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Abstract—In this paper, we conduct a series of computer strategy to be effective. For example, the refractory gene
simulations on the genetic modification of disease vectors. should confer some fitness advantage with respect to their
In our model, a population of mosquitoes is modeled as 4 counterpart, or else it will likely be removed from the
DNA sequences. A gene drive mechanism based on simulated | withi f fi M the fit
transposable elements is inserted into DNA sequences to den g?ne F’OF’ within a few 9‘?”6“’" '_Ons' oreover, ? ltness
immunity to individuals. Different scenarios on the spread differential should be sufficiently important so as to irage

and prevalence of modified genes are simulated using the the possibilities of gene replacement in wild populatioris [
evolutionary game theory. Preliminary results suggest tha

the proposed model could be useful for identifying a set of  Besides the uncertainty on the fixation of the refractory
population-level conditions that a disease control stratgy based  gene, there is much concern on the environmental conse-
on genetic modification of vectors should satisfy to be efféige. quences of the release of genetically engineered mosguitoe
. INTRODUCTION [1]. As a result, the implementation of this strategy often
._comprises a preliminary stage of controlled experiments
%onducted within cages. These experiments are not only

vector borne diseases such as malaria and dengue is a m . . .
g .%’Qﬁenswe but most importantly, the controlled environtmen

eplde_r:u(l):!?gy cgncerr; IW_OHdW'deH. II'? .eff?ct, th% rCT"’11!)6‘”8]:Jrovided by these cages could lead to spurious conclusions
parasite Flasmodium falciparumviich 1S transmitted bY o416 to fitness and thus replacement potential of the

mosquitoes kills over two million people per year —mostly _ ... .
children, in Africa alone [1][2]. modified strains.

Earlier malaria disease control strategies relied on the pmoreover, multiple scenarios on the spread and prevalence
extensive use of insecticide to reduce vector populatidhs. of resistant genes in populations would be difficult to study
though initially effective, the abuse of insecticide camited dijrectly given the life span oAnopheles gambiagabout a
rapidly to the emergence of resistant strains. Furthem@wi month). Both mathematical and computer simulation models
to the subsequent propagation of insecticide resistareseth on population genetics have proven to be useful tools for
disease control strategies are no longer considered igfect oyercoming the inherent limitations of experimental sésdi
For instance, the general use of the DDT pesticide has begf genetic variation [8][9][10].
already banned in the US a few decades ago [1].

Recent advances in molecular biology and bioengineering Particularly, computer simulation represents a complemen
have contributed widely to our increasing understanding d&ry approach for the study of population dynamics [11]. De-
the machinery of life at the molecular level [3][4]. As aspite the obvious limitations of working with abstract mise
result, our abilities to manipulate fundamental biologjicathe simulation approach is often more tractable than exper-
processes have improved greatly. For instance, the genetitental population studies. Further, computer simulation
modification of organisms to confer disease refractorimgss are excellent platforms for testing alternative scenadns
now within the reach of these technological advances [5]. relevant population variables under consideration [1Z]][1

A disease control strategy based on the genetic modifidloreover, simulation results may be useful as confirmatory
cation of mosquitoes to confer disease immunity is corgvidence of the predictions derived from the population
sidered promising [6]. For instance, the Gates Foundatic@@enetics theoretical models [14].
has recently provided generous funding for the development ) ) )
and implementation of a disease control strategy based on" this work, we propose a computer simulation model
the synthesis of disease resistant strains of the mosquifb Study the genetic modification of disease vectors at the
Anopheles gambiaethe principal vector of the malaria population level. In our model, a population of vectors

parasite. is modeled as DNA sequences. A gene drive mechanism

Although the creation of individual disease resistaniistra Paséd on simulated transposable elements is introduced in
is now possible, in principle, there exist additional neeeg DNA sequences to confer immunity to individuals. .Dllfferent
conditions that must be satisfied by this disease contrSf€narios for the spread and prevalence of modified genes

are simulated using the evolutionary game theory. Simarati
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Original DNA Sequence

AGCTAGCTACGTACAGTCAGTCGATCGAT

METAPOPULATION 1 METAPOPULATION 2

c Mutations

~

AG TTAGCTACGT GCAGTCAGTC ATCGAT

Modified DNA Sequence

METAPOPULATION 3 METAPOPULATION 4

Fig. 2. Mutation of DNA sequence

Fig. 1. Mosquito population structure

Parent’s DNA

” MODEL DESCRIPTION Cloning + Mutation
A. Population variables simulated in the computer model Offspring’s DNA

The proposed computer model simulates a subset of the
most important variables that explain genetic variation in
populations. Particularly, we considered the followinggra- Offspring’s fitness
eters in the simulations: fitness, age, migration, reprodugc
mutation, insertion and duplication of a transposable el@m
and the ability of competition for resources.

The population of mosquitoes is organized as a collection
geographically dispersed metapopulations as shown inefigur
1. Each metapopulation is generated at random and then,
an arbitrary fitness value is ascribed uniformly to eaclFigure 4). After the insertion is completed, the fitness of
individual in the metapopulation. the mosquito is slightly reduced.

The migration occurred once the mosquitoes have reachedThe main feature of a transposon is that it can reproduce
two weeks old of simulated age. For this purpose, a probabitself and change its position in the genome [6]. This behav-
ity distribution was created to determine whether a mosquitor is simulated in the computer model, and each time the
remains in the same metapopulation or migrate to a neighb@iosquito obtains a new copy of the transposon, its fitness is
metapopulation. The probability distribution is intended slightly reduced.
model the geographical distance among metapopulations. The proposed model also incorporates a turnover process.

The mutation process consists of the sparse substitution [of particular, we predefined a maximum number of individ-
nucleotides in the DNA sequence as shown in figure 2. Faorals in the population. If the population size surpasses thi
the simulations reported here, we set the mutation prababil limit, the oldest individuals are removed from the populati
to 0.01. We used a simple montecarlo algorithm to determinentil its size is less or equal to the maximum. The turnover
whether or not a mutation event occurs at a particular locugas considered due to the bounded availability of computer

Reproduction is simulated as a cloning-mutation procesgesources for the simulations. Similarly, populations @b n
We use the DNA sequence of a randomly selected paregitow unboundedly in the wild because they are tied to the
and mutate it to obtain the DNA sequence of the offspringvailability of natural resources [15].
as shown in figure 3. The fitness of the offspring is calculated The competition for resources is simulated using the
from the fithess of the parent adding an small perturbatiogvolutionary game theory [16]. At each simulation step, the
to that. Once the reproduction is completed, the parent fiéness of all individuals is penalized simulating the neéd o
removed from the population. a particular resource. Then, each individual competes for a

To insert a transposable element, we choose a randaesource with another randomly selected individual.
position in the ADN sequence, cut the sequence, insert According to the evolutionary game theory, we considered
the transposon at the selected position and then paste the types of behavior: theawkand thedove The interaction
remaining sequence to the right of the transposon (séetween these two types of behavior is as follows:

Parent’s fitness +/— 5%

D

Fig. 3. Reproduction of individuals
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Fig. 5. Effects of genetic drift with 1% of transgenic mosqas

« Hawk-hawk: When two individuals with hawk be-
havior compete for a resource, the fitness of both

individuals is decreased. The hawks are aggressive agflect of genetic drift so as to increase the possibilityhef t
fight for the resource, so both get hurt as a result of thiation of the refractory gene. The second experiment is
competition. intended to determine the number of transgenic mosquitoes
« Hawk-dove: The dove behavior is a cautious one. WheRhat should be inserted in the native population in order
a dove and a hawk behavior compete for a resource, thg achieve prevalence of the transposon over a number
dove escapes to avoid the consequences. In this typegf generations. The third experiment simulates the effect
interaction, the hawk gets the resource to its own ang the fitness differential of transgenic mosquitoes on the
his fitness is increased. fixation of the modified gene. Finally, we use the evolution-
« Dove-dove: When two doves compete for a resourcyry game theory to simulate the interactions among native
they share it, so every dove obtains half of the resourgghg transgenic mosquitoes during resource competition. We
and both fitnesses are increased. decided to conduct all of the experiments serially as it woul
be extremely complex to analyze all the relevant variables

. _simultaneously.
The computer model maintains a data structure to describe

each individual of the population. Each individual corsist A Estimation of native population size

a 100-nucleotide long DNA sequence, an ID of its parent, its The objective of this experiment is to determine the
own ID, its genealogy, geographical origin, age, transpsso population size needed to minimize the deleterious efféct o
acquired during its life time. genetic drift for the consistent fixation of the transposon.

In all of the simulations described here we used four We considered two different populations, the native one
metapopulations. Each metapopulation was inicializedh witand the transgenic one. In this experiment, the occurrefhce o
one individual that serves as the common ancestor. At eatitie transposon does not change the fitness of the mosquito.
simulation step, all individuals are subject to the aforame We observed the fixation of the transposon at different
tioned transformation processes. A total of 100 generatiopopulation sizes. We used native population of 100, 500,
were simulated in all of the experiments. 1,000, 10,000 and 50,000 individuals. In addition, we used

Initially, there exist two different populations in the medd 1%, 5% and 10% as the proportion of transgenic mosquitoes
(1) a population of wild individuals and (2) a population ofinserted in the native population. Simulation results fifr d
transgenic individuals. Each population is evolved sepéra ferent combination of these parameters are shown in figures
and when the wild individuals reach a predefined populatio, 6 and 7.
size we combine both populations to observe their intesacti  In our simulations, a small proportion of transgenic
in terms of gene flow. mosquitoes did not produce the fixation of the transposon

Finally, at the end of each simulation step, we enumerata large populations. However, the fixation of the transposo
the number of individuals that have acquired the transposavas sparsely observed in small populations as a result of
and the number of individuals that does not have it in ordegenetic drift (see figure 5). The inconsistency observed on
to quantify the fixation rate of the transposon. the preservation of the modified gene suggested that a larger

proportion of transgenic mosquitoes should be insertedén t
lll. EXPERIMENTS AND SIMULATION RESULTS | 4tive populations.

In this paper we conducted four types of different ex- Figure 6 shows the effect of genetic drift when 5% of
periments. The first experiment is aimed at estimating theansgenic mosquitoes are inserted in the native populatio
population size required to sufficiently reduce the deletex The fixation of the transposon was consistently observed

B. Simulated scenarios
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Fig. 6. Effects of genetic drift with 5% of transgenic mogsqaes Fig. 8. Proportion of transgenic mosquitoes inserted in tiadive
population
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Popuatonsze 10000 - a silent effect on fitness of the mosquitoes. We used a popu-
o | 500 ] lation size of 100,000 individuals as suggested from the pre

vious experiment. The proportion of transgenic mosquitoes
inserted in the native population was 1%, 5%, 10% and 20%,
respectively. Figure 8 shows the simulation results olethin
in this experiment.

As predicted, the frequency of the modified gene increased
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A Al 1 ,ﬁfj A S monotonically with the proportion of transgenic mosquétoe
20t ff Yl Nﬁ Y *‘A¥*\; inserted in the native population. However, no obviousediff
*\ ence was observed when more than 10% of this proportion
ol ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ was considered. Moreover, the frequency of transposons
R Ut obtained with a 5% was relatively consistent, so this would
be a better alternative than producing larger quantities of
Fig. 7. Effects of genetic drift with 10% of transgenic mosoges modified mosquitoes without apparent benefits.

C. Effects of fitness differential on the transgenic popaoiat

at various population sizes. However, the prevalence of the The gpjective of this experiment was to observe effects
modified gene seems to stabilize as the population sizg§ the fitness differential conferred by the occurrence of
increases. In addition, we observed a high variability & thihe transposon on the prevalence of modified mosquitoes.
frequency of he transposon when small native populationge considered an decrement/increment of -10%, -5%, 0%,
are considered in repeated experiments. 5% and 10% on finess each time the transposon was
Figure 7 shows an even more consistent fixation of thgcquired/duplicated.
transposon when 10% of transgenic mosquitoes are insertedaccording to theoretical results on population genetics, i
in the native population. However, the modified gene prevag reasonable to predict that deleterious genes wouldylitel
lence was inconsistent when small native populations Wefgmoved from the gene pool as a result of natural selection
considered. [18]. For this experiment we used a population of 100,000
Theoretical results of genetic drift indicate that the delejngividuals and the percentage of transgenic mosquitoss wa
terious effect of genetic drift is inversely proportional t 5o
population size [17]. The simulation experiments presgnte Figure 9 shows that the frequency of the transposon
here confirmed the predictions derived from the theoreticg},g proportional to the fitness differential. In nature, the

results. possession of transposable elements often decrease #ssfitn
L f , lati . of an individual. However, fitness is very difficult to assess
B. Estimation of transgenic population size as it is a function of not only the individual's genotype but

This experiment was intended to determine the proporticsso a function of the environment [15][19].
of transgenic mosquitoes required for the consistent brati ~ As shown in figure 9 a transposon that decreases the fithess
of the modified gene in the native population. of the carrier in 5% could reach a fixation of 20% of the
The scenario was similar to the previous experimentotal population, which is a reasonable percentage of &rati
Again, we assume that the occurrence of the transposon hate can conclude that even if the transposon diminishes the
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Fig. 9. Effects of various fitness differentials on transpo$requency Fig. 10. Frequency of the transposon, scenario 1
hawk  dove hawk  dove
hawk | -5%  20% hawk | -20% 5%
dove 0% 5% dove 0% 25%
TABLE | TABLE I
SCENARIO 1 SCENARIO 2

fitness of the mosquitoes, it could be fixed in the native

population. W (hawk, dove) = 20
D. Evolutionary game theory for modeling competition for W (dove, dove) = 5
resources ’

Using the framework provided by the evolutionary game

In this experiment, we observed the effect of the modifieﬂ1 : :
. . . . .. _theory we can observe that the native population would not
gene on the interaction of transgenic and native mosquitoes

. . .reach an evolutionary stable state, meaning that it could be
when competing for resources. To simulate the behavior . :
L : : invaded by the transgenic population.
among individuals of the population we used the evolutignar e L
As can be seen in figure 10 the fixation of the transposon

game theory [16]. The behavior of each mosquito with A : - -
respect to another will be different depending on whethep ' €ases rapidly in early generations until it stabilizgs
or not it possesses the transposon. We simulated two t ael%out generation 25 where it remains constant. This result
of behavFi)or the hawk and tFr)1e do.ve In our simulatioﬁgconﬁrms the predictions derived from the evolutionary game

X ' . . ) theory. In effect, as the native population was not in an
the native mosquitoes behave like doves and the transgenic 7 . : .
mosquitoes behave like hawks. evolutionary stable state, it was invaded by the transgenic

We considered the following scenarios to observe th%opu_laﬂon. - .
o This behavior is a consequence of the favorable environ-
degree of prevalence of the modified gene.

oo . . . mental conditions defined for the hawk as it receives little
1) Scenario 1:Table 1 shows the interaction matrix that
. . damage when encounters another hawk and a great reward
we used for this scenario.

As observed in this matrix we know that when two hawkéNhen faces a dove. In contrast, the interaction among doves

compete for the resource, both hawks will be penalized Witﬁitrﬁlzt?]/:\lkl/kfavorable, but very deleterious when intéireg

0 o
5% of their fitness. If a hawk and a dove are selected for the 2) Scenario 2: The conditions of this experiment were

contest, the hawk will increase his fitness in 20% while the. . : . :
\ . . Similar to those of the previous experiment with the exaapti
doves fitness remains the same. Finally, when two doves ar

. - - 6f the interaction matrix as shown in Table II.
competing for the resource, both of their fitness will insea . ; : . .
Again, by solving the equations for this scenario we

in 5%. obtain:
The following equations are used to determine if a popu- '
lation has reached an evolutionary stable state: W (hawk, dove) = 5
W(J,I) < W(I,I) W (dove, dove) = 25
W(J,1) = W(I,I) The equations are solved so as the native population would

reach an evolutionary stable state. Therefore, it couldoeot
By solving the equations for this scenario we obtain: invaded by the transgenic population, in principle.
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of many biological phenomena and will be increasingly
useful for supporting the study of fundamental questions on
the biology of organisms [21].
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Fig. 11. Frequency of the transposon scenario 2

(3]
(4

(5]
As shown in Figure 11, the frequency of the transposo 6]
was relatively small over generations; although it was no
removed from the native population. This result is consiste
with the predictions derived from the evolutionary gamel’]
theory when a population achieves an evolutionary stabl([)B]
state.

Particularly, the transgenic mosquitoes almost expeeiénc [°]
extinction due to the unfavorable fithess consequences of
behaving like hawks. On the one hand, the fithess penalty pb]
competing with another hawk was considerably damaging.
On the other hand, the fitness reward when competing withy;
a dove was relatively small. In contrast, a dove got af2]
important reward when competing with another dove and
since the native population was larger than the transgenic
population, the prevalence of transgenic population undég]
this scenario seemed unlikely.

IV. DISCUSSION [14]

There is much hope in developing a disease contrgjs
strategy based on the genetic modification of disease vets]
tors within the next decade. Unfortunately, insect bornﬁn
pathogens have had devastating effects on African popula-
tions over the last decades [20]. [18]

Although promising in principle, there is still much uncer-11°!
tainty that such a disease control strategy would be efecti [2q)
The reason is that many uncontrolled biotic and abiotic
variables would come into play during its deployment "}21]
the wild. Moreover, there is no reason to believe that the
genetic modification of organisms would not have catag22]
trophic environmental consequences (such as the emergence
of highly efficient multiple disease vectors, for example).
Careful considerations on ethical, social and legal issviks
be crucial for the realization of such a scientific feat [22].

Computer simulations are useful tools for studying the
potentials of such a disease control strategy and for estab-
lishing a set of conditions under it would be effective. Ther
is, by all means, an extensive gap between the reality and
the abstractions presented here. Still, we believe compute
simulations are capable of representing fundamental &spec
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