r = 100 (D). Solid circles indicate mean of 1000 simulations and error bars represent mean =+
standard deviation. Note each panel has a different scale on the vertical axis, with panel (A) having
the largest range and each subsequent panel having half the range of the previous one. Recall that
we restrict the duration of each simulation to 1000 days following a release; this leads to the reduced
variation in extinction time for high values of ¢ that is observed in panel (A).

were much greater with lower release ratios. As an example, under a high release ratio of r = 100,
average extinction time differed by about 13 days between ¢ = 0 and ¢ = 0.9 (Fig. 2.6d), while
for the low release ratio of r = 1 the average extinction time increased by 236 days between these
two fitness costs (Fig. 2.6b). The standard deviations of extinction times exhibited similar patterns,
increasing by just three days in the r = 100 case, but quadrupling in the r = 1 case. When r = 10,
as in the laboratory and field cage experiments previously conducted (Wise de Valdez et al. 2011,
Facchinelli et al., submitted), average extinction times differed by about 25 days between ¢ = 0

and ¢ = 0.8, with the average extinction time for ¢ = 0 falling within the range of extinction times

predicted by the model when ¢ = 0.8 (98-199 days postrelease).
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When fitness costs are high and release ratios are low (e.g., Fig. 2.6a, when ¢ =0.8 or 0.9 and r =
0.1), extinction in the treatment cage did not always occur within the 1000 day period allotted for
the experiment. For example, when r = 0.1 and ¢ = 0.8 or 0.9, extinction occurred in fewer than 32%
of the simulations, and wild-type population persistence was observed in a handful of simulations
for fitness costs as low as ¢ = 0.4. These simulations indicate that extinction of populations in cages
inwhich FKindividuals are released at low ratios may take several years if released mosquitoes have

a high reduction in fitness due to the presence of the FK gene.
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Figure 2.7: Extinction probability of a wild type population in the absence of FK introduction. Bars
represent the proportion of 1000 simulations in which the population went extinct within one year
when low-density populations were simulated. Here, A =10, s, =0.72, sp=0.9.

Population Size and Natural Extinction

To date, cage experiments have used high population densities resulting from high baseline
input values. Population densities of adult Ae. aegyptiin many dengue-endemic areas can be rather
low (Morrison et al. 2004, Koenraadt et al. 2008, Jeffery et al. 2009), so it would be informative to
know how lower density populations react to introductions of FK individuals. Because the small
cage populations needed to mimic low density natural populations are at greater risk than larger
populations of going extinct even without the introduction of an FK population, it is important to

know how small a population can be maintained in the cage experiment without it being likely to
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go extinct due to environmental or demographic causes. We examined the capacity for small cage
populations to persist in the absence of FK introductions by simulating experiments with baseline
wild-type input numbers as low as N =25. We simulated a wild-type cage population for one year
following a 13-week stabilization period and calculated the proportion of 1000 simulations that
went extinct before the end of that year (Fig. 2.7). The proportion decreased with increased larval
input, with 42% of the simulated cages going extinct when N = 25, and less than 1% going extinct

when N =100.

Density Dependence

We studied the effects of density-dependent survival, using the three descriptions of density
dependence given above, under four different release ratios, r = 0.10, r = 1, r = 10, and r = 100.
Density dependence had a marked effect on extinction times for the lower release ratios. For r = 0.1,
there was no extinction within the 1000 day experimental time frame in any of the 1000 simulations
for populations subject to any of the three forms of density dependence considered here. There
was also no extinction for populations subject to Form 3 density dependence when r = 1. For all
other combinations of release ratios and forms of density dependence, extinction was the typical

outcome.
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Figure 2.8: Effects of density dependent input for different release ratios. Vertical axis is the per-
centage of the wild-type adult female population remaining 14 weeks postrelease. Here, c =0, A = 10,
sm =0.72, sy =0.9. Form 1, Form 2, and Form 3 density dependence from Figure 2 are represented
by asterisks, circles, and squares, respectively. Solid asterisks, circles, and squares indicate mean of
1000 simulations and error bars represent mean =+ standard deviation.
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Because not all populations subject to density dependence went extinct in our simulated ex-
periments, we compared the effects of density dependence on cage experiments by observing pop-
ulation reduction (see Fig. 2.8). We studied the percentage of the wild-type adult female population
remaining 14 weeks postrelease, as previously defined. For populations subject to any of the three
forms of density dependence considered here there was little population reduction when the re-
lease ratio was r = 0.10. When we considered larger release ratios, however, the populations were
generally reduced. When r = 1, the mean percentage of females remaining 14 weeks postrelease
ranged from 21.6% for density dependence described by Form 2 to 59.1% for that under Form 3. For
r =10, populations subject to density dependence of Forms 1 and 2 were at or near extinction after
14 weeks, whereas a mean of 6.7% of the female population remained when density dependence
was described by Form 3. For releases with r = 100, all populations were reduced to, or very near
to, extinction 14 weeks postrelease.

We compared the extinction time of cages subject to density-dependent input to those of ex-
periments run with density-independent input. Here, we considered only r = 10 and r = 100. Ex-
tinction times when r = 10 were not much different when survival was density-dependent with
the exception of populations subject to density dependence described by Form 3, where the aver-
age extinction time was more than 40 days greater. (Extinction times ranged between 80-167 days
with no density dependence and between 81-393 days when density dependence was described by
Form 3). Mean extinction times in our simulations for populations subject to Forms 1 and 2 density
dependence were about 13 days greater and two days less, respectively, than when the population
was not subject to density dependence. (Extinction times ranged between 82-193 days for Form 1
and 76-172 days for Form 2). When r = 100, the difference between density-dependent and density-
independent cases was not as great; the mean extinction time was about the same for populations
regulated by Form 3 density dependence, while populations subjected to Forms 1 and 2 density
dependence were actually extinct a few days earlier, on average, than density-independent pop-
ulations. (Extinction times ranged between 77-143 days when there was no density dependence,

73-153 days when density dependence was described by Form 1, 71-152 days for Form 2, and 69-
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163 days for Form 3).

Wild-type Immigration

For this analysis we assumed that larval input was not subject to density dependence. We con-
sidered the flow of 10, 20, 30, 40, or 50 larval immigrants per week under four release ratios (r =
0.1,1,10,100). We found that the mean percentage of the wild-type adult female population re-
maining after 14 weeks increased approximately linearly with the weekly immigration rate (see Fig.
2.9). The variance decreased for the cases where r = 0.10 as the number of immigrants increased,
but for all other release ratios, the variance increased with the number of immigrants. For higher re-
lease ratios (r = 10, r = 100) where the population, in the absence of immigration, was often extinct
or nearly extinct 14 weeks postrelease, the percentage remaining corresponded roughly to the per-
centage of immigrants to the wild-type baseline (e.g., for the case of 10 immigrants per week, when
N =200 and r =100, the mean percentage remaining was 7.64%, slightly larger than 10/200 = 0.05,

or 5%). This indicates that the population was being maintained primarily by immigrants.

An Alternative Measure for Assessment of Population Reduction

In the previous two sections we studied population reduction that occurred in the first 14 weeks
postrelease. Although extinction time is an important measure of the overall efficacy of a release
strategy, extinction could take months or even years in some cases. By utilizing other measures
of efficacy and defining a different endpoint of the experiment, overall experiment time can be
shortened, and more experiments can be conducted.

As an illustration, we analyzed the model output for the scenario in which ¢ =0.7and r =1
(as presented in Fig. 2.6b) to assess the relationship between mean extinction time and wild-type
adult female population reductions after 14 weeks. We obtained the correlation coefficient between
time to extinction and percentage of the wild-type adult female population remaining 14 weeks
postrelease (here, n = 1000 simulations was the total sample size). Fig. 2.10 shows a scatter plot

of extinction time versus population reduction along with the line of best fit obtained via simple
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Figure 2.10: Scatter plot of days of treatment cage extinction time (postrelease) versus population
reduction as measured by the percentage of wild-type adult females remaining 14 weeks postrelease.
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termination R? = 0.339). For these simulations, N =200, r =1, A=10, ¢ =0.7, 5, =0.72, sp=0.9.
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linear regression. The correlation between the percentage of the wild-type adult female population
remaining after 14 weeks and extinction time was 0.582 (R? =0.339, p < 0.0001).

In this case, the population reduction 14 weeks postrelease as defined here could be a good
indication of cage extinction time. The time at which population reduction is measured (for the
purposes of predicting extinction time) will depend upon the experimental setup chosen. For in-
stance, if a larger release ratio is chosen, one may wish to observe the population reduction only
a few weeks after the initial FK release rather than waiting 14 weeks because many of the cages
will have reached extinction within 14 weeks postrelease (as in Fig. 2.6d). In general, one must be
sure that the time chosen to observe reduction is neither before reductions in population size have
begun nor after extinctions have begun. We further discuss how correlation depends on the time

chosen to observe reduction in Appendix B.

2.5 Discussion

This study raises and addresses a series of important questions regarding the information that
can (and cannot) be obtained about the qualities of FK transgenic mosquitoes from specific field
cage experiments. Under which experimental designs can fitness costs be detected? Can popula-
tions of both low and high densities be studied in cages? Can information regarding the efficacy of
FKintroductions be obtained without waiting for extinction? As we noted, the experimental design
that has been used so far leaves unanswered many important questions that will be need to be ad-
dressed before open field releases occur. How will immigration impact the population suppression
ability of FK strains? Will density-dependent effects hinder population suppression, and how can
such effects be overcome? What influence can cage experiments have on open field releases? Our
study proposed and simulated variants of the current experimental design that could at least par-
tially address these questions, although a more radical change to the experimental setup, and hence
to the model, would be required to fully explore some of these questions, such as the complexities
of density dependence. Such questions could easily be overlooked when temporal, financial, and

personnel restraints limit the number and variety of experiments that are conducted, but models
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can suggest which issues will be important to address in field cage experiments before open field
releases are conducted. Models can provide guidance that will make the process of designing and
implementing further experiments more directed and efficient.

We found one past example in which deterministic simulation models were used to assess ex-
periments and examine how different release schedules within cages would affect experimental
outcomes (Curtis et al. 1976a, 1976b). In contrast, our stochastic model explored a range of ex-
perimental parameters that transcends that which may be financially and temporally feasible to
explore in field cage experiments, and considered at least some of the sources of variability that
such experiments would experience.

For example, our model predicted that the size of the target population being studied in cages
might not have a great effect on overall experiment time. The small differences that we found in
extinction time due to population size can be beneficial from two perspectives. If one needs to
reduce the effort of rearing large numbers of mosquitoes for an experiment, then it is useful to
know that using a smaller population of mosquitoes will provide a similar result, in terms of overall
experiment time, as using a larger population. In contrast, if one is interested in testing high density
populations, a population that is increased by ten-fold in size by changing N from 100 to 1000 can
be driven to extinction without a substantial increase in time. Although experiment times may not
differ much when large and small population densities are studied, one must be cautious when
studying small population densities, because our model indicated that interpreting results of such
experiments could be complicated by extinction that is due solely to demographic stochasticity. In
cases where studying small populations is desired, such as when using cage studies to assess the
ability of the released strain to find mates in the wild, short-term experiments that are not affected
by population fluctuations could be more appropriate.

For a genetic control strategy to be successful, genetically modified mosquitoes must be able
to compete with wild-type individuals for mates. The importance of mating competitiveness of
males has been studied extensively in mathematical models for the sterile insect technique (see

Barclay 2005, Ito and Yamamura 2005). Mating competitiveness similarly is expected to influence

30



strategies involving a female-killing mechanism (Schliekelman and Gould 2000). Results from our
simulations of the impact of fitness costs predicted that a large range of costs will not be detected in
field cage experiments that use high release ratios. This study revealed that when experiments are
conducted with release ratios similar to those of laboratory and field cage experiments that have
been conducted to date, fitness costs may not be detectable unless they are greater than 0.80. If an
important goal of a field cage experiment is to assess fitness costs then low release ratios should be
used.

The potential impact of density dependence on genetic control strategies has long been re-
alized (Prout 1978, Foster et al. 1988, Schliekelman and Gould 2000). Within the constraints of
the existing experimental design, we proposed a way to explore one facet of density dependence,
namely larval survival. We found that when populations were subject to density dependence and
FK releases occurred at low release ratios, eradication of the cage populations did not always oc-
cur within the 1000 days allotted for the modeled experiments. High release ratios could overcome
the density-dependent regulation of the population and ultimately drive the wild-type population
to extinction, but the time to extinction will be greater than when the population is not regulated
by density dependence. Because density dependence in Ae. aegypti populations can be difficult to
accurately quantify (Legros et al. 2009), we explored different forms of density-dependent survival
in the model and found that the extent to which density dependence interferes with population
extinction in the simulations depends on the particular form of density dependence used. Our re-
sults showed that the model can be used to determine if, for a given population, more accurate
assessment of density dependence would be desirable. As mentioned previously, larval survival
represents just one component of density-dependent population regulation. A more complete ex-
ploration of the impact of density dependence would likely entail radical changes to the experi-
mental design and model, but would provide invaluable information to inform field releases.

Immigration of juveniles into a population subject to control by FK releases provided another
scenario in which wild-type populations did not go extinct in our model, even in the presence of

forceful control measures. Our simulations indicated that immigration of larvae could result in the
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wild-type population being maintained, regardless of how many FK individuals were being intro-
duced (see Prout 1978).

Once cage experiments have established that introduction of a specific FK strain can drive a
population to extinction under ideal conditions, further experiments could be carried out to inves-
tigate the relationship between more realistic ecological factors and FK releases. Our model pre-
dicted that some of these more realistic experiments could take months or even years if extinction
time is taken as the endpoint of the experiment. We found that as an alternative to the extinction
endpoint, the efficacy of FK releases in cages could be assessed by observing the population reduc-
tion after a given time frame has passed. In our simulations, the proportion of the wild-type adult
female population remaining 14 weeks postrelease was a good predictor in some instances of time
to extinction and could lead to shorter and more manageable experiments. In other cases, popu-
lation reduction after 14 weeks might not be a good predictor of extinction time, but as we show
in Appendix B, our model can be used to determine beforehand the scenarios in which population
reduction could provide information on extinction time.

Literature on previous field cage experiments indicates that population densities and release
ratios used were often determined based on an intuitive feel for what would be logistically rea-
sonable. In our exploration of the cage model, we illustrated why it is critical to design field cage
experiments differently depending on goals for specific experiments. Clearly, an experiment aimed
at assessing the impact of fitness costs should not use the same release ratio as might be consid-
ered optimal in the field because low or mid-range fitness costs may not be detectable when the
wild-type population is inundated with FK males. Similarly, long-term field cage experiments may
be inappropriate for assessing impacts of releases into low-density populations due to the effects
of demographic stochasticity.

Our study of the impact that average lifespan may have on cage extinction time as well as our
efforts to compare model output to data collected from laboratory experiments (see Appendix B)
highlight the need to collect data on survival, fecundity, and emergence times before using this

model to predict or assess experimental results. A detailed study of environment-specific values
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for these types of demographic parameters should be carried out before an attempt is made to use
this type of model to make predictions.

The modeling exercise presented here was focused on assessment of FK release strategies. The
broader message from this work is that for long-term experiments aimed at evaluating population
dynamics, simulation models can provide useful insights into substantial resource savings by fine

tuning experimental designs to most effectively and efficiently address specific questions.
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ABSTRACT

Dengue fever, a disease vectored by Aedes aegypti mosquitoes, is one of the most important vi-
ral diseases. Dengue fever control efforts rely upon control of the vector. Traditional vector control
measures include applications of pesticides and removal of containers where eggs are laid. One
novel control strategy involves the release of genetically modified Female-Killing (FK) mosquitoes.
In this paper, we develop an ordinary differential equations model that describes an Ae. aegypti
population that is being controlled with an integrated pest management program that includes
both FK releases and larval-specific control measures. We utilize an optimal control framework
to determine the best combination of the two control strategies for different ranges of costs as-
sociated with control measures. With numerical solutions to the optimality system, we compare
optimal control releases to constant releases, and we compare the integrated approach to control
programs using only one of the two strategies. We show that the optimal strategy is more cost-
effective than the constant approach and that the integrated program can lead to more reduction
and cost less than a single strategy programs. We use the results from this study to underscore the

need for accurate information regarding costs associated with control programs.
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3.1 Introduction

Dengue fever, a vector-borne viral disease, infects more than 50 million people each year through-
out tropical and subtropical regions of the world [1]. Currently, there is neither a licensed vaccine
nor a prophylactic drug treatment available to prevent dengue [1, 2]. Control efforts are focused on
the principal vector, Aedes aegypti[2, 3, 4, 5], an anthropophillic mosquito species that prefers to lay
its eggs in artificial containers located in and around homes in urban environments [6, 7, 8]. Tradi-
tional methods for controlling Ae. aegypti include applications of pesticides and source reduction
(i.e., the removal of sites where eggs are laid).

Both pesticide application and source reduction are effective at reducing Ae. aegyptipopulation
densities; however, both require ongoing implementation and community participation in order
to maintain low densities of the vector [8]. Furthermore, although research has produced pesti-
cides that are low in toxicity, some can still be harmful to the environment, other species, and hu-
man health [9], and the mosquito species can develop resistance to the pesticides after long-term
exposure [6, 10]. Motivated by these and other issues, much attention has been focused on the
development of novel methods for controlling Ae. aegypti [11], which include genetic pest man-
agement(GPM) strategies.

GPM strategies involve the release of genetically modified (i.e. transgenic) mosquitoes to re-
duce or eliminate native mosquito populations or replace a native population with one that can-
not transmit disease [12, 13]. GPM strategies have been studied for several decades following the
success of the Sterile Insect Technique (SIT) in eliminating populations of the screwworm fly from
North and Central America [14]. In SIT, sterilized males are released that compete with wild-type
males for mates, and females that mate with sterile males do not produce offspring [15]. Although
SIT has been successful in some cases, the radiation used to sterilize males typically causes high
fitness disadvantages such as decreased mating competitiveness, which has led to research of im-
proved methods for sterilization [12]. Fortunately, molecular technology has developed rapidly in

recent decades, which has led to improved GPM approaches [13], including at least one genetic SIT
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strategy in which individuals are genetically sterile [16].

One variant of the genetic SIT strategy that has seen tangible progress in Ae. aegypti in recent
years is female-killing (FK) [17, 18]. In FK strategies, males carrying two copies of a conditional
dominant lethal FK gene are released into a wild-type population, and any female that inherits a
single copy of the gene will not survive. Causing female-specific lethality is desirable in part because
females are the only sex of the species that transmits disease pathogens. Males that inherit the
gene are able to survive, and their offspring can inherit the gene, which is thought to make FK
strategies more effective than SIT strategies [16, 19]. Conditional lethality of the FK gene allows for
mass rearing of insects for releases. For example, FK strains of Ae. aegyptihave been developed that
are reared on a diet containing tetracycline, which deactivates the lethality of the FK gene; however,
the offspring of released mosquitoes will not have tetracycline in their diet in the wild, and females
inheriting the gene do not survive [20]. Both FK and SIT strategies have been engineered into strains
of Ae. aegypti[16, 20] and well-studied with models [16, 21, 22, 23, 24].

Recently, lab and field cage tests of one specific FK strategy have shown that population reduc-
tion, and in some cases, extinction can occur with repeated releases of FK males [25, 26]. Small scale
field releases of strains of Ae. aegypti modified to be genetically sterile (genetic SIT) have also led
to reductions in wild-type populations [27]. Although FK and genetic SIT show promise for reduc-
ing or eliminating wild-type populations of Ae. aegypti, the cost associated with maintaining large
scale transgenic releases may not be feasible for some regions where dengue is endemic. Further-
more, as with other control measures, community involvement and continuous implementation
will be required for FK and similar genetic strategies to succeed in eliminating disease vectors.

Source reduction, pesticides, and trasgenic strategies can each independently lead to reduc-
tions in wild-type Ae. aegypti populations, yet each of these approaches has shortcomings. One
way in which the strengths of each approach can be exploited while compensating for the weak-
nesses is to combine strategies in an Integrated Pest Management (IPM) program [28]. Such IPM
programs have proven successful for other pest species [29, 30, 31], and hold promise for the con-

trol of Ae. aegypti. A successful IPM would consider the costs associated with each control measure
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and aim to produce a cost-effective and sustainable program for maintaining control of the disease
vectors.

We develop in this paper a mathematical model to assess the impacts of two different types of
control measures: juvenile-specific control (such as larvae-specific pesticides or source reduction)
and releases of FK males. We utilize techniques from optimal control theory to assess the roles
that resource limitation and financial costs may place in developing strategies for controlling pest
species and maintaining an integrated pest control program. We assess each approach individually
and in combination with the other approaches, and discuss the potential for each strategy and
combination of strategies to lead to a sustainable disease control program.

We remark that similar optimal control studies have been conducted previously for integrated
programs for controlling Ae. aegyptiwith SIT. One previous work by Thome and co-authors studied
optimal control of an Ae. aegypti population with integrated strategies that included releases of
SIT males and applications of pesticides [32]. Another more general study by Fister and co-authors
focused on combinations of SIT releases and increased mortality caused by habitat modification
[33]. To our knowledge, this is the first study to assess optimal IPM approaches involving an FK

strategy.

3.2 Methods

General Model

We utilize a system of ordinary differential equations that describes the population dynam-
ics and population genetics of an Ae. aegypti population in the presence of two different types of
control measures: juvenile-targeted control and releases of homozygous FK males. We divide the
population into juveniles (larvae and pupae; egg production is modeled implicitly), adult females,
and adult males, and we subdivide adult males and juveniles by genotype. We define M, to be the
density of adult males of genotype g, J, to be the density of juveniles of genotype g and F to be the

density of wild-type adult females. We consider late-acting lethality associated with the FK gene
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[20, 22], which means that all individuals carrying FK genes will survive through the juvenile stage,
but females carrying the gene do not emerge as viable adults. Thus, only wild-type adult females
will be viable, so we do not track multiple adult female genotypes. Because only wild-type adult
females are viable, we do not need to consider homozygous FK juveniles either. Throughout, we let
g = 1 denote the wild-type genotype, g =2 the heterozygous FK genotype, and g = 3 the homozy-
gous FK genotype.

The rate at which juveniles are born is assumed to be proportional to the number of females in
the population: adult females give rise to juveniles at a rate AF. The genotypes of juveniles born de-
pend upon the fraction of males of each genotype in the population as well as the mating fitness of
each genotype at the time the juveniles are born. Insertion of the FK gene into the mosquito genome
could interfere with normal function, causing decreased mating fitness (i.e. mating competitive-
ness) for males carrying the FK gene. In the model, we assume that mating fitness is decreased by
a fitness cost, c. Although we could easily adapt the model to consider different types of fitness
cost as well as the effects of fitness cost at other life stages, we assume here that males can incur
an additive mating fitness cost, and we define the fitness of a male of genotype g relative to wild-
type males to be w,. We let the fitness of wild-type males be w;, =1 and the fitness of heterozygous
(one copy of the FK gene) and homozygous (two copies of the FK gene) males is w, =1—0.5¢ and
w; =1—c, respectively.

Matings between wild-type females and wild-type males will result in 100% wild-type offspring,
matings between wild-type females and heterozygous males will result in 50% wild-type and 50%
heterozygous offspring, and matings between wild-type females and homozygous males will result

in 100% heterozygous offspring. The proportion of births that are wild-type is

Ml +05LUZM2
M1 + LU2M2 + LU3M3 ’

(3.1)

and the proportion that are heterozygous is
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LU3M3+0.5LU2M2
Ml + WZMQ + LU3M3 '

(3.2)

Note again that because we only consider male FK releases, homozygous FK juvenile genotypes are
not possible.

Juvenile offspring are subject to density-dependent mortality at a per capita rate (a JB1 ), where
J = 1+, aswell as density-independent mortality at per capitarate ;. Juveniles emerge as adults
ataper capitarate v. Because immigration is known to have an impact on SIT strategies [31, 34], itis
assumed that FK strategies could also be impacted by immigration, so we consider the immigration
of wild-type juveniles at arate 8. This models immigration that could occur as a result of movement
of containers from one location to another. We do not explicitly model immigration of wild-type
adults because our model considers a large population that would likely cover a large area, and
adult Ae. aegypti typically do not travel very far [35, 36, 37].

We assume an equal sex ratio in the juvenile population so that one-half of emerging wild-type
juveniles are males and the other half females. Because we consider late-acting lethality due to
the presence of an FK gene, one-half of emerging heterozygous juveniles are males while the other
half do not survive. Adult females and males experience mortality at per capita rates ur and u,,,
respectively.

To model control measures in the population, we also consider mortality of juveniles that re-
sults from juvenile-specific control by including an additional mortality rate for juveniles. Addi-
tional juvenile mortality occurs at a per capita rate U (¢). Because the rate of additional mortality
will depend upon the effort put into control, we assume that the additional mortality rate has an
upper bound, o, and we assume that the relationship between effort and o is linear. That is, if
more effort is made to control juveniles, a higher maximum additional juvenile mortality rate is
achieved.

In addition to control measures aimed specifically at juveniles, we consider the constant release
of homozygous FK males. This release occurs at rate Upg (). We assume that the maximum rate of

FKreleases is 0 rg, and this maximum rate reflects the effort put into deploying FK mosquitoes. As
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with the maximum rate of additional juvenile mortality, we assume a linear relationship between
the upper bound on the FK release rate and the level of effort.

The assumptions described above give rise to the following system of equations.

d]l —\F Ml +0.5LUZM2
dt - M1+WZM2+LU3M3

— Ll + )P —(u+ Up(t)+ v + 0

d ws M5 +0.5w, M.
i—AF 3M3 2Vl

—Llalh +]2)]ﬂ*1_(‘u] +Uj(t)+ ) )2

dt N Ml + LU2M2 + LU3M3

dF 1 ] P

—_ =) —

dr 21 Ur

a1, M (3.3)
=—Y)7— .

dr 2 1~ Up My

M, 1 y M

—_— == —

dr 2 2 —Up M

dM;

—— =Upg(t)— M
dr rr(£)—up Ms

Because we assume that both Uj (1) and Upk (1) have maximum values, we impose the constraints
0 < Uj(t) < oy and 0 < Ugg(t) < opg. Table 3.1 lists the model state and control variables along
with a brief description of each. Table 3.2 lists the parameters as well as default values and units for

each parameter.

Optimal Control Model

Here, we define the controls U, (1) and Upk(t) to be the time-varying additional juvenile mor-
tality rate and FK male release rate, respectively. We wish to find combinations of FK releases and
juvenile control that lead to reduction in the wild-type population at minimal cost. Specifically,

we aim to minimize the population of competent vectors (i.e. wild-type adult females) with cost-
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Table 3.1: States and controls for the optimal control model.

State Description
Ji(1) Wild-type juveniles
b(t) Heterozygote FK juveniles

F(t) Adult Females

M (t) Wild-type adult males

M,(t) Heterozygote FK adult males

M;(t) Homozygote FK adult males

Control | Description

U (1) Rate of effort of implementing larval control
Urk(t) | Release rate of homozygote FK males

effective control implementation during the period of that begins at time ¢ = 0 and ends at time

t = T. That is, we wish to minimize the objective functional given in (3.4).

T
¢(U],UFK)=f AF?(t)+BU}(t)+ CU} (t)dt (3.4)
0

Here, Ais a coefficient that describes the cost arising from infections that are a result of the compe-
tent vector density, and B and C describe the costs associated with larval-specific control and FK
releases, respectively. Each of these cost coefficients is defined relative to the others, thus weight-
ing the importance of minimizing each of the three components of the objective functional against
one another. For example, if A=2 and B =1, the cost associated with having females in the pop-
ulation would be twice as important to minimze than that of juvenile control. For this study, we
assume for simplicity that the costs of competent vectors and control are quadratic, but we remark
that the functional relationships for the costs of competent vectors and controls should be further
explored.

To obtain optimal control strategies, we employ Pontyragin‘s Maximum Principle [38]. We first
introduce adjoint equations to append the cost function described in Equation 3.4 to System 3.3.
We define Y =(J;, J», F, M, M,, M3) to be the vector of state variables, U = (U}, Uk ) to be the vector
of controls, and P = (py, p», P3, Ps, Ps» Pe) to be the vector of adjoint variables. We form the Hamilto-

nian, H(Y,U, t), as
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Table 3.2: Parameters for the optimal control model.

Parameter | Description Default Value | Units

A Per capita rate of larval production by females 8 day™!

a Density dependent parameter 0.002 juveniles!—# . day_ﬁ
p Density dependence exponent 34 unitless

Uy Per capita mortality rate for juveniles 0.03 day™!

UF Per capita mortality rate for adult females 0.10 day™!

Unm Per capita mortality rate for adult males 0.28 day™!

% Per capita rate of emergence of juveniles to adults 0.14 day™!

0 Rate of immigration of wild-type juveniles 0 juveniles / day

w; Mating fitness of males of genotype i relative to wild-type males | 1 unitless

c Mating fitness cost associated with the FK gene 0 unitless

(o Maximum rate of additional juvenile mortality 50 day™!

OFrx Maximum rate of FK releases 1000 adult males / day

A Relative cost associated with competent vectors 1 cost / female?

B Relative cost associated with juvenile-specific control 1 cost - day?

C Relative cost associated with FK releases 1 day? - cost / (adult males)?
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H(Y,U,t)=AF?+BU/(t)+ CUj(t)

M1 +0.5 lU2M2
Ml + w2M2 + W3M3

+p1(/1F —]1(a])ﬂ_1—(H]+U](T)+ V)]1+9)

LU3M3 +0.5 szz
Ml + LUZMZ + LU3M3

+p (AF — L ()P —(uy+ Up(2) + V)]z)

+p3(0.5v], —upF )+ py (0.5v]; —pps My )

+p5(05V]2_.UMM2)+I76(UFK_.UMMS) (35)

For optimal U* and corresponding optimal state Y*, there exists P* that satisfies the following

apP

adjoint equations, obtained by taking g—g =—97

dp,
dt

dr

dps

dt

dap, _

dt

dps

dt

aps _

dt

=—p (—(@Uh+ L) =X —p;— Uy —v)+ ;X —0.5v(ps + p4)

(m WX —po )y X —p;—U;—v)—0.5ps v

VA Z
—2AF —p)A——pA—+
p1 "% 12/} % 127252

(AF —AFZIWIJ—{— pszZgwl

W W2 W2 + Palhp (3.6)

—h

p (0 AF wo )LFZl WZ) (0 SAF wo ).FZQ wy
—p; | 0. — — . —

W W2 W W2 ) + Psipm

plAFZI w3 (AF w3 AFZQ w3
——pz —

W2 W W2 ) + Pspm
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Here,

Ji(@(Uy + )P (/5 - 1)
L+ D

Zl = (Ml +0.5 LUZMz)

Zg = (LU3M3 +0.5 LU2M2)

W= w1M1 + LU2M2 + LUgMg.

Since there is no dependence on the state at the final time in the objective functional, P(T) = 0,

which is the transversality condition. Next, we obtain the optimal control U*(t) by taking ‘;—g =0.

Uy(r)= max(O,min(U], A= pZ(t)]Z(t)))

2B

U;K(t):max(O,min(O'FK,—pzsg))) (3.7

The state equations, adjoint equations, and control equations form the optimality system, which
we solve numerically. To do so, we employ a gradient algorithm described in [39]. This algorithm

follows the following steps.

1. Define s =1, k., and €, where k., is the maximum number of allowable iterations and e

is the tolerance level that determines convergence of solutions.
2. Guess an initial control trajectory, Uy(1).
3. Solve Yy(¢) forward in time with Uy(t) and calculate ¢o(Up).

4. Set k=1.While k < k.«
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(a) Solve P(t)backward in time with Y;_;(¢) and Uj_;(¢).

ou
(c) Solve Yi(t) forward in time with U(t) and calculate ¢ (Uy).

OH
(b) Set Uy(r) = Uk_l(r)—s(— (Y (), Pk(r))).

(d) If¢r(Ur) = @r_1(Ur_1), set s =0.5s and return to step 4b

(€) If ¢1(Uy) < ¢—1(Ui_1), then calculate R = | (Up) — ¢ —1(Ue—1)|/ | @1 (Uk)|-
(f) If R>¢€,set s=1.5s and k = k + 1 and return to step 4a.

(g) If R <e¢, the optimal solution has been obtained.

This is an iterative method which approximates Y (¢), P(¢), and U(t) by Yi.(t), Pc(t), and Ui (). We
use the standard Matlab routine ode15s to solve for Y;(¢) and P.(t). We calculate ¢ (U;) with the
Matlab routine trapz, which utilizes the trapezoidal rule for approximation of the definite integral

in (3.4).

3.3 Numerical Results

Here we present optimal control solutions for a variety of parameter combinations that lead
to different scenarios for control programs that occur over a 100 day period. As this study is pri-
marily concerned with understanding the general effects of parameter values on optimal control
solutions, we choose for the relative cost parameters the default values A=1, B=1,and C = 1. The
default values for all parameters are listed in Table 3.2. In a more detailed study aimed at under-
standing the financial effects of a control program, the values for the relative cost should be chosen
to reflect the financial cost associated with each component of the objective functional if such data

is available.

Constant versus Optimal Control

We compared an optimal control solution to solutions obtained from maintaining constant

control rates. For each comparison, we set the constant control rates to be equal to the average

50



1200

., 1000
5
k=
& 800
=
E]
2 600
-
=
4 400
z
200
oo
800
%
S 600
<
g
()
=
2. 400
-~
T
k=]
Z 200
0
25
% 20
[}
=
=
» 15
=
5
> ~
Saop 7N
5 S
5]
T 5 \\
§~\~—
0
0 20 40 60 80 100

Day

Figure 3.1: Outcome of an optimal control (dashed lines) strategy compared against a constant
control (solid lines) strategy. Population dynamics of wild-type and heterozygous juveniles (top
row), wild-type adult females and adult males (middle row), and heterozygous and homozygous

Wild-Type Males Heterozygous Juveniles

Homozygous FK Males

100

80

60

40

20

300

250

200

150

100

50

=— =— Optimal Control
Constant Control

I
I
[
I\

\

\

\

\\___\
0 20 40 60 80 100
Day

adult males (bottom row). All parameters are the default values given in Table 3.2.
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value of the optimal control rate. In this case, when the three components of objective functional
(3.4) are weighted equally, the constant control rates lead to more reduction in the population size;
however the total cost is more expensive (Figures 3.1 and 3.2). The constant control strategy did not
change as the population decreased and this strategy ultimately led to a lower density of the wild-
type population than the optimal control strategy. The controls in the optimal strategy began at
values much higher than the average value utilized in the constant control scenario, but decreased

with time. We observed this general shape for the additional juvenile mortality rate and the FK
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Figure 3.2: Control trajectories during constant and optimal control strategies. The control trajec-
tories when the control strategy is optimal (dashed line) or constant (solid line). All parameters are
the default values given in Table 3.2.

release rate for many of the remaining scenarios that we considered. That the constant strategy led
to more reduction at the end of the time interval than the optimal strategy is in part an artifact of
the finite-time horizon of the optimal control problem: as the end of the time period nears, the
optimal controls go toward zero because control efforts near the end of the time interval do not
have much influence on the dynamics, but do have costs of implementation.

The constant strategy resulted in a lower cost associated with wild-type females in the popula-
tion; however, significant costs were accrued from continued control efforts. In the optimal strat-
egy, the controls reacted to decreases in the population: once the wild-type population density
fell to a significantly lower level than the pre-release equilibrium, low densities of wild-type fe-
males were maintained with less intensive control efforts. Note that Figure 3.1 shows the dynam-
ics for wild-type and heterozygous juveniles, wild-type females, and wild-type, heterozygous, and
homozygous males. Throughout the rest of the paper, we choose to simplify the presentation of
results by showing only the wild-type juvenile and female population densities. The female pop-
ulation density in particular is of importance because females are responsible for transmission of

disease pathogens.
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Figure3.3: The effect of the cost associated with wild-type females, A. Population dynamics of wild-
typejuveniles and females (top row) when control is defined by the additional juvenile mortality rate
and FK release rate given here (bottom row). All parameters are the default values given in Table 3.2.

Relative Cost Parameters

We study the influence of relative costs on optimal control solutions by varying each of the
parameters A, B, and C. Of each of these three parameters, changes in A had the most profound
effect on optimal control dynamics. When A was small (A= 0.1), the additional juvenile mortality
rate began at the maximum value and declined with time (Figure 3.3). The FK release rate also de-
clined, although the initial value was well below the maximum release rate. The juvenile population
declined rapidly from the initial value, and the wild-type female population declined at approxi-
mately an exponential rate. For larger values of A, this general behavior was observed, although
the initial FK release rate increased towards the maximum (o rx = 1000) as did the initial value of
the additional juvenile mortality rate (o ; = 50). These rates were held at the maximum values for
longer intervals with larger values of A. For the additional juvenile mortality rate, the optimal so-

lution changed its qualitative form for very high values of A, (e.g. A=1000). Instead of a somewhat
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exponential decrease, the additional juvenile mortality rate decreased for a short time interval, but
then briefly increased again before decreasing to zero. The total cost increased approximately lin-

early with increases in the value of A (Figure 3.6, left panel).
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Figure 3.4: The effect of the cost associated with additional juvenile mortality, B. Population dy-
namics of wild-type juveniles and females (top row) when control is defined by the additional juve-
nile mortality rate and FK release rate given here (bottom row). All other parameters are the default
values given in Table 3.2.

Increases in the cost associated with juvenile control had a less significant impact on the opti-
mal control solutions. For lower values of B, the additional mortality rate began at the maximum
value and was maintained there before decreasing (Figure 3.4). As B increased, the control was at
the maximum value for shorter intervals before decreasing. For very large values of B, the control
began at a low value and decreased briefly before increasing to an intermediate value for a large
interval of the control period. As B increased, the control program focused more on releases of FK
males than juvenile-specific control, with the highest rates of FK releases occurring for the highest

values of B. For low values of B, the total cost was relatively similar, but when B increased beyond
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B =10, the total cost increased rapidly with the value of B (Figure 3.6, center panel).
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Figure 3.5: The effect of the cost associated with the FK release rate, C. Population dynamics of
wild-type juveniles and females (top row) when control is defined by the additional juvenile mor-
tality rate and FK release rate given here (bottom row). All other parameters are the default values
given in Table 3.2.

That the juvenile control rates returned to an intermediate value after initially decreasing when
B was high suggests that continuous control efforts must be applied in order to maintain popula-
tion reduction, regardless of the cost associated with control. The dramatic increase of the total
cost of control that occurred when B was increased from B = 10 to B = 100 reflects the change
in the control program that resulted when the cost of juvenile control increased. That is, the cost
associated with juvenile control became so high that more effort was put into FK releases, which
contributed more to the cost function because the magnitude of FK releases was generally higher
than that of the additional juvenile mortality rate. That, combined with the increase in cost asso-
ciated with juvenile control caused the drastic increase in the total cost as B increased.

Increases in the relative cost associated with FK releases had a significant impact on the optimal
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Figure 3.6: Total cost when A (left), B (center), and C (right) are varied. Note that for each panel,
the horizontal axis is on a log scale, and the vertical axis for the left panel is also on a log scale. All
other parameters are the default values given in Table 3.2.

control solutions when C was very high (Figure 3.5). For low values of C, the optimal controls for
both the additional juvenile mortality rate and the FK release rate decreased exponentially with
time. However, when C was greater than C = 1000, the additional juvenile mortality rate decreased
from the maximum and was maintained at a relatively high value for the duration of the control
program. As C increased, more effort was put into additional juvenile mortality than FK releases.
The total cost increased slightly with C, although the differences were not as profound as when

either A or B was increased (Figure 3.6, right panel).

Single and Integrated Strategies

Finally, we compare the integrated strategy discussed throughout this paper to control strate-
gies involving juvenile-specific control only and FK releases only (Figure 3.7). The integrated strat-
egy led to the most reduction in the wild-type population throughout the duration of the con-
trol program and cost less than the other two programs. The juvenile-specific control only and
FK release only programs cost about 7% and 96% more, respectively, than the integrated program.
With the parameter values considered here, the FK release program cost about 84% more than the
juvenile-specific control program. In the absence of juvenile-specific control, far more FK males
had to be released to achieve population reduction similar to that observed when FK releases were

combined with juvenile control. These results will differ depending on the relative costs associated

56



with control.
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Figure 3.7: Population and control dynamics resulting from single and integrated control mea-
sures. Population dynamics of wild-type juveniles and females (top row) resulting from single and
integrated controls strategies (bottom row). Here, we consider three control programs: juvenile-
specific control (J, gray dashed line), FK releases (FK, dotted black line), and juvenile control com-
bined with FK releases (J+FK, solid line). All parameters are the default values given in Table 3.2.

3.4 Discussion

In this paper, we presented a general study aimed at assessing optimal integrated control pro-
grams designed to reduce an Ae. aegyptipopulation for a variety of scenarios. We found that changes
in values within a biologically reasonable range for parameters such as fitness cost (¢) and the
strength of density dependence () did not lead to significant differences in optimal control strate-
gies (results not shown). Although these results suggest that some optimal control strategies could
be robust to parameter changes, we stress that further exploration with a model that accounts for

realistic costs associated with control and more detail in biology is needed before a model of this
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type could be used to inform control policy. In fact, we showed that the cost associated with com-
petent vectors and controls can have a significant impact on the control program, which stresses
the need to develop a more thorough understanding of the costs of control measures and the costs
that result from having competent vectors in the population.

When we compared an optimal control strategy against a constant control strategy, we found
that the constant strategy led to more reduction in the wild-type population, but resulted in a higher
cost of control than the optimal control strategy. Many previous studies for FK and SIT have focused
primarily on constant releases, and suggest that constantly releasing FK or SIT mosquitoes is a fea-
sible approach to controlling the wild-type population. The constant control did provide significant
reduction in the population; however, a more thorough cost-benefit analysis should be conducted
to determine whether the additional reduction caused by the constant control compared to the
optimal control is worth the additional cost.

Finally, we showed that the integrated control program led to more reduction in competent
vectors at a lower cost than control programs that focused solely on FK releases or juvenile-specific
measures. These results are dependent upon the costs associated with control, and, importantly,
do not take into account fixed costs that may be associated with control such as the baseline cost
of managing a rearing facility for FK mosquitoes. Although such additional costs would not change
with the number of FK mosquitoes being released, they would have a large impact on the total cost.
Theresults here do, however, provide an anecdote for theory in previous literature that suggests that
an IPM approach will likely lead to better and more sustainable control of the pest population than
single approaches [8, 28]. While this study only considered a combination of two control measures,
one could design a study that combines many of the feasible approaches available for control of
disease vectors.

In this paper, we assumed high maximum values for both additional juvenile control and FK
releases. In particular, the maximum value of juvenile-specific control represents an optimistic sit-
uation in which extremely high rates of mortality would result from control implementation. While

a carefully managed and well-funded control campaign could possibly achieve such high rates of
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mortality, it is unlikely, and further exploration of this model should include contraints imposed on
this control that better mimic mortality rates that are more plausible. The FKrelease rates observed
in this study are more plausible given that large numbers of FK mosquitoes can be continuously
reared relatively easily, although a more thorough study would consider the effects of stricter con-
straints on FK releases as well.

Throughout, we emphasized that this is a first-pass study aimed at providing a general quali-
tative overview of designing IPM strategies with optimal control theory. Indeed, this study brings
to attention information that is lacking but necessary for models such as these to be useful for in-
forming control policy, such as the expected control costs, functional forms and other effects of
density dependence, potential fitness disadvantages of modified insects, and resources needed in
order to implement an effective control program. While some of the data needed will be difficult
to collect, the effort to do so could have important effects on control programs and could lead to
cost-effective control measures that could be implemented in areas that are incapable of making
significant financial investments. Cost-effective control programs will likely be more sustainable

in the long-term and thus would have a lasting impact on disease cases.
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Chapter 4

A Reduce and Replace strategy for
suppressing vector-borne diseases:

insights from a deterministic model !

!This chapter is published in PLoS One: Robert MA, Okamoto K, Lloyd AL, Gould E (2013) A Reduce and Re-
place Strategy for Suppressing Vector-Borne Diseases: Insights from a Determinstic Model. PLoS ONE 8(9): e73233.
doi:10.1371/journal.pone.0073233
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ABSTRACT

Genetic approaches for controlling disease vectors have aimed either to reduce wild-type pop-
ulations or to replace wild-type populations with insects that cannot transmit pathogens. Here, we
propose a Reduce and Replace (R&R) strategy in which released insects have both female-killing
and anti-pathogen genes. We develop a mathematical model to numerically explore release strate-
giesinvolving an R&R strain of the dengue vector Aedes aegypti. We show that repeated R&R releases
may lead to a temporary decrease in mosquito population density and, in the absence of fitness
costs associated with the anti-pathogen gene, a long-term decrease in competent vector popula-
tion density. We find that R&R releases more rapidly reduce the transient and long-term competent
vector densities than female-killing releases alone. We show that releases including R&R females
lead to greater reduction in competent vector density than male-only releases. The magnitude of
reduction in total and competent vectors depends upon the release ratio, release duration, and
whether females are included in releases. Even when the anti-pathogen allele has a fitness cost,
R&R releases lead to greater reduction in competent vectors than female-killing releases during
the release period; however, continued releases are needed to maintain low density of competent
vectors long-term. We discuss the results of the model as motivation for more detailed studies of

R&R strategies.
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4.1 Introduction

In recent decades, a number of vector-borne diseases have experienced a global resurgence
due to changes in disease management strategies, development of insecticide and drug resistance,
changes in social behaviors, pathogen evolution, and other factors[1,2]. For some vector-borne dis-
eases there are no vaccines or prophylactic drugs. This leaves vector control as the primary method
for disease suppression [3,4]. Traditional forms of vector control, such as source reduction and in-
secticide treatments, have sometimes been successful at reducing vector densities, but it is difficult
to maintain these control programs indefinitely, and despite widespread applications of such pro-
grams, vector-borne diseases remain endemic in many regions of the world [1,5-7].

A number of alternative methods of vector control have been proposed, including genetic pest
management (GPM) approaches that aim to either reduce or eliminate the vector population or
replace the native population with insects that cannot transmit a pathogen [8,9]. Genetic constructs
have been proposed and explored theoretically for either reduction [10-14] or replacement [15-20]
strategies, and the transgenes necessary for both types of strategies have been developed for some
species [21-24]. GPM approaches are being considered for a number of disease vectors, but one
species for which there has been tangible progress is Aedes aegypti, the principal vector of dengue
fever [25]. For this reason, we focus on the Ae. aegypti system throughout this paper.

One population reduction strategy that has been built and tested in Ae. aegypti is based on
transgenes that cause female-specific mortality [21,26,27]. In order to rear large numbers of the
transgenic mosquitoes for releases, the transgene that codes for lethality is engineered to have
conditional expression [12,14]. In one current transgenic strain of Ae. aegypti, the lethal transgenes
are repressed when mosquitoes are reared on a diet containing tetracycline [21]. In the absence
of tetracycline, females that inherit the transgene are incapable of surviving to reproduce, while
males inheriting the gene will survive, and their offspring can inherit the female-specific lethality
gene. Repeated releases of this Ae. aegypti Female-Killing (FK) strain into large laboratory cages

with wild-type Ae. aegypti populations resulted in extinctions [26]. In a similar experiment in out-
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door cages in Mexico there was a reduction in mosquito density but extinction did not occur [27].

Several mathematical models have been developed to assess the feasibility of FK strategies.
Simple models predict that repeated releases of FK mosquitoes into wild-type populations will
cause extinction in a time frame of about 1-2 years under ideal conditions [28]. Because males pass
on the FK gene to their offspring, this strategy is expected to be more effective in reducing a popu-
lation than strategies involving mortality of all offspring (e.g., the classical Sterile Insect Technique)
[29,30]. More detailed models demonstrate that biological complexities not addressed by the cage
experiments, particularly density-dependent population regulation and spatial heterogeneity, can
affect the success of FK and other population reduction strategies [13,29-34].

A failure of FK strategies to entirely eliminate a native population of disease vectors could have
severe economic and public health consequences. Maintenance of the wild-type population at low
levels would require the continuous production and release of mosquitoes. If releases were stopped
after a number of years, the vector population would recover, potentially causing a severe epidemic
in a human population lacking herd immunity.

Until now, most proposed transgenic strategies have focused on either vector reduction or vec-
tor replacement. In this paper, we propose a Reduce and Replace (R&R) strategy in which released
insects have both an FK gene and an anti-pathogen (AP) gene. We theoretically assess the efficacy of
potential R&R release scenarios with a system of ordinary differential equations that models both
the population dynamics and population genetics of an Ae. aegypti population. We model R&R
releases in a population for which vector elimination is difficult due to the strength of density-
dependent larval population regulation. Because elimination in such a population is unlikely, it
would be an ideal candidate for an R&R strategy. We show that it would be possible to reduce a
population in a realistic time frame while ensuring that, when releases end, the reestablished pop-

ulation would have a low frequency of competent vectors.
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4.2 Methods

The R&R strain we consider in this paper has one FK allele and one AP allele located on two
different chromosomes. We track modified and wild-type alleles (‘K’ and ‘k’ for FK, ‘A’ and ‘a” for
AP, respectively) at two independently segregating loci, which results in nine possible genotypes
(Table 4.1). We divide the population into juveniles, adult males, and adult females. The juvenile
class includes larvae and pupae in one class; egg production is modeled implicitly. Each of the
three classes is further divided by genotype. We let J;(¢), M;(t), and F;(t) represent the density of
juveniles, adult males, and adult females, respectively, of genotype i at time ¢. Our model tracks
matings between adults, births of juveniles, adult emergence, and deaths.

We assume random mating between adult males and females and that inheritance is Mendelian.

The rate at which females produce viable larvae of genotype i is given by B;(t), where

Bi(t)= w,ZF t)/lZPr(zlm n)Z Xy) 4.1)

Here, A is the per capita rate at which females produce larvae, Pr(i|m, n)is the Mendelian prob-
ability that an offspring of genotype i arises from a mating between a female of genotype m and
a male of genotype n, and w; is the fitness of an offspring of genotype i relative to that of wild-
type offspring (fitness is defined here as the fraction of eggs that survive and hatch into larvae).
Throughout, we assume that fitness costs are additive at a given locus and multiplicative across
loci. We define the fitness cost associated with an individual that is homozygous for the FK allele
to be cx and for the AP allele to be c4. The resulting fitness values for each genotype are listed in
Table 4.1. Although we assume additive fitness costs that reduce egg viability, the model can easily
be adapted to consider other types of fitness costs (e.g., dominant or recessive), as well as fitness
disadvantages at other life stages (e.g., mating or adult viability).

Juvenile mortality is assumed to have both density-independent and density-dependent com-
ponents, represented as per capita mortality rates u; and (aJ )A=1, respectively. Here J is the total

density of juveniles, and a and 3 are parameters that determine the strength of density-dependent
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Table 4.1: Properties of genotypes resulting from R&R releases. Each possible genotype resulting
from R&R releases is listed with corresponding fitness values (w;) and female viability coefficients
(r;). *These females are, however, viable when released as adults due to conditional lethality.

i | Genotype | w; Yi
1 | KKAA (I1—c4)1—ck) 0*
2 | KkAA (I—CA)(I—OSCK) 0
3 | kkAA (1—cy) 1
4 | KKAa (1—0.5¢4)(1—ck) 0
5 | KkAa (1—0.5¢4)(1—0.5¢k) | O
6 | kkAa (1—0.5¢4) 1
7 | KKaa (1—ck) 0*
8 | Kkaa (1—0.5ck) 0
9 | kkaa 1 1

mortality, and along with other parameters, the equilibrium population density [35,36]. The strength
of density dependence refers to how quickly the population returns to equilibrium after perturba-
tion away from equilibrium density: higher strengths of density-dependent mortality (i.e., larger
values of f3), lead to a more rapid rate of recovery. While the model could be altered to consider
density-dependent effects in other life stages, we choose to consider only larval density-dependent
mortality because of the observed relationship between high-density Ae. aegyptilarval populations
and increased mortality [37-40]. Juveniles emerge as mature adults at a per capita rate, v. We as-
sume a 1:1 sex ratio at birth so that, in the absence of FK effects, one-half of the juveniles that
emerge to adulthood are female and the other half male. Lethality induced by the FK allele is as-
sumed to occur as adults emerge [13,21]. We multiply the rate of emergence of female adults by a
binary constant, y;, where, y; = 1 for viable genotypes and y; = 0 otherwise (see Table 4.1). Adult
males and viable females die at per capita rates u,, and ur, respectively. Adult males and females
of genotype i are introduced at rates ”11\4 and u}, respectively. We consider the introductions of two
of the listed genotypes: FK only (KKaa, i = 7) and R&R (KKAA, i = 1). Note that releases of trans-
genic adult females are possible because of conditional lethality: released females that are fed on
a diet containing tetracycline as juveniles do not experience additional mortality due to carrying

transgenes (in the absence of fitness costs) [12,14,21].
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Table 4.2: R&R model parameters. Description of model parameters with default values and references for default values.

Parameter | Description Default Value | Reference
Uy Density-independent juvenile mortality rate (per capita) | 0.03 day ! [41]
Unm Male mortality rate (per capita) 0.28 day ! [42,43]
Ur Female mortality rate (per capita) 0.10 day! [42,43]
A Average rate of larval production by females (per capita) | 8 day™! [44,45]
% Rate of emergence to adulthood (per capita) 0.14 day™! [42]
a,f Density dependence parameters 2x107%, 3.4 -

ca Fitness cost associated with anti-pathogen allele 0 -

Cx Fitness cost associated with female-killing allele 0 -

w; Fitness of genotype i See Table 4.1 | -

Y Female viability coefficient of genotype i See Table 4.1 | -

r Release ratio of R&R individuals to wild-type males varied -

T Duration of release varied (day) -
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We simulate releases into a wild-type population that is at equilibrium. Continuous releases
of males of genotype i occur at a rate uf‘/’ = (rMy)/7, where M is the equilibrium wild-type male
population density, r is ratio of transgenic adults released each week to the wild-type adult males
in the population at the beginning of the release, and the factor 7 converts from a weekly to a daily
rate. Continuous releases of females are defined similarly (ulF =(rmyg)/ 7). We note that the same
number of transgenic individuals is released each week regardless of changes in the number of
individuals in the mosquito population over time.

We obtain the system of ordinary differential equations, wher i represents the genotype of each

class.

p—1
Ji=Bi(t) =, Ji—J; (aZJg) —vJ;

4

o1 (4.2)
B=cvridi—prF+u;

1 M
M,’ = E V]i _.U'MMI + u;
Since the only viable female genotypes are those with no FK alleles and released females, we

need not track all female genotypes. Table 4.2 lists all model parameters described in this section

with their default values.

4.3 Results

Due to the complexity of the system, this model does not lend itself to algebraic analysis. We
can, however, obtain the wild-type population steady state solutions; we use these values as the
initial values in our simulations. For the derivation of these values, we refer the reader to Appendix
C. We conducted numerical simulations using the ordinary differential equation solver ode15s in
Matlab (Version 7.12, Mathworks, Natick, Massachusetts, U.S.A.) to explore the model. We begin by

presenting the general dynamics of the R&R system and evaluating the long-term impact of R&R
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releases compared to FK releases. We then present a variety of release scenarios that result from
varying release ratios and release durations, as well as from considering female-only and bi-sex
releases. Finally, we assess the effects of fitness costs associated with the AP gene.

Because an R&R strategy seeks to decrease the number of disease cases, we are specifically in-
terested in the effects that releases have on the overall density of adult females capable of vectoring
the pathogen (hereafter referred to as competent vectors). We present the trajectories of the den-
sity of all adult females and competent vectors relative to the initial density of the adult female
population. We also present time series for the frequencies of the FK and AP alleles in the juvenile
population. Illustrating allele frequency dynamics in the juvenile population allows us to disen-
tangle the contribution of released individuals in the adult population where allele frequencies are

highly elevated during releases.

Dynamics of the R&R System

We first considered a year-long release of R&R males. Male-only releases of GPM strains are
generally preferred because released males do not contribute to additional population growth nor
can they contribute to disease transmission [46]. For each of four different release ratios (r =1,r =
2,r =3,r =4), once releases of R&R males began, the density of adult females decreased, with the
density of competent vectors decreasing at a more rapid rate than that of total females. This more
rapid decrease of competent vectors was due to the increase in the AP allele frequency (Figure
4.1). When releases ended, the female population density recovered to the pre-release size, but
the competent vectors, even after increasing slightly in density once releases ended, remained at a
negligibly low density (Figure 4.1A). The juvenile FK allele frequency increased once releases began,
but the FK allele was removed from the population after releases of R&R mosquitoes ended (Figure
4.1B shows allele frequencies for the case when r = 2). The long-term frequency of the AP allele
depended upon the release ratio as well as the duration of release.

As the release ratio increased, the reduction in the adult female population density during re-

leases increased. However, the marginal long-term reduction in competent females resulting from

71



A B

3 [ \ e \

© 10 ‘ ‘

£ |

o ‘ 0.8 \ \

= -2 o

S 107t NS ) ‘ ‘

S N o \ \

< AN S

= \ N | g 067 | \

S o N~ Qo

7] NN\ /L — — o — ] [}

2 ‘ 1N yﬁ 3 04 } %

% 07| —— =2 \ﬂ < | Female—Killing |

2 | —— r-3 ‘ 02 Anti-Pathogen |

& 8 -4

© 10 r=

o | ‘ 0 \ ‘

0 200 400 600 0 200 400 600

Day Day

Figure 4.1: General R&R dynamics. Dynamics of an Ae. aegyptipopulation when continuous male-
only R&R releases occur for one year (T = 365). (A) Relative female population density for releases
occurring at four different release ratios. Dashed lines indicate the relative density of competent
vectors, and solid lines represent the relative density of the total adult female population. Solid lines
also indicate the relative density of the total (and thus competent) adult female population during
FK releases. Density is relative to the density of the total adult female population before releases
begin. Note the vertical axis is on alog scale. (B) Juvenile FK and AP allele frequencies for a 2:1 (r =2)
release. For both panels, the first vertical dashed line represents the first day of release (30) and the
second vertical dashed line represents the last day of release (395). All other parameter values are
the default values listed in Table 4.2.

increasing the release ratio declined as this ratio increased, with high release ratios eventually re-
sulting in higher densities of competent vectors than lower release ratios. For example, there was a
greater difference in the reduction of competent vector density (log scale) between r =2and r =1
than there is between r =3 and r = 2, and for r =4, the long-term density of competent vectors was
actually higher than when r =3 (Figure 4.1A). At high release ratios, the population was inundated
with R&R males, and once the population was reduced, the FK and AP genes were almost always
inherited together, resulting in very high linkage disequilibrium. Even if the competent vector pop-
ulation density was very low at the end of releases, some of the few females that remained in the
population were likely to be competent vectors because most of the females that inherited the AP
gene also inherited the FK gene.

In the absence of fitness costs associated with the AP allele, an R&R release had the same impact
on total population density as the corresponding FK release. In the latter, however, all adult females

were competent vectors: the impact of FK on competent vectors was identical to the impact of R&R
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on the total number of adult females (solid lines in Figure 4.1A). Consequently, an R&R release had a
more rapid and longer lasting impact on the competent vector population than the corresponding

FK release (compare solid and dashed lines in Figure 4.1A).

Release Ratio and Duration

We next considered releasing R&R mosquitoes for different periods of time. For each duration
(T =120, T =240, T =360), we simulated releases at a 2:1 weekly release ratio. As the duration of the
release increased, the density of competent vectors remaining when releases ended was lower (Fig-
ure 4.2); however, the reduction in total adult female population density was the same throughout
the release period. This was due to the effects of density dependence. Because density dependence
was strong, releases at a 2:1 release ratio, regardless of the duration of the release, could not drive
the population to extinction and instead reduced the population to a new intermediate equilib-
rium density. For a weaker form of density dependence (or a higher release ratio), the total female
population density may not have this intermediate equilibrium (see Appendix D and Figure D.1).

Thus far, we have shown that the magnitude of reduction of total and competent female popu-
lation densities depended upon the release ratio and release duration. In each of the previous cases,
a different total number of R&R individuals was released depending on the combination of release
ratio and release duration. We examined the reduction in competent and total female densities
for different combinations of release ratio and duration that resulted in the same total number of
R&R mosquitoes being released. Releases ranged from r = 4 for 20 days to r = 0.16 for 500 days,
each totaling 80M; /7 transgenic males. We measured the competent vector density once the total
population returned to the pre-release density (Figure 4.3a) and the total adult female population
density (Figure 4.3b), at the time at which the total female population density reached a minimum
(note the minima in the curves in Figures 4.1 and 4.2). Scenarios in which male-only releases were
conducted over longer periods resulted in greater reductions of competent vector population den-
sities than shorter, more intense, releases (blue lines, Figure 4.3A). The reduction in the density of

the total female population was greatest for release durations and ratios that were intermediate
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Figure 4.2: The effects of release duration on R&R releases. Relative adult female population den-
sity when continuous male-only R&R releases occur at a 2:1 (r = 2) release ratio for different release
durations. Dashed lines indicate the relative density of the competent vectors, and solid lines in-
dicate the relative density of the total adult female population. Each release begins on day 30, and
release durations are T =120, T = 240, and T = 360 days. The black vertical dashed line marks the
beginning of releases, and the end of each release is indicated by a vertical dashed line of corre-
sponding color. All other parameter values are the default values listed in Table 4.2. Note that the
vertical axis is on a log scale.

among the combinations we considered (blue lines, Figure 4.3B). The release ratio and duration
at which the intermediate optimum occurs will depend upon the strength of density dependence

(see Appendix D and Figure D.2).

Releases including Females

Because R&R females are assumed to be incapable of transmitting disease, we considered the
option of bi-sex or female-only releases and compared the results to male-only releases. Here, we
simulated male-only, bi-sex, and female-only releases for T =100 days at a release ratio of r = 1. If
carried out for longer periods of time, bi-sex or female-only releases at this release ratio typically
led towards population extinctions (see Appendix D Figure D.1). For the bi-sex case, the releases
were of the same total number of individuals as in the single-sex releases, but half of the released
individuals were female and half were male. In general, female-only releases resulted in the greatest

reduction in the competent vector population density (Figure 4.4A). Female-only releases also led
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Figure 4.3: The effects of release ratio and release duration on R&R releases. Relative adult female
population density following releases of R&R individuals with release scenarios involving different
combinations of release ratios and durations. (A) Relative density of competent vectors is measured
once the total population returns to its pre-release density following male-only, bi-sex, and female-
only releases. (B) Minimum relative density of total adult females (not including released females)
is measured on the day in which the minimum occurs for corresponding release scenarios. The hor-
izontal axis for both panels is labeled as release duration / release ratio, with release durations in-
creasing from left to right but release ratios decreasing from left to right. Each scenario results in the
release of the same total number of mosquitoes. All other parameter values are the default values
listed in Table 4.2. Note the both axes are on a log scale.

to the most reduction in the total adult female population density during the transient period (i.e.,
between the time releases began and the time when the total population was near equilibrium
density again), even though when releases first began the total female population density increased
noticeably due to the introduction of additional females.

When we compared male-only, female-only, and bi-sex releases for release scenarios that arise
from different combinations of release ratios and durations with the same total number of released
mosquitoes (as in section 4.3B), we found that for all combinations considered, female-only re-
leases were the most effective at reducing the density of competent and total adult females; how-
ever, as R&R individuals were released for longer periods of time (fewer mosquitoes per release),
the differences in the impacts of the three different types of releases became less noticeable (Figure
4.3). The combination of release duration and release ratio that resulted in the maximum reduction

in total adult female density differed for each release type (Figure 4.3B). As with male-only releases,
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Figure 4.4: The effects of R&R releases including females. The relative female population density
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of total adult females (including released females). All other parameter values are the default values
listed in Table 4.2. Note the vertical axis is on a log scale.

the intermediate optimum for each release type resulted from the trade-off between the release ra-
tio and density dependence effects. Bi-sex and female-only releases, however, had intermediate
optimums for longer, less intense releases because releases including females had a stronger im-
pact at lower release ratios than male-only releases. In contrast to male-only releases, intermediate
combinations of release ratio and duration for bi-sex and female-only releases led to the greatest

reduction in competent vectors as well (Figure 4.3A).

Effects of Fitness Costs

Iffitness costs are associated with carrying the AP gene, it is not expected to remain in the popu-
lation indefinitely after R&R releases end. We examined the impacts of fitness costs associated with
the AP gene by simulating year long male-only R&R releases at a 2:1 release ratio when c4 = 0.1 and
ca = 0.2. For higher c,4, the AP gene was not able to reach as high a frequency and went extinct
more quickly. Increased fitness cost of the AP gene also led to less reduction in the competent vec-
tor population density, both during releases and after releases ended (Figure 4.5). However, even

with ¢4 = 0.2, there was more rapid reduction in competent vectors than seen with releases of FK
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only males (compare to the solid green line in Figure 4.1A).
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Figure 4.5: The effects of fitness cost on R&R releases. Dynamics of an Ae. aegypti population sub-
ject to continuous male-only R&R releases at a 2:1 (r = 2) release ratio for one year (T = 365) when
there is an additive fitness cost associated with the AP allele. The fitness costs considered here are
¢4 =0,cy=0.1,and c, = 0.2, where c, is the fitness cost of carrying two AP alleles. (A) Relative
density of competent vectors. Note the vertical axis is on a log scale. (B) AP allele frequency in the
juvenile population. All other parameter values are the default values listed in Table 4.2.

4.4 Discussion

Using a relatively simple deterministic model, we theoretically assessed the utility of an R&R
strategy, basing our analysis on hypothetical releases of the transgenic strain into a population of
the dengue vector Ae. aegypti. We showed that repeated releases of R&R mosquitoes led to reduc-
tions in total population density, but more importantly, to both transient and long-term reductions
in the density of competent vectors. In fact, within the system modeled, if the release ratio and re-
lease duration are chosen carefully, competent female vectors could effectively be eliminated from
the population entirely.

We compared the R&R strategy to the FK strategy, in which transgenic mosquitoes carrying only
the FK component of the R&R strain were released. We showed that in the absence of fitness costs

associated with the AP gene the reduction in the total population was the same for the FK and
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R&R strategies throughout releases for equivalent release ratios, but the reduction in total compe-
tent vectors was much greater with the R&R strategy during releases as well as following the end
of releases. Even when there was a modest fitness cost associated with the AP gene, the transient
reduction in competent vectors was greater with R&R than with FK alone. This suggests that for
populations in which elimination is not feasible by either strategy, R&R is superior in offering in-
surance against a resurgent pathogen if a program is less effective at population reduction than
planned, or if the cost of sustaining releases indefinitely is not acceptable.

We showed that bi-sex and female-only releases were more effective at reducing densities of fe-
males than comparable male-only releases. In bi-sexreleases, the first generation of offspring could
receive two copies of both the FK and AP alleles. This facilitated both a more rapid increase in the
AP allele frequency and a greater decrease in the population than comparable levels of male-only
releases. When R&R females were released, whether in bi-sex or female-only releases, they quickly
dominated the population of mating females as the FK allele spread in the population so that most
offspring were those of the R&R females and had both FK and AP alleles. Moreover, releases of fe-
males resulted in increased offspring production, which in turn led to additional larval competition
and thus higher rates of larval mortality. The combination of the more rapid rise in the frequency of
the FK and AP genes and the increased larval mortality resulted in greater population declines that
affected both competent and total female population density than comparable male-only releases.

We showed that while increased ratios and increased durations of R&R male-only releases led
to greater reduction in competent vectors, release duration was the more important factor when
density dependence was strong. Similar to results seen in previous modeling exercises for other
GPM strategies, completely inundating a population with R&R males for a short period of time
was not optimal primarily because the number of wild-type females was limited [33,47]. Addition-
ally, releasing at high release ratios could have resulted in linkage disequilibrium when population
density was low, causing the FK and AP alleles to be inherited together too frequently. This led to
increased mortality of vectors that would otherwise be incompetent, and thus many of the vectors

remaining when the total population density was low were competent vectors. We found that the
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greatest reduction in the total female population density for male-only, bi-sex, and female-only
releases, as well as the greatest reduction in competent vector density for bi-sex and female-only
releases, was observed for intermediate combinations of release ratio and duration. This is due
to the interaction between density-dependent population regulation and the population reduc-
tion caused by the FK gene. High-intensity releases conducted over a short period of time became
wasteful because the marginal benefit from releasing more R&R individuals waned as the frequency
of the FK allele increased in the population. On the other hand, when low-intensity releases were
conducted over a long period of time, each release had less impact because density dependence
had time to counteract any population reduction. The long-term density of competent vectors for
R&R releases reflected the impact of both FK and AP components of the strain. For the release of a
neutral AP only strain (i.e., without the FK component), the ultimate density of competent vectors
would decrease monotonically with increasing release duration (A.L. Lloyd, unpublished results).

For the strong density dependence considered in the main text of this study, we observed a
non-monotonic pattern in the long-term density of competent vectors following both female-only
and bi-sex releases, but a strictly decreasing density with increased release duration for male-only
releases. For weaker density dependence, the ultimate densities of competent vectors after male-
only releases also exhibited this non-monotonic pattern (refer to Appendix D and Figure D.2).We
also found that under conditions of weaker density dependence the R&R releases still caused a
more rapid reduction in the density of competent vectors than was seen with comparable FK re-
leases (compare the two panels of Figure D.1). Furthermore, because a population regulated by
weak density dependence could not recover from population reduction as quickly as one which is
regulated by stronger density dependence, there was a greater reduction in total female popula-
tion density for populations regulated by weak density dependence as a result of R&R releases (see
the right panel of Figure D.1). These results, although obtained from a simple treatment of den-
sity dependence, underscore the importance of understanding the density-dependent processes
underlying population dynamics before beginning any vector control program.

Despite our findings that releases including females are expected to result in greater reduction

79



in competent vectors, the introduction of females may face opposition from local communities
because wild females bite and transmit disease. Although all released females and their offspring
should be incapable of transmitting disease, the potential for increased biting nuisance or even
a small chance of disease transmission could make female releases less acceptable than male re-
leases. However, the recent release of female Ae. aegypti in Australia infected with Wolbachia [48]
makes the case that female releases could be acceptable when the released individuals are not com-
petent vectors.

All GPM strategies can be hampered if there is a fitness disadvantage associated with the in-
serted transgenes. Such fitness costs can manifest themselves in a number of ways, including re-
ductions in attractiveness to mates, fecundity, and survival. Here, we considered an additive fit-
ness cost associated with the AP gene that reduced the survival of offspring during the egg stage.
We showed that higher fitness costs slowed the rate of competent vector population reduction and
reduced the amount of time that the AP allele remained in the population once releases ended.
However, even with a substantial fitness cost to the AP gene, the R&R releases reduced the density
of competent vectors more rapidly than the FKreleases without a fitness cost. If there are any fitness
disadvantages associated with the AP gene of the R&R strain, releases would need to be conducted
continuously, perhaps in the form of smaller maintenance releases. Our results highlight that in
order for an R&R strategy to reach its full promise as a solution to the logistical difficulties of an FK
strategy, minimizing any such fitness costs is important.

As with other strategies, the efficacy of R&R could be reduced by immigration of wild-type
mosquitoes. The impact of immigration on population-wide vector competence depended on the
magnitude of the rate of immigration (see Appendix D.2). Higher wild-type immigration rates ac-
celerated the recovery of competent vector densities to pre-release equilibrium levels shortly after
R&R releases ended. If immigration rates were lower, however, much more time was needed for
the competent vector population to increase to the pre-release density (Figure D.4). The predicted
impacts of wild-type immigration on the success of an R&R strategy are similar to those expected

based on previous modeling studies of population reduction strategies [31,49]; however, a more de-
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tailed exploration of the potential impacts of immigration on an R&R strategy is warranted before
R&R releases are conducted.

In this paper, we demonstrated that an R&R strategy is likely to be preferable to an FK strategy
under a variety of scenarios due to its ability to cause a greater, sustainable reduction in compe-
tent vectors. We emphasize this comparison because FK strategies and related GPM population re-
duction strategies have seen notable progress, and large-scale releases are becoming increasingly
possible [26-27, 50]. Although strategies for introducing AP genes without the aid of gene drive
have been considered [51], they have received less attention; however, developments in molecular
technology that lead to sustained inhibition of pathogen transmission via transgenes and minimal
fitness costs associated with transgenes could make such AP-only strategies more feasible. While
it is beyond the scope of this paper, R&R releases could potentially be evaluated against AP-only
strategies as well strategies that combine FK, AP, and R&R releases.

The R&R strategy led to greater long term reduction in competent vectors because of the com-
bination of population reduction and replacement genes. Most previous studies have focused ei-
ther on population reduction or population replacement. Some population replacement strategies
would have some degree of transient population reduction due to the genetic load imposed dur-
ing the replacement process (e.g., Wolbachia [52], Semele [16]), and it has been proposed that in-
secticides be used to reduce populations before beginning a population replacement strategy. In
contrast, the R&R strategy is specifically designed to cause population reduction while simultane-
ously spreading an AP gene to reduce competent vector density, and continuous releases of R&R
mosquitoes would lead to continuous reduction. Although many gene drive strategies have been
proposed and theoretically assessed, successful implementation of these strategies for disease vec-
tors has proven difficult. An R&R strategy, however, could take advantage of the advances that have
been made in the independent development of AP and FK strategies.

Although the study we presented here has demonstrated the potential utility of an R&R strategy,
we emphasize that the model used is very general and is only intended to provide an introduction

to, and broad overview of, a novel strategy that can be useful in the fight against vector-borne dis-
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eases. As with any vector control strategy, a more thorough species-specific assessment should be
considered before implementation of an R&R strategy. The role of stochastic effects, spatial hetero-
geneity, immigration, and abiotic factors such as meteorological fluctuations in the dynamics of a
population subject to R&R releases should be carefully evaluated using models that incorporate

more details than have been considered here.
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Chapter 5

Anti-pathogen genes and the
replacement of disease vector
populations: a model-based evaluation of

hybrid strategies!
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ABSTRACT

In recent years, genetic strategies aimed at controlling populations of disease vectors have re-
ceived considerable attention as alternatives to traditional control measures. Theoretical studies
have shown that Female-Killing (FK), Anti-Pathogen (AP), and Reduce and Replace (R&R) strate-
gies can each cause reductions in competent vector populations. In this paper, we utilize a relatively
simple mathematical model to evaluate the impacts on competent Aedes aegypti vector popula-
tions of FK-only, AP-only, and R&R-only releases as well as hybrid strategies that result from com-
binations of these three approaches. We show that while the ordering of efficacy (from most to least
effective) of these strategies depends upon the release ratio, release duration, inclusion of females,
and switch time in hybrid strategies, AP-only releases lead to the greatest reduction in competent
vectors in most scenarios. R&R-only releases often cause the largest reduction in competent vec-
tors during releases, but are less effective at reducing competent vector density long-term than AP
releases or R&R followed by AP releases. In all scenarios we consider, FK and FK followed by R&R
releases lead to the least long-term reduction in competent vectors. We show that the strength of
density dependence and fitness costs that could be associated with AP genes due to genetic modifi-
cation of the insect do not have a significant impact on the ordering of efficacies of the six strategies,
and that reduction in competent vector density caused by AP-only releases is easier to maintain
than that caused by FK-only or R&R-only releases when the AP gene confers a fitness cost. We dis-
cuss the roles that linkage disequilibrium and inclusion of females play in the relative efficacy of
the strategies. We motivate the continued development of AP strategies by discussing their benefits

over other strategies.
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5.1 Introduction

Because many insect-vectored diseases remain endemic despite traditional control measures,
many novel genetic pest management (GPM) vector control strategies have been proposed [1-3].
These strategies have generally aimed to achieve either reduction [4-8] or replacement [9-11] of
populations of disease vectors by field release of engineered strains of the vector . Both population
reduction and population replacement strategies have been explored theoretically [11-23], and sev-
eral engineered mosquito strains have been developed [24-27].

Among the GPM approaches that have seen tangible progress are female-killing (FK) strate-
gies[4,6]. In an FK strategy, a transgene is inserted into the pest genome that causes conditional
female-specific lethality, but does not affect males. To enable the rearing of the transgenic strain,
the female-specific lethal element is designed to be conditionally expressed. For example, certain
FK strains of the mosquito species Aedes aegypti and Aedes albopictus are reared on a diet contain-
ing tetracycline that deactivates the lethal effects of the FK gene; tetracycline is not found in their
diet in the wild, so offspring of the released individuals are subject to the effects of the FK gene
[25,26]. When FK males are released and mate with wild-type females, female offspring that inherit
a single copy of the FK gene do not survive. Males inheriting the FK gene can survive and pass the
gene to their offspring, which is thought to make FK strategies more efficient than the Sterile Insect
Technique (SIT) and similar genetic strategies in which neither male nor female offspring survive
[16,28]. At least one FK strategy has been engineered in mosquito species [25,26], and laboratory
and field cage tests have shown that repeated releases of FK mosquitoes into a caged wild-type
population of Ae. aegypti can lead to either reduction or elimination of the wild-type population
[29,30].

In a previous paper, we proposed and evaluated a Reduce and Replace (R&R) strategy that leads
to both reduction and long-term replacement of a population of disease vectors by releasing in-
dividuals that are homozygous for FK genes as well as anti-pathogen (AP) genes that render the

vector incapable of transmitting disease pathogens [31]. In that study, we explored a number of
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potential R&R release scenarios and showed that R&R releases are more effective at reducing the
number of competent vectors (i.e., adult females capable of transmitting disease) than comparable
FKreleases. In a related study, we explored R&R releases in a stochastic, spatially explicit model that
simulated a neighborhood in the city of Iquitos, Peru [Okamoto et al., in revision]. In contrast to the
results of the simple model, we found that substantial replacement of the native population with
a population incapable of transmitting disease via R&R releases is unlikely, in part because of the
influences of genetic drift when population size is low and spatial heterogeneity as the population
recovers from reduction.

Although R&R may be more effective at reducing competent vector populations than FK re-
leases alone in comparable release scenarios, the lack of AP allele fixation observed in the complex
stochastic model raises the need to further evaluate R&R against related strategies that exploit the
strengths of R&R, FK, and AP strategies. FK-only strategies have been well-studied theoretically [14-
16,32], while AP-only strategies (in the absence of gene-drive mechanisms) have rarely been sub-
ject to detailed modeling, with at least one exception [32]. In addition to R&R, FK-only, or AP-only
strategies, control programs could be developed that use combinations of the three strategies. For
instance, a program that releases FK individuals prior to beginning releases of AP or R&R individ-
uals would reduce the population before attempting to replace the population with incompetent
vectors. Similarly, R&R releases prior to AP-only releases allow for population replacement to begin
while reduction occurs, but could be timed so that AP releases begin before population density is
too low (in attempt to avoid the effects of low population size observed in Okamoto et al.). While
FK, AP, and R&R releases have been explored independently in previous models [14,23,33], to our
knowledge, programs involving combinations of releases of FK, AP, and R&R strategies have not yet
been considered.

In this paper, we use a deterministic model based on the general biology of the dengue vector
Ae. aegypti to compare R&R releases to FK-only, AP-only, and hybrid releases. We explore the ef-
fects of different release strategies on transient and long-term dynamics to better understand how

release ratio, release duration, and female-inclusion in releases lead to different magnitudes of re-
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duction in competent vectors. We also explore the influence of fitness cost and density dependence

on the ability of releases to reduce competent vector density.

5.2 Model Description

This model tracks genes at two different loci in the Ae. aegypti population. We assume that the
FK and AP genes are located at two independently segregating loci, and we denote the FK and AP
alleles as ‘K’ and ‘A’ respectively; the corresponding wild type alleles at each locus are denoted ‘K’
and ‘a. This leads to nine possible genotypes (see Table 5.1). We utilize a model identical to that
described by Robert et al. in [31]. We briefly describe the model here in the context of this study.

Let J;(t), F(¢), and M;(t), be the density of juveniles (larvae and pupae; egg production is mod-
eled implicitly), females, and males, respectively, of genotype i at time ¢. We assume random mat-
ing between adults and Mendelian inheritance. The rate at which females produce viable larvae of

genotype i is

B(0)=w > E, t))LZPr(zlm nZ ]’é” 5.1)

where A is the per capita rate at which females produce larvae, Pr(i|m, n) is the Mendelian prob-
ability that an offspring of genotype i arises from a mating between a female of genotype m and
a male of genotype n, and w; is the fitness of an offspring of genotype i relative to that of wild-
type offspring (Table ?2. Here, we assume that fitness costs affect the fraction of eggs that survive
to the larval stage, and that fitness costs are additive at a single locus and multiplicative across loci.
We denote the fitness cost associated with homozygous FK individuals as cg and that associated
with homozygous AP individuals as c¢4. We note that the model could be altered to consider other
types of fitness costs (e.g. dominant or recessive) acting at different life stages (e.g. mating or adult
viability).

Let uy, ug, and uy, be the per capita mortality rates of juveniles, adult females, and adult

males, respectively. In addition, juveniles experience density-dependent mortality at per capita
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Table 5.1: Properties of genotypes resulting from R&R, AP, and FK releases. Each of the possible
genotypes resulting from R&R releases is listed with corresponding fitness values (w;) and female
viability coefficients (y;). *Conditional lethality allows for the release of these females as adults.

i | Genotype | w; Yi
1 | KKAA (I1—c4)1—ck) 0*
2 | KkAA (I—CA)(I—OSCK) 0
3 | kkAA (1—cy) 1
4 | KKAa (1—0.5¢4)(1—ck) 0
5 | KkAa (1—0.5¢4)(1—0.5¢k) | O
6 | kkAa (1—0.5¢4) 1
7 | KKaa (1—ck) 0*
8 | Kkaa (1—0.5ck) 0
9 | kkaa 1 1

rate (aJ)P~!, where J is the total density of juveniles and @ and 3 are parameters that determine
the strength of density dependence and, together with other parameters, the equilibrium popula-
tion density [39]. The strength of density dependence impacts how quickly the population returns
towards equilibrium following perturbations. Strong density dependence (e.g., higher values of )
leads to more rapid return. Juveniles emerge as mature adults at per capita rate ¥, and we assume
that, in the absence of FK effects, the emerging adults are 50% female and 50% male. We multiply
the rate of emergence of female adults by a viability coefficient, y;, where, y; = 1 for viable geno-
types and y; = 0 otherwise (see Table 5.1).

We assume transgenic releases occur continuously. Let ”11\/1 =(rM;)/7and u} =(rM;)/7be the
rates at which releases of adult males and females, respectively, of genotype i occur. Here, r is the
initial weekly release ratio of transgenic individuals to the equilibrium wild-type male population
density My (the factor 7 converts from a weekly to daily release rate). Note that the rate at which
individuals are released is taken to remain constant even if population densities decline. Release
rates that vary as the population declines could be considered as has been done in some previous
work [15], though we do not do so here. In this paper, we consider the releases of three distinct
genotypes: homozygous FK (KKaa, i = 7), homozygous AP (kkAA, i = 3), and homozygous R&R

(KKAA, i =1). Note that conditional lethality allows for the release of females carrying FK genes.
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Table 5.2: Model parameters. Description of model parameters with default values and references for default values.

Parameter | Description Default Value Reference
Uy Density-independent juvenile mortality rate (per capita) 0.03 day! [34]
U Male mortality rate (per capita) 0.28 day ! [35,36]
Ur Female mortality rate (per capita) 0.10 day! [35,36]
A Average rate of larval production by females (per capita) 8 day! [37,38]
y Rate of emergence to adulthood (per capita) 0.14 day_1 [35]

a Density dependence parameters 2 x 107 juveniles? ! - day~ /(B | -

B 3.4 -

ca Fitness cost associated with anti-pathogen allele 0 -

Cx Fitness cost associated with female-killing allele 0 -

w; Fitness of genotype i 1 -

Yi Female viability coefficient of genotype i See Table 5.1 -

r Weekly release ratio of transgenic individuals to wild-type males | 1 -

T Duration of release 100 days -

T Time at which combination releases switch 50 days -
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The model description above leads to the following system of 27 ordinary differential equations,
where i represents the genotype of each class; parameter descriptions along with default values are

listed in Table 5.2.

p-1
Ji=Bi(t) =  Ji—J; (ang) —vJ;

o1 (5.2)
E=ovridi—prF+u;

.1 M
M; = 3 v]i—umM;+ u;

In this study, we consider six different release approaches that arise from combinations of FK,
AP, and R&R strategies. Along with releases that include only one strategy (R&R-only, AP-only, and
FK-only), we consider three approaches that switch from one strategy to another at a certain switch-
ing time (T;). In the FK/AP strategy, FK releases are conducted first, followed by a period of AP-only
releases. In the R&R/AP strategy, R&R releases are conducted and followed by AP-only releases. In
the FK/R&R strategy, FK-only releases are conducted before R&R releases. We compare combina-
tion approaches against single-strategy approaches that have the same total release duration.

Throughout, we measure the efficacy of release strategies by observing changes in the compe-
tent vector population that result from releasing transgenic mosquitoes into an entirely wild-type
population that is at equilibrium density. We compare each of the strategies against one another
by considering the order of efficacy from most to least effective at reducing competent vector (i.e.,
wild-type adult female) density. We consider male-only, bi-sex (50% male, 50% female), and female-
only releases and compare releases of each type that lead to the same total number of mosquitoes
being released. We remark that while releases of R&R and AP females would be possible because
these females could not transmit disease, releases of FK-only females are unlikely because they are
competent vectors. For this reason, in scenarios that would involve the release of FK females, we
replace FK females with FK males for our analyses, even when comparing strategies that include

female-only and bi-sex releases of the R&R and AP-only strains. For example, in a "female-only
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FK/AP release”, FK males are released followed by AP females.

5.3 Results

Here we present results for a number of scenarios in which each of the six different release types
are conducted. In these results, the values for release ratio, release duration, and switch time are
held at the default values in Table 5.2 unless noted otherwise. In Appendix E, we briefly discuss the

influence that these parameters have on our results.
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Figure 5.1: Comparison of six control strategies. Relative competent vector population density
when male-only releases are conducted at a 1:1 release ratio (r = 1) for T' =100 days. Vertical black
dotted lines represent the time at which releases begin (¢ = 0) and end (¢ = 100). For releases that
combine strategies, the middle black dashed vertical line represents the time at which a switch is
made between strategies. Here, the time of switch is T; = 20 (A) and T; = 80 (B). All other parameter
values are the default values listed in Table 5.2. Note the vertical axis is on a log scale.

Release Switch Time for Male-Only Releases

We simulated 100-day male-only releases at a 1:1 weekly release ratio. For the combined ap-
proaches, we switched from the first to second strain after 20 (Figure 5.1A) or 80 (Figure 5.1B) days.

Regardless of the switch time, the AP-only strategy always led to the greatest reduction in compe-
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tent vectors during and after releases, followed by the R&R/AP combination. The impact on com-
petent vector density of each of the combination strategies differed for each time of switch. For the
earlier switch time, the FK/AP combination led to more reduction in competent vectors than R&R
(Figure 5.1A), but for the later switch time, R&R reduced the competent vector density more than
the FK/AP strategy (Figure 5.1B). The FK-only strategy always had the smallest impact of the six
approaches on competent vectors during and after releases. The FK/R&R combination strategy led
to better reduction than FK-only but still performed more poorly than any of the other approaches.
These impacts of the FK-only and FK/R&R strategies relative to other strategies remained consis-
tent for all release scenarios we describe throughout this paper, so henceforth we omit these results

to simplify the presentation and discussion of results.

Releases Including Females

We simulated 100-day male-only, bi-sex, and female-only releases at a 1:1 (total engineered
adults:total wild-type males) release ratio of the six approaches (Figure 5.2). For each of the com-
bination approaches, we considered a switching time 50 days after releases began. When releases
included females, R&R releases led to the greatest reduction during the transient period; however,
R&R/AP releases followed by AP-only releases led to the greatest long-term reduction in competent
vectors for bi-sex and female-only releases. For the switch time considered here, R&R releases in-
cluding females had much more similar long-term impacts on competent vector densities as FK/AP
releases than did corresponding male-only R&R and FK/AP releases. As with male-only releases, in-
creasing the switch time for bi-sex and female-only releases led to the FK/AP strategy having less
impact on the competent vector population density than the R&R strategy (results not shown).
Bi-sex and female-only releases of each of the approaches led to greater reduction in competent

vectors than comparable male-only releases.
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Figure 5.2: Effects of female releases on R&R and AP releases. Relative density of competent vector
population when releases are conducted ata 1:1 release ratio (r = 1) for T = 100 days with male-only
(A), bi-sex (B), and female-only (C) releases. Vertical black dotted lines represent the time at which
releases begin (¢ = 0) and end (¢ = 100), and the vertical black dashed line represents the time at
which the switch between combination strategies occurs (7; = 50). All other parameter values are
the default values listed in Table 5.2. Note the vertical axis is on a log scale.

Fitness Cost

We simulated male-only, bi-sex, and female-only releases for 100 days at a 1:1 release ratio with
combination releases switching after 50 days, and we observed the impact of releases on competent
vectors when the AP gene carried an additive fitness cost (Figure 5.3). To measure the impact, we
calculated the average density of competent vectors over the time period beginning the day releases
start and ending one year after the last day of releases relative to the wild-type equilibrium density
of females in the absence of control (F¥). That is, since Fy(t) represents the density of wild-type

female adults in the population subject to control, the relative average density is given by

I
’V%J Fy(t) dt
14

9 5.3
& (5.3)

f=
where £ is the day that releases begin and #; is one year after releases end.

For all release types, the relative average density of competent vectors increased as the value

of the fitness cost increased. For male-only releases, the AP strategy, followed by the R&R/AP and
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Figure 5.3: The effects of fitness costs on R&R and AP releases. Relative average density of com-
petent vectors between the time releases began (¢t = 0) and one year after the final day of releases
when the anti-pathogen gene carries a fitness cost. Releases were conducted at a 1:1 (r = 1) release
ratio for T =100 days with male-only (A), bi-sex (B), and female-only (C) releases. For combination
strategies, the switch occurred after 7; = 50 days. All other parameter values are the default values
listed in Table 5.2. Note the vertical axis is on a log scale.

FK/AP combination strategies, led to the greatest reduction in average competent vector density
for the values of fitness cost we considered (Figure 5.3A). R&R-only releases led to the least reduc-
tion in relative average density of these four strategies. The impact of each strategy as measured by
the relative average density became more similar as the values of fitness cost increased. For bi-sex

releases, the R&R/AP combination strategy led to the lowest relative average density of competent
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vectors followed by the AP-only and R&R strategies (Figure 5.3B). For both bi-sex and female-only
releases, the FK/AP strategy led to the least reduction in relative average density of these four strate-
gies. For female-only releases, the AP-only strategy led to more reduction in relative average density
than the FK/AP strategy, but not as much reduction as the R&R and R&R/AP strategies. For values
of fitness cost lower than approximately ¢ =0.15, the R&R/AP strategy led to more reduction in rel-
ative average density of competent vectors than R&R, but the opposite was true for higher values

of the fitness cost.

Maintenance Releases

If AP genes have a fitness cost, continuous maintenance releases will be needed in order to
maintain reduction in competent vectors in a population indefinitely. To compare maintenance
releases, we first simulated releases of R&R-only, AP-only, and FK-only males at 1:1 release ratio
when the anti-pathogen gene had an associated fitness of ¢ = 0.2. In reality, maintenance releases
might begin after a fixed duration of releases or once the population density falls below some pre-
determined value. In our simulations, we followed the latter approach by allowing the original re-
leases to occur until competent populations under each release strategy reached the same den-
sity, and we considered maintenance releases at different proportions of the original release size
(Figure 5.4). FK releases required maintenance releases at at the original release ratio in order to
maintain the reduction, and as the size of the maintenance releases decreased, the relative density
was maintained at higher values, although still lower than those of the pre-release density (Fig-
ure 5.4B). Smaller maintenance releases were required to maintain the reductions caused by either
R&R or AP releases (Figure 5.4 A,C). Reduction caused by R&R releases was maintained by releases
at 30-50% of the original release ratio, and reduction caused by AP-only releases was maintained by
releases at about 10% of the original release ratio. R&R and AP-only maintenance releases at higher

percentages led to additional reduction in competent vectors.
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Figure5.4: Maintenance releases for FK R&R, and AP. Relative density of competent vectors in pop-
ulations where maintenance releases occur when the anti-pathogen gene has a fitness cost. Male-
only R&R (A), FK (B), and AP (C) releases were conducted at a 1:1 release ratio. The original releases
were ended at different times so that the population density at the beginning of maintenance re-
leases is the same in each scenario. The first dotted line represents the beginning of the original re-
leases, the dashed line represents the end of the original releases, and the last dotted line represents
the end of maintenance releases. Here, u,, is the fraction of the original releases being released. That
is, u,, = 1 represents continued releases at the same intensity as the original releases. Here, r =1 and
¢ =0.2, and all other parameter values are the default values listed in Table 5.2. Note the vertical axis
is on alog scale.

Role of Density Dependence

We simulated male-only, bi-sex, and female-only releases of each of the release strategies for
100 days at a 1:1 release ratio for populations regulated by different strengths of density depen-
dence, and set the switch time to T; = 50 days. We observed both the long-term (Figure 5.5) and
minimum (Figure E.2 in Appendix E) relative competent vector population density resulting from
each release scenario. In general, the strength of density dependence did not affect the ordering of
efficacy of the strategies on reducing competent vectors for bi-sex and female-only releases. The
exception was that for very weak density dependence FK/AP releases led to greater long-term re-
duction in competent vectors than AP-only, while for stronger density dependence, AP-only led to
lower long-term density of competent vectors (Figure 5.5). For bi-sex and female-only releases, the
R&R strategy led to the greatest reduction during the transient period for most strengths of density

dependence considered here (Figure E.2 B,C), and invariant of the strength of density dependence,
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Figure 5.5: The effects of density dependence on R&R and AP releases. Long-term relative density
of competent vectors for different strengths of density dependence when releases were conducted
at a 1:1 (r = 1) release ratio for T = 100 days with male-only (A), bi-sex (B), and female-only (C)
releases. For combination strategies, the switch occurs after T, =50 days. All other parameter values
are the default values listed in Table 5.2. Note the vertical axis is on a log scale.

R&R/AP releases led to the most long-term reduction (Figure 5.5 B,C).

For male-only releases, the strength of density dependence determined which of the strate-
gies was most effective at reducing the population density in the transient, but had less impact
on long-term reduction. For weak density dependence, R&R led to the greatest reduction in the
population while AP and FK/AP releases led to the least reduction (Figure E.2 A); R&R/AP, AP-only,

and FK/AP releases caused the most long-term reduction in competent vectors when density de-
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pendence was weak (Figure 5.5A). For stronger density dependence, AP releases led to the greatest
reduction during the transient period, followed by R&R/AP releases (Figure E.2 A) while FK/AP and
R&R releases had approximately the same effect on minimum relative density, with FK/AP leading
to slightly more reduction than R&R for the strongest density dependence we considered. AP-only
releases led to the greatest long-term reduction when density dependence was strong, followed by
R&R/AP releases (Figure 5.5A). For a longer switch time (7; = 80), the long-term reduction caused
by FK/AP and R&R became approximately the same as density dependence strengthened (results

not shown).

5.4 Discussion

Because a number of GPM approaches for controlling populations of competent disease vec-
tors are in development, emphasis needs to be placed on evaluating different strategies against
and in concert with one another in order to determine where resources may be best invested. In
this paper, we showed that vector control strategies involving FK, AP, and R&R strains of Ae. aegypti
can have very different impacts on transient and long-term competent vector populations. Indeed,
the most effective strategy for control depended upon whether females were included in releases,
the strength of density-dependent mortality, fitness costs, the combination of release ratio and re-
lease duration, and in some cases, the time at which combination approaches switched from one
strategy to the next. While the results presented here were obtained for a population whose struc-
ture and dynamics are relatively simple, they bring to attention the important roles that population
dynamics and design of release strategies play in the success of control programs involving GPM
approaches.

In many of the scenarios that we considered, we found that AP-only releases led to the most
long-term reduction of competent vectors of all of the six strategies at the focus of this study. This
result was rather unexpected in part because it has previously been assumed that population re-
duction, whether prior to or in conjunction with releases of individuals carrying AP genes, would

aid the spread of the gene, resulting in higher frequencies of individuals incapable of transmitting
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disease pathogens. While simultaneous releases of FK and AP genes (as in the R&R releases) led
to reduction in competent vectors, once the population density was low the two genes were in-
herited together more frequently, which led to many of the AP genes being lost due to the lethal
effects of the FK gene. Although an R&R strain would ideally be designed so that FK and AP genes
are not physically linked, this linkage disequilibrium at low population densities would be difficult
to avoid. AP-only releases, however, did not suffer from these lethal effects and AP genes were able
to rapidly propagate through the population. Reduction of the population prior to AP releases, as in
the FK/AP strategy, did not lead to more reduction in the scenarios we considered in part because
strong density dependence impeded significant reductions in total population density, and the pe-
riod of reduction left less time for AP releases, resulting in a higher long-term density of competent
vectors.

AP-only approaches in the absence of gene drive have been given little attention previously be-
cause it has been assumed that they would be infeasible. Early development of population replace-
ment strategies assumed that fitness costs associated with introducing AP genes into a genome
would be too high for AP genes to establish in a population, and successful suppression of a pop-
ulation of disease vectors would require the rearing of large numbers of insects [1,38]. To counter
this, anumber of gene drive systems that cause super Mendelian inheritance of AP genes have been
suggested that hope to increase the chances of having AP genes fix in a population despite fitness
cost [9,11,41-44]. That large numbers of insects would need to be reared is a concern shared with
many GPM approaches, including FK and SIT strategies which are currently in development and
testing. In this paper we showed that despite a fitness cost, the number of competent vectors can
be reduced more quickly by release of AP-only strains compared to the release of a similar num-
ber of FK mosquitoes, and that the maintenance of competent vector population reduction with
AP releases requires fewer mosquitoes than FK releases. In fact, in terms of long-term competent
vector reduction, the FK strategy was least effective of all of the strategies considered.

Although population reduction did not generally benefit the spread of AP genes in the popula-

tion, we found some scenarios in which R&R/AP releases led to more reduction in competent vec-
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tors than AP-only releases. While AP-only releases typically led to the greatest long-term reduction
when male-only releases occurred, bi-sex and female-only R&R/AP releases typically caused more
long-term reduction than corresponding AP-only releases. After the R&R phase of this hybrid strat-
egy caused population reduction, strong density dependence led to the population’s attempt to
recover rapidly; however, the additional offspring resulting from releases of AP-only females main-
tained high density-dependent mortality. This led to slower overall recovery of the population and
allowed time for the removal of AP genes linked to FK genes, which aided introgression of AP genes.
In these R&R/AP releases including females, population reduction during the R&R phase actually
aided the spread of AP genes throughout the entire R&R/AP release. When male-only releases were
conducted, however, the population was reduced to a much lower density because no additional
offspring resulted from released individuals. Rapid population recovery, coupled with linked FK
and AP genes, impeded the ability of AP genes to spread during the AP phase of releases, causing
the AP-only releases to more effective than the R&R/AP combination.

In general, female-only AP releases led to greater long-term reduction than similar male-only
releases but less reduction than similar bi-sex releases. Releasing females in addition to males in-
creased the rate of spread of the AP gene into the population in part because releasing both sexes
reduced the competition for mates. That is, when multiple males were released they had to com-
pete with one another as well as with wild-type males, but when half the number of males are
released with an equal number of females, the competition is not as strong. The rate of spread of
the AP gene during releases including females was also aided by the additional density-dependent
mortality that resulted from increases in the total number of offspring. Female-only releases did
not lead to more reduction than bi-sex releases in part because the increased density-dependent
mortality caused by the increase in females began to work against the spread of the AP gene as
more offspring, including those with the AP gene, died before reaching the adult stage due to high
larval density. While releases of females are not generally considered because females are a biting
nuisance and transmit disease pathogens, release of females that cannot transmit pathogens could

become more likely, as recent releases of both males and females of Wolbachia-infected strains of
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Ae. aegyptihave occurred in northeastern Australia and have not yet been found to cause any addi-
tional problems [45]. While releasing females would be possible, male-only releases of GPM strains
will most likely remain the standard, and such releases have in fact occurred in trials [46].

Although we found that neither the strength of density dependence nor the magnitude of fit-
ness cost associated with the AP gene had a significant effect on the ordering of long-term efficacy,
from most to least effective, of each of the strategies, understanding the role that each plays in a
control program is still important. While populations regulated by weak density dependence saw
greater reductions in the transient period when FK, FK/R&R, and R&R releases were conducted,
R&R/AP and AP-only strategies still led to the most long-term reduction for most values of the
strength of density dependence we considered. This indicates that the strength of density depen-
dence may not play a vital role in determining whether control strategies succeed in replacing the
population; however, a failure to understand density regulation in a population may result in driv-
ing a population to elimination rather than replacing the population, so a clear understanding of
density-dependent regulation in the population is especially important if the latter is the preferred
goal. While elimination may seem more desirable, if a population is assumed to be eliminated and
control measures cease, immigrant mosquitoes could re-establish the population and cause an
outbreak in disease in a human population with decreased herd immunity.

Our study of the effects of fitness cost and maintenance of competent vector population showed
that maintaining the reduction caused by AP releases was easier than doing so for reduction caused
by R&R or FK releases. Since FK releases caused reduction in the population, density dependence
acted quickly to increase the population density as soon as releases ended, which caused main-
tenance of reduction to be more difficult than after AP or R&R releases. AP releases did not affect
population size, and maintenance of reduction caused by AP releases was easier because the loss
of AP alleles caused by the fitness cost, which would lead to an increase in competent vectors, oc-
curred slowly. Although R&R releases caused some reduction in the population, rebound of com-
petent vectors did not occur as quickly as in FK releases because of the presence of AP alleles. R&R

releases were, however, harder to maintain than AP releases because of the combination of the loss
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of alleles due to the fitness cost and the population rebound. For any GPM control program to be
successful in the long term, maintenance releases of modified strains are a likely reality, regardless
of whether the strains suffer from a fitness disadvantage. The results presented here could have
important implications for the relative costs associated with maintaining different types of control
programs.

This study has evaluated the relative efficacy of a number of existing and potential genetic
strategies for controlling disease vectors by comparing strategies in a simple, single-population,
deterministic ordinary differential equation model. While more complex models should be used
to further evaluate all of the strategies, our work provides substantial motivation for the utility of
AP, R&R, and hybrid strategies in the fight against disease vectors. In particular, we stress the fur-
ther theoretical and empirical study of AP-only strategies because of their predicted ability to lead
to substantial long-term reduction in competent vectors relative to other strategies. While a num-
ber of AP strains of Ae. aegypti and other pests have already been developed and could be potential
candidates for eventual AP-only releases [24,47,48], serious consideration should be given to the
continued development and improvement of genetic constructs not requiring gene drive that in-

terfere with the ability to transmit disease pathogens.
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Appendix A

Stochastic Cage Model Mathematical

Details !

Mathematical Model

We present a discrete time, discrete state age-structured stochastic model that links population
genetics and population dynamics to simulate the experimental design described in the main text.
Our cohort-based model tracks, on a day-by-day basis, the (integer) numbers of adult mosquitoes,
classified by age, sex, and genotype. We let M, , 4 be the number of adult males of genotype g
and age a on day d, F, 4 be the number of females of age a on day d, and E; 4 be the number of
eggs of genotype g that are laid on day d. We consider three possible genotypes: wild-type (g = 1),
heterozygous FK (g = 2), and homozygous FK (g = 3). As discussed in the main text, eggs can be
either wild-type or heterozygous, adult males can be of any genotype, although the only source
of homozygotes are from FK releases, and the only reproductively-viable adult female genotype is
wild-type (this assumes, as we do throughout this study, that the female killing mechanism is 100%

effective).

IThis appendix is included as supplementary online material for the publication Robert, M.A., M. Legros, L.
Facchinelli, L. Valerio, .M. Ramsey, T.W. Scott, E Gould, and A.L. Lloyd. (2012) Mathematical Models as Aids for Design
and Development of Experiments: The Case of Transgenic Mosquitoes. J. Med. Entomol. 49, 1177-1188.
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An individual model simulation represents one experiment with one treatment and one control
cage. For the duration of the experiment, N wild-type larvae are placed into the control cage on
the first day of each week. The number of larvae placed in the treatment cage varies over time,
reflecting the numbers of eggs laid in the treatment cage relative to the control cage. The same
baseline number, N, is used throughout the stabilization period, but beginning with the week of
the initial release, the number is determined by finding the input necessary to make the ratio of
larvae input to eggs laid in the previous week equal in both the treatment and control cages. That
is, the number of larvae placed in the treatment cage each week is NV,,, where, at the beginning of
week w,

EL

EC

w—1

N,=N

2 7 7
where, E! | = Z E gT’ 4 and E£_1 = Z Efd represent the total number of eggs laid in the treat-
ment (T) and gcz);lf[lrzcil (C) cages in thed;ievious week. For the remainder of this section, we will
discuss only the treatment cage unless otherwise noted, so we drop the superscripts that indicate
the cage type.

As discussed in the main text, the genotype distribution of the N,, larvae introduced into the
treatment cage in a given week reflects the genotype distribution of eggs laid in the cage in the
previous week. The numbers of wild-type and heterozygous larvae, which we write as n; and n, re-
spectively, are chosen from a multinomial distribution: n = (n,, n,) ~ Multinomial(N,,, H,,), where

Hw = (hl,wr hZ,w)’ with

_ Eg,w—l
gw — :
Ey w1+ E> w1

h

Here, hy ,,, represents the frequency of genotype g in the eggs laid during week w.
Releases of homozygous FK pupae begin at week 14; these releases occur in addition to the N,,
larvae returned from eggs laid in the cage. We take the release number to be a constant multiple of
the baseline input. That is, the number of homozygous FK mosquitoes placed into the cage each

week is r N. The release ratio, r, describes the ratio of FK pupae to wild-type larvae input. For ex-

ample, for an input of 10:1 (FK : wild-type), r = 10.
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A larval cohort comprises the individuals placed into a cage on a given day. The model simu-
lates the emergence of these larvae based on an emergence time distribution, i.e. day-by-day prob-
abilities that an individual will emerge, as shown in Figure 2.1 of Chapter 2. These probabilities,
together with a nonzero probability of juvenile mortality, sum to one. The numbers of individuals
that emerge on each day following the placement of the cohort, or that die before emerging, is cho-
sen from a multinomial distribution with these probabilities. (Figure 2.1 presents the emergence
distribution for males. We assume females emerge one day later than males, therefore the distri-
bution of female emergence is simply shifted by one day). The sex ratio of eggs laid is assumed
to be 1:1, so the sexes of the emerging adults are determined by sampling from a binomial distri-
bution with probability parameter 0.5. We remark that alternative experimental designs in which
other immature age classes, i.e. eggs or pupae, are introduced into the cage could be modeled by
an appropriate modification of the emergence time distribution.

For adult cohorts, we assume that there is a day-to-day survival probability for all mosquitoes
in an age class. In the simplest model, the number of mosquitoes in an age class that survives from
one day to the next is chosen from a binomial distribution with a constant daily survival prob-
ability for males (s;,) or females (sy). More generally, the survival probability can be taken to be
age-dependent.

The model keeps track of the genotype distribution of the offspring of a given female cohort.
This is determined from the distribution of genotypes of males of mating age on the day (or days)
on which the female cohort mated, weighted by the mating fitness cost of each genotype. We call
this the mating pair distribution. Notice that we treat the offspring genotype distribution as a prop-
erty of the cohort: this simplifies our model as it means we do not have to track individual females
and their offspring genotype distributions, although it means we underestimate the genetic vari-
ability of eggs laid by the members of the cohort, particularly when only a few females remain in
the cohort.

We first describe how the calculation of the offspring genotype distribution is undertaken when

we assume females mate once. Using the mating fitness costs discussed in the main text (additive
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fitness cost of FK, cost per FK allele equal to ¢ /2), the mating fitnesses of each genotype are ®; =1,
®, =1—c/2,and &3 = 1—c. Hence the probability that a female who mates on day d will mate with

a male of genotype k, which we denote by py. 4, is given by

Z(I)kMa,k,d
Pk,a = 4 .
(qu)k’Ma,k/,d)
a K

Here, the sum is taken over all male age classes of mating age. Writing the Mendelian probability

that an offspring of genotype g is born to a wild-type female who mates with a male of genotype k
as Py 1, the probability that an offspring of a female who mates on day d is of genotype g, denoted

by vg 4, is given by

Vg.d = Zpg,kpk,d-
k

We assume that the number of eggs laid by a female mosquito each day is independent of her
age and is Poisson distributed with mean A. The total number of offspring of females of a given age
class on a given day, f, 4, is therefore Poisson distributed with mean A- F;, ;. The genotypes of these
offspring are determined by sampling from a multinomial distribution: denoting the numbers of
eggs of genotype g laid by females of age class a on day d by e , 4, we have that (e 4 4, €2,4,4) ~
Multinomial(fg 4,(v; 4,V ;)), Where d is the day on which the female cohort mated.

For our simulations involving multiple matings, we consider the offspring distributions that
result from matings on both days and form a weighted average of the two, imagining that a fraction
z of offspring result from sperm from the first mating and the remaining 1 — z of offspring result
from sperm from the second mating. We consider 1—z to be the the degree of polyandry since the
fraction 1 —z determines the influence of the second mating on the genotype distribution of the
offspring. The numbers and genotypes of the eggs laid by the female cohort of age a on day d are
given by (ey 4.4, €2,4,4) ~ Multinomial(f;, 4,(z U4, + (1— Z)V1,d”2» z2vy 4 + 11— z)vzydAz)), where d; and
d, are the first and second days on which the female cohort mated.

The total number of eggs of a given genotype laid each day is then the sum of the offspring

of that genotype from all age classes of females. The distributions of genotypes among eggs laid
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are then used to determine the distribution of the genotypes of larvae input on a weekly basis as

described previously in this section.

116



Appendix B

Stochastic Cage Model: Comparison to

Data and Exploration of Alternative

Model Assumptions !

Comparison to Data

We compare model output to data published in Wise de Valdez et al. (2011), whose laboratory
experiments follow the same protocol outlined in our manuscript. We emphasize that although we
can use our model to simulate the experimental design of these experiments, there are a number
of parameter values for these experiments that are unknown (e.g. daily survival in the cage envi-
ronment, average daily fecundity, and distribution of emergence times). Before using the model to
simulate potential experiments, it is critical to obtain this information. For a given parameter set,
we see that the model captures the general dynamics seen in the laboratory experiments by Wise
de Valdez et al. (Figure B.1a). Their data, however, exhibit more variability than the model, which

reflects sources of variation that are not considered in our model, such as overdispersion in the

IThis appendix is included as supplementary online material for the publication Robert, M.A., M. Legros, L.
Facchinelli, L. Valerio, ].M. Ramsey, T.W. Scott, E Gould, and A.L. Lloyd. (2012) Mathematical Models as Aids for Design
and Development of Experiments: The Case of Transgenic Mosquitoes. J. Med. Entomol. 49, 1177-1188.
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daily egg production. The extinction times of two of the three populations in laboratory cages do
fall within the distribution of extinction times predicted by the model for the parameters used here

(Figure B.1b).

GO0
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Figure B.1: Comparison of cage model output to lab cage data. (a) Dynamics of Eggs from data
collected in laboratory experiments by Wise de Valdez et al. (2011) compared to model output. Blue,
Red, and Green lines represent data. The solid black line represents the median behavior of 1000
simulations and the black dashed lines represent the 5th and 95th percentiles of 1000 simulations.
(b) Histogram of extinction times from 1000 simulations with the same parameters used in (a). Note
that the extinction times observed in Wise de Valdez et al. (2011) were 10, 15, and 20 weeks post
release. For these simulations, N =200, r =10, ¢ =0, sy =0.85, 5, =0.72, and A varies with female
age,a, according to the function A(a) =—0.1543a + 35.694 for a =6, ...,35 and A(a) =0 for a < 6 and
a > 35, which is obtained by fitting the model to weekly egg counts obtained by Wise de Valdez et al.

Exploration of Alternative Model Assumptions

In Chapter 2, we present results from a variety of simulations that are aimed at addressing
the design of cage experiments. Throughout, we make simplifying assumptions regarding survival,
mating behavior, and fecundity; however, the model is designed in such a way that these assump-
tions can be relaxed in order to study scenarios that incorporate more biological detail. In this ap-
pendix, we present results from simulations in which more detailed descriptions of relevant bio-
logical processes (i.e., survival, mating, and fecundity) are considered. The aim here is to under-
stand potential impacts of biological complexities not considered in the main text that could have

played a role in the outcomes of previous experiments. Further, we consider a variant of the cur-
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rent experimental protocol that would allow for delay periods between input of wild-type and FK
individuals, a change that might ease the daily work load of personnel responsible for rearing and
managing the mosquito populations. We revisit immigration of wild-type individuals by studying
the immigration of adults, and we study how correlation between extinction time and reductions

in the wild-type adult female population depend upon the time at which reduction is measured.

Survival

In the main text, we assume constant daily adult survival. Here, we consider age-dependent
survival based on data presented in Figure 1 of Styer et al. (2007). We consider four different release
ratios, r =0.1,r = 1,r = 10, r = 100. To begin studying the effects of age-dependent survival, we
take average daily survival probabilities for females and males that lead to average lifespans equiv-
alent to those calculated in Styer et al. (2007), about 54 days for females and 30 days for males. We
obtain sy =.9818 and s,, = .9679. We note that the survival curve when the mortality rate is con-
stant must have a longer tail in order to obtain an average lifespan equivalent to that that results
from mortality that is age-dependent. We compare cage experiments when survival is assumed
to be age-dependent with those in which survival is held constant (Figure B.2). We find that, for
all four release ratios considered, extinction times are greater when constant survival is consid-
ered. While the average lifespan is the same for both cases, the long-tailed survival curve resulting
from constant daily survival leads to a higher percentage of mosquitoes with long lifespans. For
both age-dependent and constant survival, the extinction times predicted here are far greater than
those predicted in the main text because the average lifespans observed in the Styer et al. (2007)
data are much longer than those seen in the field and assumed in the main text.

In order to make a better comparison with the main text, we scale the age-dependent survival
probabilities from Styer et al. (2007) to obtain lifespans more similar to those resulting from the
constant probabilities of survival used throughout the main text and the remainder of the supple-
mentary material. For the constant probability of survival, we take sy = .9 and s,,, = .79. We take

this value of s,,, (rather than taking s,, = .72 as in the main text) to match the ratio of the male and
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Figure B.2: Effects of lifespan on cage model results. Extinction time for two different survival sce-
narios with experiments conducted with four different release ratios. (a) Survival is age-dependent
with daily survival probability obtained from data presented in Styer et al. (2007). (b) Survival is con-
stant with respect to age. Circles are mean extinction time and error bars represent mean + standard
deviation. For these simulations, N =200, A=10, and ¢ =0.

female average daily survival obtained from Styer et al. (2007). With constant daily survival given
by these values, average lifespan is about 10 days for females and 4.76 days for males, which re-
flects average lifespans observed in the field. We multiply the age-dependent survival probabilities
in Styer et al. (2007) by a constant (k; = 0.9021 for females and k;,, = 0.7928 for males) in order to
equate the average lifespan with that resulting from constant daily survival. Results are presented
in Figure B.3 below.

For all four release ratios, we find that the mean and variation of extinction times are slightly
higher when daily survival is taken to be constant across age classes. The maximum difference in
mean extinction time is about 10 days when r = 0.1. This indicates that the simplifying assumption
of constant daily survival does not have a significant impact on the extinction times that the model
predicts when lifespans are short.

We note, however, that average lifespan can have significant impacts on the extinction times
predicted by the model. For instance, if we use the age-specific daily survival probabilities directly
obtained from Styer et. al (2007), we find that extinction times are approximately double those in

which daily survival is adjusted for a shorter lifespan (refer to Figure B.2). This result underscores
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the need for an accurate assessment of the environment-specific life history characteristics of the
pest species being studied in cage experiments. Knowledge of the average lifespan and survival

curve of the species will improve the predictive ability of the model.

Mating Behavior

Here, we look at the impact on extinction time of polyandrous mating of females. Females are
considered to be polyandrous if they mate on two or more occasions in their lifetime. We consider
only the case in which a female mates twice. We assume that each mating occurs on separate days
and that the female mates with two different males. First, we assume that sperm from each mating
has an equal probability of fertilizing an egg, and we consider matings that occur 7, 14, 21, 28, and
35 days apart under four different release ratios. Results are presented in Figure B.4.

Overall, we find that there is little difference in mean extinction time between simulations in
which females only mate once and those in which two matings occur. For larger release ratios, the
mean time to extinction decreases slightly when matings occur 7 and 14 days apart, but for longer

periods between mating, the mean extinction time is similar to the cases when females only mate
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Figure B.3: Effects of lifespan on cage model results (2). Extinction time for two different sur-
vival scenarios with experiments conducted with four different release ratios. (a) Survival is age-
dependent with adjusted daily survival obtained from data presented in Styer et al. (2007). (b) Sur-

vival is constant with respect to age. Circles are mean extinction time and error bars represent mean
+ standard deviation. For these simulations, N =200, A=10, and ¢ =0.
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Figure B.4: Effects of mating behavior on cage model results. Extinction time for treatment cages
for experiments conducted with four different release ratios. Females are assumed to be polyandrous
and sperm from each of the females’ two matings have an equal probability of fertilizing eggs. (a)
r=0.1,(b) r =1, (c) r =10, and (d) r = 100. Circles are mean extinction time and error bars represent
mean * standard deviation. The label 'SM’ denotes the case in which only a single mating occurs.
In these simulations, N =200, A=10, ¢ =0, s; =0.9, and s, = 0.72.

once.

The overall lack of differences in extinction times for different periods between the two matings
could be due to the low impact that the two matings have on the population over the duration of
the experiment. While females who mate twice should be more likely to mate with homozygous
FK males when they mate a second time than when they first mate, this increase in likelihood will
be most significant just after FK males have been initially released. Wild-type frequency decreases
most rapidly during the early weeks of releases and this rate of decrease gradually slows until the

wild-type population is extinct. The reduced impact of the longer periods between matings is also
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aresult of mortality. That is, fewer females survive to mate a second time when the period between

matings is longer.
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Figure B.5: Effects of mating behavior on cage model results (2). Extinction time for treatment
cages for experiments conducted with four different release ratios. Females are assumed to be
polyandrous and sperm from each of the females’ two matings have a different probability of fer-
tilizing eggs, which is determined by the degree of polyandry. (a) r = 0.1, (b) r =1, (c) r = 10, and
(d) r =100. Circles are mean extinction time and error bars represent mean + standard deviation.
In these simulations, N =200, A=10, ¢ =0, sp=0.9, and s, =0.72.

The contribution of polyandrous mating seems rather minimal when sperm are used equally
from each mating; however, the probability that sperm from one mating fertilize eggs need not be
the same as that of the other mating. We consider experiments in which offspring are more likely
to receive sperm from one mating than the other. We define the degree of polyandry to be ratio

of sperm from the second mating to the total sperm available to fertilize eggs. For example, if the
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degree of polyandry is 0, none of the sperm used in fertilization are from the second mating; if the
degree of polyandry is 1, all of the sperm used in fertilization are from the second mating. We study
the effects of different degrees of polyandry on extinction time when the two matings occur 7 days
apart. Results are shown in Figure B.5.

In general, extinction time decreases as the degree of polyandry increases from 0 to 1. This de-
crease is greater when release ratios are smaller. For all four release ratios, when all of the offspring
have fathers from the second mating (i.e., the degree of polyandry is 1), the mean extinction time is
the lowest. With increased degree of polyandry, a greater portion of the offspring have fathers from

the second mating, which results in faster decline of the wild-type population.

Fecundity

Next, we consider age-dependent fecundity. Rather than assuming females of all ages produce
the same number of offspring on average, we allow for different fecundity values based on the age of
the female. We use age-dependent fecundity values taken from data presented in Figure 3 of Styer
et al. (2007). In the results presented here for the constant fecundity, we take A = 8. We take this
average from the data by calculating the average of the expected number of offspring a female of a
certain age has given that she survives to that age. That s, if [, is the probability that a female lives to

n

age x and m,, is the expected number of total offspring of a female of age x, we take A = [% Z I,my].
x=1
Here, L = Z 1, is the average lifespan of a reproductive female (i.e. the average number of days a

female is able to lay eggs) and [-] denotes the ceiling function. Results are shown in Figure B.6.

For all four release ratios considered, the mean extinction time and variation in extinction time
is slightly lower when fecundity is constant across age classes. This is likely the case because, based
on the data obtained from Styer et. al (2007), young females have more offspring on average than
older females. The average value used for constant daily survival is averaged across all age classes
and is thus influenced by the low number of eggs laid by older females. The increase in the number

of offspring results in larger wild-type populations that must be suppressed.

124



Extinction Time (days)
g
Extinction Time (days)
w
=}

100 + { E : 100 F { {

0.1 1 10 100 0.1 1 10 100
Release Ratio Release Ratio

Figure B.6: Effects of fecundity on cage model results. Extinction time for treatment cages for two
different fecundity scenarios when experiments are conducted with four different release ratios. (a)
Age-dependent fecundity is taken from Styer et al. (2007) and (b) Fecundity is constant across age
classes. Circles are mean extinction time and error bars represent mean + standard deviation. In
these simulations, N =200, ¢ =0, sy =0.9, and s,, =0.72.

Input Delay

In some cases, the logistics of carrying out the experiment may make it desirable to separate
the releases of larvae hatched from eggs laid in the cage and those of FK mosquitoes by delaying
the release of FK mosquitoes by several days. However, doing so could lead to female mosquitoes
mating with wild-type males before FK males are introduced. Here, we examine the impact of FK
introduction delays under the four release ratios. We consider delays of between 1 and 6 days and
compare to the case in which there is no delay between introductions. See Figure B.7 for the results.

We find that under all release ratios except r = 100, mean extinction time increases to a maxi-
mum for delays mid-week, then decreases as the delays increase. This trend is a result of the overall
proximity of the releases of FK individuals to the release of the other individuals. That is, input de-
lays of 1 day or 6 days have less impact than delays of 3-4 days because the release of FK males in the
former two cases occur within a day of the input of other individuals. When FK males are released
mid-week, they are less likely to mate with those individuals that are released at the beginning of
the week or at the beginning of the next week, which leads to a slower decrease in the population.

Input delays of 2-3 days seem to have a greater impact on experiments conducted with smaller
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Figure B.7: Effects of input scheduling on cage model results. Extinction time for treatment cages
when there is a delay between the input of homozygous FK males and non-homozygous FK individ-
uals with experiments conducted with a range of four different release ratios. (a) r =0.1, (b) r =1, (c)
r =10, and (d) r =100. Circles are mean extinction time and error bars represent mean + standard
deviation. For these simulations, N =200, ¢ =0, sy =0.9, and s,, =0.72.

release ratios. For r = 0.1, extinction occurs earlier on average with delays of 5-6 days. This likely
occurs because FK pupae that are released at the end of the week emerge and are ready to mate at
the same time as the female larvae that are released earlier in the week. This is less noticeable for
larger release ratios. For r = 100, the increase in extinction time is almost linearly increasing with
delay time. In this case, after the first few releases, the population is inundated with FK males. The
delay in releases does not have a great impact on the population because the ratio of FK males to
wild-type males is always very large. The delays then lead to extinction times that correspond to a
scenario in which all releases are shifted by the number of days of delay. For example, if the mean

extinction time with no delays is 100 days, the mean extinction time for a two-day delay would be
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roughly 102 days.

Immigration

In the main text, we considered an experimental design in which the effects of juvenile immi-
gration can be studied in a cage experiment. Here, we extend this study further to consider the ef-
fects of adult immigration. We study the introduction of newly emerged, unmated adults and three
day old, mated adult females and mating males by introducing additional adults of the age cohort
under consideration. To make fair comparisons with larval immigration, we account for mortal-
ity of a cohort between larval and adult stages. We do this by selecting the number of migrating
mosquitoes from a binomial distribution with parameters N; and p,, where N, is the number of
migrating larvae considered in the main text (10, 20, 30, 40, or 50) and p, is the probability that
larvae survive to adulthood and live to age x. For newly emerged adults, py = (1 —0.2318) and for
three-day old adults, p; = (1 — 0.2318)(.5531 + .55]?). Because immigrants are constantly being in-
troduced into the population, we must observe population reduction as defined in the main text
rather than extinction time. Results are presented in Figure B.8.

As in the case of juvenile immigrants, we see a gradual increase in the mean and variance of
percentage of the wild-type adult female population remaining after 14 weeks as the number of
immigrants increases (Figure 2.9). The only exception is, again, r = 0.1, in which the variance de-
creases as the number introduced increases. In general, immigration of the three day old adults
seems to inhibit population reduction only slightly less than newly emerged adults, as the mean
and variance of the percentage of the wild-type adult female population remaining is slightly lower
in all cases when adult immigrants are three days old than when they are newly emerged. In many
cases, however, the difference is less than one percent. In all cases, immigration of juveniles results
in a higher percentage of females remaining than does immigration of adults.

Our model output indicates that if already-mated adults enter a population, the adult female
population will be maintained at a low level, because all offspring of the mated immigrants will be

wild-type. This differs slightly from the result when immigrants have not yet mated. In the latter
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FigureB.8: Effects of adultimmigration in the cage model. Percent wild-type adult females remain-
ing 14 weeks post-release when wild-type immigrants are introduced to the cages every week. Ex-
periments are conducted with four different release ratios. (a),(e) r =0.1; (b),(f) r =1; (c),(g) r =10;
and (d),(h) r =100. (a)-(d) Immigrants are newly emerged, unmated adults. (e)-(h) Immigrants are
three days old and females have mated before immigration. Circles are mean extinction time and er-
ror bars represent mean + standard deviation. For these simulations, N =200, ¢ =0, A =10, sp=0.9,
and s, =0.72.

case, once the target population is sufficiently suppressed, the immigrant females would have a
high probability of mating with FK males and the population would consist of only the immigrants

themselves.

An Alternative Measure for Assessment of Population Reduction

We analyze the results generated by the model for several different scenarios that arise from
the combinations of fitness costs and release ratios (i.e., results presented in Figure 2.6) to assess
the relationship between extinction time and wild-type adult female population reductions after
a given period of time. We obtain the coefficient of determination R? from a linear regression of
extinction time against percentage of the wild-type adult female population remaining after a given
number of weeks (here, n = 1000 simulations is the total sample size). We present here four different

scenarios that result from considering two release ratios (r = 1 and r = 10) and two fitness costs
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Figure B.9: Correlation between extinction and population reduction. The correlation between
cage extinction time and population reduction after a given time period. Values of the coefficient
of variation R? are plotted for each week post-release for (a) r = 1 and (b) r = 10. Circles represent
simulations run with ¢ = 0 and squares ¢ = 0.6. For these simulations, N =200, A =10, s,, = 0.72,

Figure B.9 shows that the value of R? can be very different depending upon the time at which
population reduction is observed. In general, population reduction as measured by observing the
percentage of wild-type adult females remaining 15-30 weeks post-release is a better predictor of
extinction time than observing reduction earlier than 15 or later than 30 weeks when r = 1. When
r =10, that window is earlier and more narrow, around 10-20 weeks. These so-called windows of
higher correlation correspond to periods of time after reductions in population size have begun but
before a large number of extinctions have occurred. In fact, the peaks of the curves in Figure B.9 are
partially a result of extinctions beginning to occur. That is, as R? increases to the maxima seen here,
extinctions are beginning to occur before the time of observation of population reduction. The
strength of predictions that can be made based on observing population reduction then decreases
rapidly as the time post release gets longer. Therefore, observing population reduction before the

times associated with these peaks would be best for using the model to make predictions.
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Appendix C

R&R model Equilibrium analysis !

In Chapter 4, we describe the development of a system of ordinary differential equations that
we use to simulate population dynamics and population genetics of Aedes aegypti following the
introduction of an R&R strain into a wild-type population. Analysis of this model is limited by the
model complexity; however, we are able to obtain equilibrium population density of the wild-type

population in the absence of transgenic releases.

In a completely wild-type population, the system

p-1
J',-=Bi(t)—uﬂ,-—f,-(a21g) —vJ;

. 1 F
Fi=Svridi—purphi+u
(C.1)
. 1 M
M; = EV]i—‘U,MM,"i‘ u;

M, (1)
D My(0)
g

IThis appendix is included as supplementary online material for the publication Robert MA, Okamoto K, Lloyd AL,
Gould E (2013) A Reduce and Replace Strategy for Suppressing Vector-Borne Diseases: Insights from a Determinstic
Model. PLoS ONE 8(9): €73233. d0i:10.1371/journal.pone.0073233

Bi(t)= wiAZFm(t)ZPr(nm, n)
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for i =1...9, where i =9 represents the wild-type genotype, reduces to
Jo=AF —.U]]9—aﬁ_1]9ﬁ — )y
.1
Fy=2vl—purk (€.2)

. 1
My = > v]o—Unm M.

Here, My is decoupled from the system, so we can analyze the reduced system

Jo=ARy—p;Jo—a? P —vJy
(C.3)

. 1
k= EV]EJ_.UFE%

This system has a trivial equilibrium at ( ]9(1), Fgm) =(0,0), and one non-trivial equilibrium at

1
1/ vA =t
=Ly )

a\2up
(C.4)
@__Y ;@
EFE7'=—]J]".
9 T oup?
We rearrange the expression for ]552) by noting that
’2 v=(uy+ v)( v 1)
(C.5)
= (‘LL] + v)(RO_ 1) »
where
1 A A
Ry= 4 Y (C.6)

pp 2 g4y 2up(ug+v)’

Here, # is the average lifespan of adult females, % is the rate of production of female offspring, and
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o * is the fraction of juveniles that survive to emerge as adults. Thus, Ry is the basic reproductive

number of the population. We rewrite (C.4) in terms of Ry,.

1 L
=~y + (R — 1))

(C.7)

In order for population to have a positive equilibrium (i.e., ]9(2) > 0), Ry > 1. Thus, we analyze
the stability of the equilibrium only for the case when Ry > 1.

To verify the stability of the equilibrium in (C.7), we first find the Jacobian of system (C.3).

—(u;+v+Blaf)f) A
Jacobian(Jy, Fy) = (u] ple) ) (C.8)

v —UF

D] —

We then evaluate the Jacobian at the equilibrium in (C.7).

—(u;+v+ + V)(Ry—1 A
¢ = Jacobian(J®, F?) = (s Blus+ v)(Ry—1)) C9)

Y —HF

D=

We now study the eigenvalues of _¢ by studying the determinant and trace of ¢. The equilib-
rium point ( ]9 ,E (2)) is stable when Tr(_¢) < 0 and det(_#) > 0 (i.e., both eigenvalues of ¢ must be

negative). First, we calculate Tr(_#).

()=~ + v+ Bliy + V(Ro— 1)+ a) (€.10)

Since R, > 1, and because we require u;, v, B, and ur to be positive, Tr(_#) < 0. Next, we calculate

det( #).

det( #)=pur(u;+v+pB( ,+v)(R0—1))—%V (C.11)

Rearranging the terms, we get
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det(#)=1+p(R,—1)—

2up(uy+v)
(C.12)
In order for det(_#) >0,
1+B(Rg—1)—Ry>0
B(Ry—1)> Ry—1 (C.13)

p>1.

So we have that the equilibrium ( ]9(2), Fg(z)) is stable when 8 > 1.

Equilibrium Values for Model Runs

Here, we list the values of the equilibrium density of juveniles, adult males, and adult females
that are used for model runs in the main text. Note that the release size of R&R individuals is always
defined as a function of the equilibrium wild-type male population density so that release rates are
always relative to the population density. This allows for a general study of R&R releases in an Ae.
aegypti population. While changes in ¢ will result in changes in the density of the population, the

qualitative results for relative density are the same.

Ji=1P=10118.98
F=F?=7083.28 (C.14)

9

Mi =M =2529.74
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Appendix D
Further exploration of R&R !

Density dependence

Throughout Chapter 4, we consider a population in which the strength of density-dependent
larval regulation is strong. Here, we vary the strength of density dependence by considering dif-
ferent valuesof B (B =18, =2, =22, =28, B =3, and B = 3.2). These results are pre-
sented in Figure D.1. For lower values of 3, the transient reduction in both the total female and
competent vector population densities is greater than for higher values of 3. This occurs because
populations rebound more quickly from perturbations away from equilibrium density for higher
values of  (stronger density dependence). For these higher values of 3, the total adult female pop-
ulation reaches an intermediate equilibrium density while releases occur before returning to the
pre-release density. For lower values of 8, however, including f = 2 (which would correspond to
the familiar logistic term), the total population density decreases towards extinction, but eventually
returns to pre-release densities after releases end. If population elimination is desired in a popu-
lation in which density-dependent regulation is strong, release sizes would need to be increased

to ratios high enough to overcome this strong density-dependent population regulation. In these

IThis appendix is included as supplementary online material for the publication Robert MA, Okamoto K, Lloyd AL,
Gould E (2013) A Reduce and Replace Strategy for Suppressing Vector-Borne Diseases: Insights from a Determinstic
Model. PLoS ONE 8(9): €73233. d0i:10.1371/journal.pone.0073233
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populations, R&R releases may be desired because even though population elimination is difficult
to achieve, R&R releases lead to a lower density of competent vectors than FK only releases (com-

pare each panel of Figure D.1).
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Figure D.1: R&R and density dependence. Dynamics of an Ae. aegypti population subject to con-
tinuous male-only R&R releases at a 1:1 (r = 1) release ratio for 120 days for different strengths of
density dependence. (a) Relative density of competent vectors. (b) Relative density of total adult fe-
males. (Note that this panel also indicates the relative density of the total (and thus competent) adult
female population during FK releases.) For both panels, the first vertical dashed line represents the
first day of release (30) and the second vertical dashed line represents the last day of release (150).
All other parameter values are the default values listed in Table 4.2 of Chapter 4. Note the vertical
axis is on a log scale.

In Chapter 4, we consider the reduction in competent and total female vector densities that
results from different combinations of release ratio and duration. In each release, the same total
number of R&R males is released. Here, we consider the effects of density dependence on release
scenarios that arise from these different combinations (Figure D.2). The intermediate combina-
tions in which total population reduction is the greatest depends upon the strength of density de-
pendence. As density dependence gets stronger (higher values of ), population reduction is great-
est at lower intermediate release durations. This is because the population is capable of rebound-
ing much more quickly than populations with weaker density dependence. For stronger density
dependence, short but very intense releases are required to maximize population reduction, and

smaller release sizes over long periods of time cannot overcome the strength of density depen-
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Figure D.2: Density dependence and release ratio and duration. Relative adult female population
density following releases of R&R males into populations regulated by different strengths of density
dependence with release scenarios involving different combinations of release ratios and durations.
(A) Relative density of competent vectors is measured once the total population returns to its pre-
release density following releases. (B) Minimum relative density of total adult females is measured
on the day in which the minimum occurs for corresponding release scenarios. The horizontal axis
for both panels is labeled as release duration / release ratio, with release durations increasing from
left to right and release ratios increasing from right to left. Each scenario results in the release of the
same total number of male mosquitoes. All other parameter values are the default values listed in
Table 4.2. Note the both axes are on a log scale.

One should also note that the shape of the curves describing the reduction in competent vec-
tors change slightly as density-dependent population regulation strengthens. As § increases, the
relative density of competent vectors changes from a non-monotonic to a monotonically decreas-
ing curve for the combinations of release ratio and release duration considered here. For each of the
non-monotonic curves, the minimum occurs for scenarios in which releases occur at low intensity
over longer periods of time. As density dependence strengthens, the marginal benefit of increasing
release duration is lost because the population can rebound more easily, and the smaller releases

have less impact on the population.
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Release duration and female-only releases

In Chapter 4, we present results from male-only, bi-sex, and female-only releases conducted
at a 1:1 ratio for only 100 days. We mention there that this combination of release duration and
release ratio was chosen because longer durations of releases including females typically led to
population extinctions. Here, we show that the total female population density decreases rapidly
as the release duration is increased when female-only releases are conducted at a 1:1 ratio (Figure
D.3). In fact, for the parameter set considered here, a release duration T' = 120 days led to extinction

of the population whereas a release for T =110 days did not.

——— T=100
T=110
T=120

Relative Density of Adult Females

600

Figure D.3: Duration of female-only R&R releases. Relative total adult female population density
when continuous male-only R&R releases occur at a 1:1 (r = 1) release ratio for different release
durations. Each release begins on day 30, and release durations are 7 =100, T =110, and 7 =120
days. The black vertical dashed line marks the beginning of releases, and the end of each release is
indicated by a vertical dashed line of corresponding color. All other parameter values are the default
values listed in Table 4.2. Note that the vertical axis is on a log scale.
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Wild-type immigration

Here, we study the impacts of immigration of wild-type juveniles. We assume that immigrants
enter the population at a constant daily rate, 1), before, during, and after R&R releases occur. We

note that this changes the equation describing the dynamics of wild-type juveniles to

p-1
Jo = Bo(t)—pyJo—Jo (aZ]g) —Vlotn.
g

We define immigration rates as fractions of the equilibrium wild-type juvenile density per day. For
example, if immigration occurs at a rate of 1% of the wild-type equilibrium density per day, then
n=0.01 ];day_l. We find that the impact of immigration on the density of competent vectors de-
pends upon the magnitude of the immigration rate (Figure D.4). That is, larger immigration rates
lead to smaller decreases in the competent vector population than smaller immigration rates. Fur-
thermore, larger immigration rates result in the competent vector density returning towards the
pre-release equilibrium much more quickly than smaller immigration rates. For the smallest im-
migration rate we consider here, the competent vector density does not increase much, even hun-
dreds of days after R&R releases end, whereas the competent vector population is near pre-release
equilibrium soon after R&R releases end for the largest immigration rates we consider. This is in
part due to the inability to reduce the competent vector population as much in the presence of
larger immigration rates. Although immigration does hinder R&R releases from leading to the same
reduction in competent vectors as is observed without immigration, R&R releases still lead to more
reduction in competent vectors than FK releases, regardless of the immigration rate (compare solid

and dashed lines in Figure D.4).
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Figure D.4: R&R and immigration of wild-type juveniles. Relative total adult female population
density (solid lines) and relative competent vector density (dashed lines) when continuous male-
only R&R releases occur at a 2:1 (r = 2) release ratio for T = 100 days in the presence of wild-type
juvenile immigration. The black vertical dashed lines mark the beginning and end of releases. Im-
migration rates are defined in terms of a fraction of the equilibrium juvenile density per day: No
immigration, 0.001 J, 0.01 J5, and 0.05 J§ All other parameter values are the default values listed
in Table 4.2. Note that the vertical axis is on a log scale.
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Appendix E

Additional exploration of hybrid

strategies |

Release ratio, duration, and switch time

We studied the effects of release ratio and release duration on each of the six strategies by vary-
ing the release ratio and release duration while holding the total release number constant (Figure
E.1). For combination approaches, we considered switch times of 1/4 and 3/4 the total release dura-
tion. We considered both male-only, bi-sex, and female-only releases. For all release types, longer
releases of AP-only individuals led to greater long-term reduction than shorter AP-only releases,
and among all of the release strategies, AP-only releases led to the greatest long-term reduction
in competent vectors when the release duration was longer, whereas R&R/AP releases led to the
greatestlong-term reduction for short, intense releases when females were included in releases. For
male-only releases, AP-only and R&R-only strategies led to more reduction as the release duration
increased, as did R&R/AP approaches, regardless of the switch time for combination strategies. For

early switch times, FK/AP strategies led to more reduction as the release duration increased, but as

' This appendix will be included as supplementary online material for the manuscript Robert MA, Okamoto K, Gould
E Lloyd AL. Anti-pathogen genes and replacement of disease vector populations: a model-based evaluation of hybrid
strategies
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the switch time increased, the most reduction caused by the FK/AP strategy resulted from an inter-
mediate combination of a shorter release duration and larger release ratio. For longer switch times,
there was a release ratio/duration combination for which R&R and FK/AP releases were equally
effective, and as the release duration increased, R&R releases became more effective than FK/AP
releases.

For releases including females, FK/AP dynamics were similar to those of male-only releases,
with greater reductions at larger release ratios when the switch time was early and an intermediate
optimum for later switch times. For early and intermediate switch times, there were two release
ratio and duration combinations for which R&R and FK/AP were equally effective for female-only
releases. Bi-sex releases exhibited similar behavior for intermediate switch times, but FK/AP was
always more effective than R&R for early switch times. For both female-only and bi-sex releases
with later switch times, FK/AP releases were less effective than R&R as the release duration in-
creased and were as effective as R&R releases for one release ratio and duration combination. As
discussed in Robert et al. (in press), R&R releases involving females had the mostimpact atinterme-
diate combinations of release ratio and release duration. This intermediate optimum was reflected
in releases involving R&R: R&R/AP releases also had the most impact on competent vector density
for intermediate combinations of release ratio and release duration when switch times were longer.

For releases including females, there was at least one release ratio and duration combination
for which R&R/AP and AP-only releases had a similar impact on competent vectors, regardless of
the switch time. For all switch times, bi-sex releases of R&R/AP and AP-only had a similar impact
for two combinations of release duration and ratio. For early and later switch times, female-only
releases of R&R/AP and AP-only individuals had similar impacts for two different combinations of
release duration and ratio. For female-only releases, there also were two combinations of release
ratio and release duration for which R&R and AP-only strategies had similar impacts on competent
vector density, with a small range of combinations for which R&R strategies led to more reduction

than AP-only strategies.
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Figure E.1: The effects of release parameters on FK, R&R, and AP strategies. Long-term relative
competent vector population density resulting from release scenarios that arise from different com-
binations of release ratio and release duration with male-only (A,D), bi-sex (B,E), and female-only
releases (C,F). For combination strategies, the switch occurs after 1/4 the total release duration (A-
C) or 3/4 the total release duration (D-F). All other parameter values are the default values listed in
Table 5.2. Note the vertical axes are on a log scale.
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Density dependence and minimum population density

Figure E.2 shows the minimum relative density of competent vectors for different values of .

R&R R&R /AP
AP — = FK/AP
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Figure E.2: The effects of f on minimum relative density of competent vectors. Minimum relative
density of competent vectors for different strengths of density dependence when releases were con-
ducted ata 1:1 (r = 1) release ratio for T = 100 days with male-only (A), bi-sex (B), and female-only
(C) releases. For combination strategies, the switch occurs after 50 days. All other parameter values
are the default values listed in Table 5.2. Note the vertical axis is on a log scale.
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