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a b s t r a c t

Mosquito-borne diseases such as malaria and dengue fever continue to be a major health problem

through much of the world. Several new potential approaches to disease control utilize gene drive to

spread anti-pathogen genes into the mosquito population. Prior to a release, these projects will require

trials in outdoor cages from which transgenic mosquitoes may escape, albeit in small numbers. Most

genes introduced in small numbers are very likely to be lost from the environment; however, gene drive

mechanisms enhance the invasiveness of introduced genes. Consequently, introduced transgenes may

be more likely to persist than ordinary genes following an accidental release. Here, we develop

stochastic models to analyze the loss probabilities for several gene drive mechanisms, including homing

endonuclease genes, transposable elements, Medea elements, the intracellular bacterium Wolbachia,

engineered underdominance genes, and meiotic drive. We find that Medea and Wolbachia present the

best compromise between invasiveness and containment for the six gene drive systems currently being

considered for the control of mosquito-borne disease.

Published by Elsevier Ltd.
1. Introduction

Mosquito-borne diseases such as malaria and dengue fever
continue to pose a major health problem through much of the
world. In the absence of any single effective disease control
strategy, much interest has been directed at the use of gene drive
mechanisms to spread anti-pathogen genes through mosquito
populations (Craig, 1963; Curtis, 1968; Alphey et al., 2002). Several
gene drive systems exist in nature, and it is hoped that refractory
genes will be associated with these systems and driven into
mosquito populations within a timeframe acceptable to public
health goals (James, 2005). Some of the most promising gene drive
systems currently being investigated include homing endonuclease
genes (HEGs), transposable elements (TEs), Medea elements, the
intracellular bacterium Wolbachia, engineered underdominance
genes, and meiotic drive (Sinkins and Gould, 2006).

Any transgenic mosquito project is expected to involve several
stages of testing—first in the laboratory, then in indoor cages, and
then in outdoor cages exposed to the ambient environment in a
region where transgenic mosquitoes might eventually be released
(Alphey et al., 2002; Scott et al., 2002). Laboratory studies will
investigate the efficacy of the transgene at preventing disease as
well as testing for unintentional adverse effects. The Core Working
Group on Guidance for Contained Field Trials (Benedict et al.,
2008) has identified several potential adverse effects of transgenic
Ltd.
mosquitoes that must be assessed prior to a release. These include
an enhanced vectorial capacity for nontarget pathogens, increased
mosquito longevity or reproductive capacity, behavioral changes
that lead to a higher biting rate, and a decreased susceptibility to
other control measures such as insecticides. The Working Group
also expressed the need to investigate the rate of horizontal DNA
transfer between mosquitoes and nontarget organisms, since
other species may also acquire an increased capacity to transmit
disease or disrupt an essential ecological function.

Much can be studied in the laboratory; however, there are
some potential adverse effects of transgenic mosquitoes that can
only be assessed in outdoor cages (Benedict et al., 2008). A
realistic assessment of mosquito longevity and reproductive
capacity must be carried out under more natural conditions of
climate and light variation. Ambient cages are also necessary to
assess the population growth rate and the carrying capacity of the
environment. Furthermore, a female bias in the wild sex ratio is
problematic since only female mosquitoes transmit disease.
Realistic assessments of such a bias can only be studied in an
ambient cage.

By segregating transgenic organisms from the field, ambient
cages provide a useful intermediate research stage between the
laboratory and the environment; however, complete physical
containment can never be guaranteed. The Working Group
(Benedict et al., 2008) has outlined several possible breaches of
containment—some of which can be avoided, but some of which
are very difficult to protect against. These include unpredictable
environmental damage due to earthquakes or lightning, leakage of
water containing eggs or larvae, breaches of containment due to
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sabotage or burglary, and just simple human error. Therefore,
there is a possibility that transgenic mosquitoes will be acciden-
tally released into an environment that is conducive to their
survival before the effectiveness and safety of the gene drive
strategy has been ascertained.

Most genes introduced in small numbers are very likely to be
lost from the environment, even in the presence of a selective
advantage (Fisher, 1922; Haldane, 1927; Wright, 1931). However,
gene drive mechanisms enhance the invasiveness of introduced
genes, and therefore introduced transgenes may be less likely to
be lost than ordinary genes following an accidental release. Given
that the organism currently being considered for genetic altera-
tion is a vector of human disease, it is particularly important that
the invasiveness of selfish DNA be accounted for in the risk
management of ambient cage trials.

Here, we analyze the probability that transgenic DNA consist-
ing of an anti-pathogen gene and drive system is lost from a
mosquito population following an accidental release. Several gene
drive mechanisms are currently being considered to spread anti-
pathogen genes into mosquito populations, each having its own
unique dynamics. We therefore analyze the loss probability
associated with each system separately.

For an initial comparison of gene drive strategies, we calculate
the asymptotic extinction probability for each system. A major
feature of the demography of Anopheles gambiae, the main vector
of malaria in tropical Africa, is the existence of population size
changes within and between years (Taylor et al., 2001; Manoukis,
2006). Given the influence of population size changes on gene
loss, we also calculate the extinction probabilities under condi-
tions of population growth and decline. Although there are several
other factors that will influence the loss or persistence of
transgenic DNA following an accidental release, it is hoped that
these calculations will inform the risk management of planned
ambient cage trials involving selfish DNA.
Fig. 1. Schematic for the early spread of a homing endonuclease gene (HEG)

through a randomly mating mosquito population. Mosquitoes homozygous for the

HEG (HH) have a reduced fecundity of yð1� s=2Þ and mate with wild-type

mosquitoes to give birth to mosquitoes heterozygous for the HEG (Hh).

Heterozygotes have a reduced fecundity of yð1� hs=2Þ and mate with wild-type

mosquitoes to give birth to heterozygotes with probability (1+t)/2 and wild-types

with probability (1�t)/2. All mosquitoes have a death rate of m.
2. Homing endonuclease genes

HEGs are a class of highly specific DNA endonucleases found in
some viruses, bacteria and eukaryotes (Windbichler et al., 2007).
HEGs are able to spread through a population despite a fitness
cost due to their overrepresentation in the gametes of a
heterozygote. They achieve this by expressing an endonuclease
which creates a double-stranded break at a highly specific site
that lacks the HEG. Homologous DNA repair then copies the HEG
to the cut chromosome (Rong and Golic, 2003).

To calculate the conditions under which a HEG allele can
spread following an accidental release, we consider a two-type
continuous-time branching process in which type-1 particles are
heterozygous and type-2 particles are homozygous for the HEG.
The branching process framework is favored due to its suitability
for calculating extinction probabilities. Normally, in a branching
process, each particle produces a burst of offspring at the moment
of its death. However, in order to separate the birth and death
rates, we consider a budding model in which each particle can
die in one of two ways—it can truly die at a rate equal to the
mosquito death rate (set to m ¼ 1 gen�1); or it can disappear at a
reproduction event to be replaced by itself and its offspring
(Lange, 2002; Dorman et al., 2004). Reproduction events continue
until the mosquito actually dies, and the mosquito can have
several offspring each time.

To avoid confusion, we will henceforth only refer to the
mosquito dying as ‘‘death’’. In this sense, reproduction and death
are essentially different kinds of branching events. Fitness
differences can then be accounted for by differences in female
fecundity. Wild-type mosquitoes are assumed to have a fecundity
of y, where

y ¼ 2ð1þ rÞ, (1)

and r represents the population growth rate.
In the early stages of spread, almost all matings involve at least

one wild-type mosquito. All matings between wild-type mosqui-
toes and mosquitoes homozygous for the HEG will produce
heterozygotes. Matings between wild-type mosquitoes and
heterozygotes for the HEG will produce heterozygotes with
probability (1+t)/2 and wild-types with probability (1�t)/2. Here,
the homing rate, t, represents the fraction by which the HEG allele
is overrepresented in the gametes of a heterozygote.

Since homozygotes will be lost from the population after one
generation, we are interested in the conditions under which
mosquitoes that are heterozygous for the HEG are able to spread.
We will calculate these conditions using a ‘‘reproductive thresh-
old’’ defined as ‘‘the average number of offspring of the same type
that a particle eventually generates, either directly or indirectly
via other particle-type intermediates’’. Counting of offspring, in
this case, stops at each point in the descendent tree when the
offspring is of the same type as the original particle. The
reproductive threshold is greater than one when spread is
possible, and less than or equal to one when the particle is
certain to be lost from the population. This quantity should not be
confused with the basic reproductive number, which represents
the average number of offspring produced over the lifetime of a
single individual. For a heterozygote, the reproductive threshold is
simply given by the average number of heterozygotes that it
produces at a branching event, f1,1.

In order to calculate this quantity, we first need to consider the
fitness cost associated with the HEG allele. We assume that a
female homozygous for the HEG has a reduced fecundity of
yð1� sÞ. Male mosquitoes that mate with wild-type females do
not suffer from reduced fecundity, and so the mean fecundity of a
homozygote is yð1� s=2Þ. This reduction in fecundity is assumed
to have a dominance factor of h 2 ½0;1�, where h ¼ 1 represents a
dominant fitness cost, h ¼ 0 represents a recessive fitness cost,
and h ¼ 1/2 represents an additive fitness cost. The mean
fecundity of a heterozygote is therefore yð1� hs=2Þ.

According to standard branching process theory (Lange, 2002;
Dorman et al., 2004), these assumptions lead to the branching
process shown in Fig. 1. The rate of branching events (death and
reproduction) for heterozygotes is equal to

l1 ¼ mþ yð1� hs=2Þ, (2)

while the rate for homozygotes is equal to

l2 ¼ mþ yð1� s=2Þ. (3)
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The reproductive threshold for a mosquito heterozygous for the
HEG is then given by

R1;1 ¼ f 1;1 ¼
y
l1

1�
hs

2

� �
1þ

1þ t

2

� �
. (4)

When the threshold is greater than one, the HEG has a nonzero
probability of spreading through the mosquito population.
Simplifying Eq. (4), this means that an accidentally released
HEG has some chance of spreading into a wild population when

t4
hs� ð2� hsÞr

ð2� hsÞð1þ rÞ
. (5)

When the population size is constant, then the condition for HEG
spread simplifies to

t4
hs

2� hs
. (6)

One implication of this result is that only the fitness cost to the
heterozygote determines whether the HEG has a chance of
spreading or not. The magnitude of fitness cost that is tolerable
is given by Eqs. (5) and (6).

When the reproductive threshold is greater than one, HEG
spread is possible; however, the probability of HEG loss may still
be very high. To determine the extinction probability of the HEG,
we first define the probability generating function for the HEG
branching process. This is a function of the vector z ¼ ðz1; z2Þ and
is defined as

PiðzÞ ¼
X2

j¼1

pijz
j, (7)

where pij is the probability that a type-i particle gives rise to j1
type-1 particles and j2 type-2 particles, and j is defined as the
vector j ¼ (j1,j2). Substituting the pij terms from the HEG
branching process into this equation, we have the probability
generating function,

P1ðzÞ ¼
m
l1
þ

y
l1

1�
hs

2

� �
1� t

2
z1 þ

y
l1

1�
hs

2

� �
1þ t

2
z2

1, (8)

P2ðzÞ ¼
m
l2
þ

y
l2

1�
s

2

� �
z1z2. (9)

The probability that the HEG allele is eventually lost from the
population is then given by the smallest solution of the system of
two simultaneous equations (Harris, 1963),

PiðeÞ ¼ ei8i, (10)

where e1 is the loss probability beginning with a heterozygote for
the HEG, and e2 is the loss probability beginning with a
homozygote for the HEG. For the HEG branching process, this
system of equations has the solution,

e1 ¼ min
2

ð1þ rÞð2� hsÞð1þ tÞ�1

( )
, (11)

e2 ¼
1

1þ ð1þ rÞð2� sÞð1� e1Þ
. (12)

The extinction probability beginning with a heterozygote, e1, is a
decreasing function of homing rate and population growth rate
and an increasing function of heterozygote fitness cost. The
extinction probability beginning with a homozygote, e2, is a
function of e1 and is less than one when e1 is less than one.

Note that we have calculated the asymptotic loss probabilities
here, although the model is only valid in the early stages of spread
when the reservoir of wild-types is particularly large. This
paradox is averted by considering that, when mating events begin
to occur between two mosquitoes having the HEG allele, then the
HEG allele has already reached a high enough presence in the
population that it is very unlikely to go extinct. This assumption
similarly applies to each of the drive systems discussed in this
paper.

To make sense of these equations, it helps to have some idea of
the parameter values and ranges that exist in nature. For HEGs,
the most important parameter is the homing rate, t, which
describes the fractional increase in representation of HEGs in the
gametes of a heterozygote. An estimate of homing rate has been
hinted at for the transfer of a Tet-resistance transcription unit
between two plasmids (Windbichler et al., 2007). The act of
homing requires both DNA cleavage and repair using the HEG-
carrying site as a template. In this case, the complete HEG allele
was transferred to �10% of cleaved sites, suggesting a range of
homing rates between 0 and 10% since not all sites will be cleaved.
This estimate may not be particularly insightful since it is likely
that HEGs will behave differently in the mosquito germ line
(Austin Burt, personal communication).

Rong and Golic (2003) have studied the dynamics of HEG
alleles in Drosophila melanogaster; however, their studies have
been directed more at molecular dynamics and less at the rates at
which these processes occur. In the absence of good parameter
estimates, Deredec et al. (2007) have investigated the full range of
homing rates, t 2 ½0;1�.

The fitness cost associated with the HEG allele depends on the
disease control strategy being employed. A HEG designed to drive
a refractory gene into the mosquito population will have a
relatively small fitness cost equal to the fitness cost of the
refractory gene. This is difficult to estimate due to the lack of
reliable comparative fitness measurements in vector populations;
however, fitness costs have been documented in several insect
species due to both mounting an immune response (Moret and
Schmid-Hempel, 2000; Ahmed et al., 2002) and maintaining the
physiological machinery necessary to do so (Kraaijeveld and
Godfray, 1997; Koella and Boëte, 2002).

A recent encouraging result is that transgenic mosquitoes have
been engineered that exhibit no measurable fitness cost when fed
on Plasmodium-free blood (Moreira et al., 2004) and exhibit a
fitness benefit when fed on Plasmodium-infected blood (Marelli et
al., 2007). Accounting for the proportion of mosquitoes infected
with malaria parasites (Beier et al., 1999), these results correspond
to a mean homozygote fitness cost in the range s 2 ½�0:05;0:04�
(Marshall, 2008a). There is little data on the homozygosity of a
fitness cost associated with a refractory allele and so this is best
assumed as being additive (h ¼ 0.5).

A HEG designed to induce a genetic load or bias the sex ratio in
order to reduce the size of the vector population will have a much
larger fitness cost. For this strategy, it is hoped that females
homozygous for the HEG will be sterile and males will suffer
minimal fitness cost (Austin Burt, personal communication). This
suggests an average homozygous fitness cost of sp0.5. The best
estimate for the homozygosity of this fitness cost comes from
classic data for D. melanogaster (Austin Burt, personal commu-
nication) in which recessive lethal alleles have a homozygosity of
h ¼ 0.02.

A third strategy of disease control is to use a HEG that disrupts
a gene regulating the ability of mosquitoes to function as efficient
vectors for the malaria parasite. This strategy is likely to confer a
very small fitness cost on the mosquito, and may in fact confer a
fitness benefit similar to that observed by Marelli et al. (2007) for
the refractory gene approach.

The population dynamics of the wild-type mosquito popula-
tion are equally relevant to an assessment of each of the gene
drive strategies. The An. gambiae population of Banambani, Mali,
serves as a well-studied example (Taylor et al., 2001; Lanzaro
et al., 1998; Tripet et al., 2005; Touré et al., 1994), with recent
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collections suggesting that peak population densities during the
wet season are at least 10 times those during the dry season
(Taylor et al., 2001). Assuming a mosquito generation time of �16
days (Mahamadou Touré, personal communication) and a popula-
tion change over a period of six months, this yields a population
growth rate of r ¼ 0.2 per generation, and a corresponding rate of
decline of r ¼ �0.2 per generation.

HEGs are one of the most invasive gene drive systems
available; and hence are one of the most likely to spread following
an accidental release. For both the refractory gene and genetic
load HEG strategies, a single homozygous mosquito having a HEG
with a relatively modest homing rate of t ¼ 0.1 has a loss
probability of less than 90% over the entire range of likely fitness
costs. This is also likely the case for the gene disruption HEG
strategy, which is expected to have similar fitness consequences to
the refractory gene strategy. This leads to a persistence probability
of more than 10% for all strategies and realistic parameterizations,
which is very high for a single escapee (see supplemental
Fig. 1A–C). These loss probabilities are noticeably reduced during
periods of population growth.

The probability that the HEG becomes established in the
population is most influenced by the number of escapees during
an accidental release (Fig. 2). For both the refractory gene and
genetic load HEG strategies, the loss probability steadily declines
Fig. 2. Asymptotic probabilities of HEG loss as a function of fitness cost for: (A) the

refractory gene HEG strategy and (B) the genetic load HEG strategy. The escapee

genotype is varied and the homozygote release size is increased to 10.
with the power of the number of escapees. Homozygotes are
slightly more likely to persist in the population essentially
because they bring two HEGs into the wild population; while
heterozygotes only bring one. According to model predictions for
the refractory gene strategy under default parameters, an escape
of five homozygotes reduces the loss probability to 43%, while
an escape of 25 homozygotes reduces the loss probability to 1.5%
(Fig. 2A).

For the genetic load strategy, HEGs are able to persist despite a
large fitness cost due to the recessiveness of the lethal allele.
According to model predictions for a fitness cost of s ¼ 0.5, an
escape of five homozygotes reduces the loss probability to 54%,
while an escape of 25 homozygotes reduces the loss probability to
5.4% (Fig. 2B). For both strategies, HEGs are able to spread under
the full range of realistic conditions, and are more likely to persist
than not for escape sizes greater than five.
3. Transposable elements

TEs are particularly interesting genomic components due to
their ability to transpose replicatively and hence spread through-
out a population despite a fitness cost (Charlesworth et al., 1994).
The observation that P elements spread through most of the wild-
type D. melanogaster population within a few decades (Engels,
1989) has inspired the idea of using TEs as drive mechanisms for
spreading anti-pathogen genes into mosquito populations (Craig,
1963; Curtis, 1968).

To model the early stages of TE spread following an accidental
release, we consider a T-type continuous-time branching process
analogous to that proposed by Marshall (2008b) in which a type-i

particle has i copies of the TE, where i 2 f1;2; . . . ; Tg and TX1.
Here, T can be approximated as the number of sites that will be
occupied in the early stages of TE spread. We consider a budding
model in which the death rate of all mosquitoes is set to
m ¼ 1 gen�1, and fitness differences between particle-types are
accounted for by differences in female fecundity. Wild-
type mosquitoes are assumed to have fecundity y as described
by Eq. (1).

Transposition and deletion are modeled by assuming that a
proportion ai of gametes are derived from cells in which a
replicative transposition event has occurred, while a proportion bi

of gametes are derived from cells in which an element deletion
event has occurred. The replicative transposition rate for a type-i

host, ai, is equal to the replicative transposition rate per TE in a
type-i host, ui, multiplied by the number of TEs in the host
genome, i (i.e. ai ¼ iui). Here, ui is a decreasing function of i to
account for suppression of transposition with increasing copy
number (Weinreich et al., 1994; Wu and Morris, 1999; Townsend
and Hartl, 2000). We model transposition rate as an exponentially
decreasing function of copy number

ui ¼ u12�cði�1Þ, (13)

where c determines the rate at which the replicative transposition
rate falls off with additional element copies (Marshall, 2008a).
Similarly, the deletion rate for a type-i host, bi, is equal to the
deletion rate per element, v, multiplied by the number of
elements in the host genome, i (i.e. bi ¼ iv), where v is generally
considered a constant.

The fitness cost associated with additional TE copies is
modeled by assuming that a female having i TE copies has a
reduced fecundity of y(1�si), where si is an increasing function of
i. For the early stages of TE spread, we describe fitness cost as a
linear function of i (i.e. si ¼ id), where d represents the fractional
decrease in female fecundity associated with each additional TE
copy in the genome. Male mosquitoes that mate with wild-type
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females do not suffer from reduced fecundity, and so the mean
fecundity of a type-i host is yð1� si=2Þ.

The number of TEs in the haploid gamete is determined by the
number of TEs in the diploid cell that are passed on during
meiosis. For a diploid cell with i copies of the TE we assume, to a
first approximation, that all of these TEs are far enough apart from
each other that they segregate independently. Under this
assumption, the probability of having j copies in a gamete is
proportional to the number of ways of choosing j elements from a
total of i. Similarly, if a replicative transposition event has
occurred in the diploid cell, then the probability of having j

copies in the gamete is proportional to the number of ways of
choosing j elements from i+1, or from i�1 if a deletion event has
occurred.

In the early stages of spread, almost all matings involve at least
one wild-type mosquito, and so the number of TEs in the
offspring’s genome is equal to the number of TEs in the gamete
contributed by the parent infected with the TE. According to
standard branching process theory (Lange, 2002; Dorman et al.,
2004), these assumptions lead to the branching process shown in
Fig. 3. In this process, a type-i host undergoes branching events
(death and reproduction) at a rate:

li ¼ mþ yð1� si=2Þ, (14)

and produces on average fij hosts having j element copies per
branching event according to the equation:

f ij ¼
y
li

1�
si

2

� �
1fi¼jg þ

1

2i�1

i� 1

j

 !
bi

"

þ
1

2i

i

j

 !
ð1� ai � biÞ þ

1

2iþ1

iþ 1

j

 !
ai

#
, (15)

where i; jef1;2; . . . ; Tg.
The reproductive threshold of a TE following an accidental

release can by studied by assuming that, in the early stages of TE
spread, the vast majority of infected hosts have only one or two TE
copies. The reproductive threshold for a mosquito having a single
TE copy, R1,1, can then be defined recursively as

R1;1 ¼ f 1;1 þ f 1;2R2;1. (16)
Fig. 3. Schematic for the early spread of a transposable element (TE) through a

randomly mating mosquito population. Mosquitoes having i copies of the TE have

a reduced fecundity of yð1� si=2Þ and mate with wild-type mosquitoes to give

birth to mosquitoes having j 2 f0; . . . ; iþ 1g element copies as described in Eq. (14).

All mosquitoes have a death rate of m.
Here, f1,1 is the average number of type-1 offspring produced by a
type-1 host per branching event, f1,2 is the average number of
type-2 offspring produced by a type-1 host per branching event,
and R2,1 is the average number of type-1 offspring that a type-2
host eventually generates, either directly or indirectly via type-2
particle intermediates. In the latter case, counting of offspring
stops at each point in the descendent tree when the offspring is of
type-1.

Following similar reasoning, R2,1 can be defined recursively as

R2;1 ¼ f 2;1 þ f 2;2R2;1, (17)

where f2,1 and f2,2 are similarly defined. Eq. (17) can then be
rearranged and substituted into Eq. (16) to obtain the reproduc-
tive threshold for a type-1 host,

R1;1 ¼ f 1;1 þ
f 1;2f 2;1

1� f 2;2

. (18)

There is no simple solution to this equation; however, if we
consider the simplified scenario in which transpositional regula-
tion and element deletion are negligible (c ¼ v ¼ 0), this leads to
the reproductive threshold,

R1;1 ¼
ðd� 2Þðr þ 1Þð6� u1ðu1 þ 4Þ � rð6þ u1ð4þ u1ÞÞ þ dðr þ 1Þð54þ u1ðu1 þ 4ÞÞÞ

4ðdþ 3þ rðdþ 2ÞÞðr � 1þ ðr þ 1Þðu1 � dð9þ u1ÞÞÞ
.

(19)

When the reproductive threshold is greater than one, TE spread is
supercritical, and the TE has a nonzero probability of spreading
through the mosquito population. When transpositional regula-
tion and element deletion are not negligible, we must use Eq. (18)
to determine the conditions for TE spread to be supercritical.

When TE spread is supercritical the eventual extinction of the
TE is uncertain, however, the probability that the TE is lost from
the population may still be very high. To determine the extinction
probability of the TE, we first define the probability generating
function for the TE branching process. This is a function of the
vector z ¼ ðz1; . . . ; zT Þ and is defined as

PiðzÞ ¼
X

j

pijz
j ¼

X
j

pijz
j1

1 . . . z
jT
T ; (20)

where pij is the probability that a type-i particle gives rise to j1
type-1 particles, j2 type-2 particles, and so on, and j is defined as
the vector j ¼ ðj1; . . . ; jT Þ. Substituting the pij terms from the TE
branching process into this equation, we have the probability
generating function,

PiðzÞ ¼
m
li
þ ðf i;0 þ f i;T�1Þzi

XT

j¼1

f ijzizj �
y
li

1�
si

2

� �
z2

i . (21)

The probability that the TE is eventually lost from the population
is then given by the smallest solution of the system of T

simultaneous equations described by Eq. (10). There is no simple
analytic solution in this case, and so the system is best solved by
numerically iterating:

ei ¼
m
li
þ ðf i;0 þ f i;Tþ1Þei þ

XT

j¼1

f ijeiej �
y
li

1�
si

2

� �
e2

i (22)

for i 2 f1; . . . ; Tg, where e1 is the loss probability beginning with an
individual having a single TE copy, e2 is the loss probability
beginning with an individual having two TE copies, and so on.

There is currently little or no data regarding the behavior of the
candidate TEs in human disease vectors such as An. gambiae and
Aedes aegypti, so most of these estimates have been taken from
measurements in D. melanogaster.

We consider a baseline replicative transposition rate of u1 ¼ 0.1
per element per generation (TE�1 gen�1). Although this is a fairly
high transposition rate, it is realistic (Seleme et al., 1999;
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Vasilyeva et al., 1999) and several modeling approaches have
recommended it as a minimum requirement for gene drive to
occur in a timeframe acceptable to public health goals (Rasgon
and Gould, 2005; Le Rouzic and Capy, 2006). Following Marshall
(2008a), we consider a transpositional regulation parameter of
c ¼ 2.9 per element (TE�1). This value was chosen since it
produces an equilibrium TE copy number consistent with the
Herves element in An. gambiae (Subramanian et al., 2007). We also
consider a deletion rate of v ¼ 4�10�6 TE�1 gen�1 as suggested by
pooled estimates from several laboratory line experiments
(Nuzhdin et al., 1997; Maside et al., 2000).

The fitness cost associated with a TE can originate from both
the mutagenic nature of a new genomic insertion and the effects
of being associated with a refractory gene. Following Mackay et al.
(1992), we estimate the fitness cost of a new genomic insertion by
the average fitness cost of a spontaneous mutation. This has been
estimated as �0.02 per element (Mukai et al., 1972; Ohnishi, 1977;
Crow and Simmons, 1983) and is a reasonable estimate in the
early stages of TE spread when insertional mutagenesis is the
dominant fitness cost and selection has not yet eliminated TEs
with higher fitness costs (Charlesworth, 1991). The fitness cost of
being associated with a refractory gene has been discussed for the
case of HEGs, and has been estimated by the range [�0.05,0.04].
Combining these two estimates suggests a range for fitness costs
on the order of d 2 ½�0:03;0:06� per element.

While TEs are not as invasive as HEGs, they are very able to
spread through a mosquito population following an accidental
release. A TE having a transposition rate greater than u1 ¼ 0.05
TE�1 gen�1 has a small chance of persisting in the population over
the entire range of likely fitness costs. For an ambitious yet
feasible transposition rate of u1 ¼ 0.1 TE�1 gen�1, the persistence
probability of a single escapee is between 4% and 9% for all
realistic parameterizations. The prospects for a TE to colonize a
wild population are dramatically improved during conditions of
population growth (see supplemental Fig. 2A and B).

The probability that the TE is lost from the population is
decreased by the number of TEs that are present in the escapee
(see supplemental Fig. 2C); however, it is decreased even more by
the number of escapees during an accidental release (Fig. 4).
According to model predictions, an escape of five mosquitoes each
infected with a single TE decreases the loss probability to 72%. For
10 escapees, the loss probability decreases to 51%; while for 25
Fig. 4. Asymptotic probabilities of TE loss as a function of fitness cost. Release size

is increased to 25.
escapees, the loss probability decreases to 19%. TEs are therefore
less invasive than HEGs; however, they are still very likely to
establish themselves in a population following an accidental
release. Under default conditions, a TE is more likely to persist
than not for escape sizes greater than 10.
4. Meiotic drive

Meiotic drive refers to any mechanism by which a hetero-
zygous locus segregates at a greater-than-Mendelian frequency by
destroying or disabling the homologous chromosome (Little,
1991). Various mechanisms are known to result in meiotic drive
(Hickey and Craig, 1966; Lyttle, 1977). Some of these reduce the
quantity of functional sperm; however, they do not necessarily
result in reduced fertility (Sinkins and Gould, 2006). Alleles that
promote meiotic drive are able to spread through a population
despite a fitness cost as a consequence of their increased
inheritance.

We consider a meiotic drive strategy which has been recently
modeled (Huang et al., 2007) utilizing a Y-linked meiotic drive
gene (YD) to drive an X-linked drive-insensitive response allele
(Xit) into the mosquito population. The Y-linked meiotic drive
gene is able to spread into the population by virtue of its
overrepresentation in the gametes of XsnYD males, where Xsn is a
wild-type drive-sensitive allele at the same locus as the Xit allele.
As the meiotic drive gene increases its prevalence in the
population, it selects for the drive-insensitive Xit allele. This
selection occurs because, while the Xsn allele is underrepresented
in the gametes of XsnYD males, the Xit allele is represented at
normal Mendelian frequencies. If an anti-pathogen gene is linked
to the Xit allele, it will therefore be driven into the population.

We consider a 5-type continuous-time branching process in
which type-1 particles are males having the X-linked drive-
sensitive allele and Y-linked meiotic drive gene (XsnYD), type-2
particles are males having the X-linked drive-insensitive allele
and Y-linked meiotic drive gene (XitYD), type-3 particles are males
having the X-linked drive-insensitive allele (XitYd), type-4 particles
are females homozygous for the drive-insensitive allele (XitXit),
and type-5 particles are heterozygous females (XitXsn). We
consider a budding model in which the death rate of all
mosquitoes is set to m ¼ 1 gen�1, and fitness differences between
particle-types are accounted for by differences in female fecund-
ity. Wild-type mosquitoes are assumed to have fecundity y as
described by Eq. (1).

In the early stages of spread, almost all transgenic males will
mate with wild-type females (XsnXsn) while almost all transgenic
females will mate with wild-type males (XsnYd). This means that,
one generation following an accidental release, there will be no
mosquitoes having both transgenic alleles because all offspring
will inherit a wild-type allele from their wild-type parent.
Matings involving type-1 males (XsnYD) will produce more type-
1 males with probability (1+t)/2 and will produce wild-type
females with probability (1�t)/2. Here, the meiotic drive para-
meter, t, represents the fraction by which the YD allele is
overrepresented in the gametes of XsnYD males.

Since the two transgenic alleles, YD and Xit, become separated
in the early stages of spread, we are actually interested in
calculating the reproductive thresholds of the two alleles
separately. The YD allele will spread when the reproductive
threshold of type-1 (XsnYD) individuals is greater than one; and
the Xit allele will spread when the reproductive thresholds of both
type-3 (XitYd) and type-5 (XsnXit) individuals are greater than one.

In order to calculate these quantities, we first need to consider
the fitness costs associated with each transgenic allele. We
assume that a female homozygous for the Xit allele has a reduced
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fecundity of yð1� sitÞ. This reduction in fecundity is assumed to
have a dominance factor of h 2 ½0;1� and hence male (XitYd) and
female (XsnXit) mosquitoes that only have one copy of the Xit allele
have a reduced fecundity of yð1� hsitÞ. Male mosquitoes that have
the YD allele (XsnYD) are assumed to have a reduced fecundity of
yð1� sDÞ; and finally, male mosquitoes that have both the Xit allele
and the YD allele (XitYD) are assumed to have a reduced fecundity
of yð1� hsit � sDÞ.

According to standard branching process theory (Lange, 2002;
Dorman et al., 2004), these assumptions lead to the branching
process shown in Fig. 5. The rates of branching events (death and
reproduction) for each particle type are given by

l1 ¼ mþ yð1� sDÞ, (23)

l2 ¼ mþ yð1� hsit � sDÞ, (24)

l3 ¼ l5 ¼ mþ yð1� hsitÞ, (25)

l4 ¼ mþ yð1� sitÞ. (26)

The process is also characterized by the following offspring counts
per branching event:

f 1;1 ¼
yð1� sDÞ

l1
1þ

1þ t

2

� �
, (27)

f 3;3 ¼
yð1� hsitÞ

l3
, (28)

f 3;5 ¼
yð1� hsitÞ

l3

1

2

� �
, (29)

f 5;3 ¼
yð1� hsitÞ

l5

1

4

� �
, (30)

f 5;5 ¼
yð1� hsitÞ

l5
1þ

1

4

� �
. (31)

Upon mating with wild-type females, type-1 males (XsnYD) can
only give rise to type-1 males or wild-type females. Their
Fig. 5. Schematic for the early spread of a Y-linked meiotic drive gene (YD) and X-

linked response allele (Xit) through a randomly mating mosquito population.

Mosquitoes having both transgenic alleles (XitYD) have a reduced fecundity of yð1�
hsit � sDÞ and mate with wild-type mosquitoes to give birth to XitXsn females with

probability 1/2 and XsnYD males with probability 1/2. XsnYD males have a reduced

fecundity of yð1� sDÞ and mate with wild-type mosquitoes to give birth to XsnYD

males with probability (1+t)/2 and wild-type females with probability ð1� tÞ=2.

The remaining transitions are described in the text. All mosquitoes have a death

rate of m.
reproductive threshold is therefore given by

R1;1 ¼ f 1;1 ¼
yð1� sDÞð3þ tÞ

2mþ 2yð1� sDÞ
. (32)

When this threshold is greater than one, the meiotic drive gene
has a nonzero probability of spreading through the mosquito
population. Simplifying Eq. (32), this means that an accidentally
released meiotic drive gene has a chance of spreading into a wild
population when

t4
sD � rð1� sDÞ

1� sD þ rð1� sDÞ
. (33)

When the population size is constant, then the condition for
spread of the meiotic drive gene simplifies to

t4
sD

1� sD
. (34)

This result describes the maximum fitness cost that a meiotic
drive gene of given strength, t, can tolerate when the population
size is constant. Eq. (33) shows that these conditions are relaxed
during periods of population growth.

Calculating the reproductive thresholds for type-3 (XitYd) and
type-5 (XitXsn) mosquitoes is a little more complicated since type-
3 males can mate with wild-type females to produce type-5
females. Additionally, type-5 females can mate with wild-type
males to produce type-3 males and more type-5 females. The
reproductive thresholds of type-3 and type-5 mosquitoes are
therefore defined recursively analogous to Eq. (18). The reproduc-
tive threshold for a type-3 male is

R3;3 ¼ f 3;3 þ
f 3;5f 5;3

1� f 5;5
¼

1

2
þ

4

5

1

hsitð1þ rÞ � r þ 1

þ
9

10

1

2hsitð1þ rÞ � 2r � 3
, (35)

and the reproductive threshold for a type-5 female is

R5;5 ¼ f 5;5 þ
f 5;3f 3;5

1� f 3;3

¼
ð1þ rÞð1� hsitÞð6þ r � hsitð1þ rÞÞ

6� 4hsit þ 4rð1� hsitÞ
. (36)

When these thresholds are greater than one, the X-linked drive-
insensitive allele has a nonzero probability of spreading through
the mosquito population. Simplifying Eqs. (35) and (36), this
means that an accidentally released drive-insensitive allele has a
chance of spreading into a wild population when:

hsito
r

1þ r
. (37)

When the population size is constant, then the condition for
spread of the drive-insensitive allele becomes

sito0. (38)

This result suggests that, if the initial release size is very small,
then the drive-insensitive allele will only spread through the
population if it confers a fitness benefit to the mosquito. Under
conditions of population growth, the allele will be able to tolerate
a fitness cost as described by Eq. (37); however, it is only the
fitness cost of having a single Xit allele that matters.

Interestingly, the strength of the meiotic drive gene, t, does not
relax the conditions for spread of the Xit allele. This is because, in
the early stages of spread, almost all matings are with the
reservoir of wild-types, and so the increase in the proportion of
individuals having the Xit allele is insignificant. The condition for
the spread of the meiotic drive gene is more relaxed than the
condition for the spread of the drive-insensitive allele. This
suggests that, following an accidental release, a very feasible
possibility is that the Xit allele will be lost while the YD allele will
continue to spread through the mosquito population.
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When meiotic drive is supercritical, eventual extinction is
uncertain; however, the extinction probability may still be very
high. To determine this probability when the population size is
not constant, we first define the probability generating function
for the meiotic drive branching process. This is a function of the
vector z ¼ ðz1; . . . ; z5Þ and is defined as

PiðzÞ ¼
X5

j¼1

pijz
j ¼

X5

j¼1

pijz
j1
1 zj2

2 zj3

3 zj4
4 zj5

5 , (39)

where pij is the probability that a type-i particle gives rise to j1
type-1 particles, j2 type-2 particles and so on, and j is defined as
the vector j ¼ ðj1; . . . ; j5Þ. Substituting the pij terms from the
branching process into this equation, we have the probability
generating functions,

P1ðzÞ ¼
m
l1
þ
yð1� sDÞ

l1

1

2
ð1� tÞz1 þ

yð1� sDÞ

l1

1

2
ð1þ tÞz2

1, (40)

P2ðzÞ ¼
m
l2
þ
yð1� hsit � sDÞ

l2

1

2
z2z1 þ

yð1� hsit � sDÞ

l2

1

2
z2z3, (41)

P3ðzÞ ¼
m
l3
þ
yð1� hsitÞ

l3

1

2
z3 þ

yð1� hsitÞ

l3

1

2
z3z5, (42)

P4ðzÞ ¼
m
l4
þ
yð1� sitÞ

l4

1

2
z3z4 þ

yð1� sitÞ

l4

1

2
z4z5, (43)

P5ðzÞ ¼
m
l5
þ
yð1� hsitÞ

l5

1

2
z5 þ

yð1� hsitÞ

l5

1

4
z3z5

þ
yð1� hsitÞ

l5

1

4
z2

5. (44)

The probability that the meiotic drive gene and drive-insensitive
allele are both eventually lost from the population is then given by
the smallest solution of the system of five simultaneous equations
described by Eq. (10). For the meiotic drive branching process, this
system of equations has the solution:

e1 ¼ min
1

ð1þ rÞð1� sDÞð1þ tÞ
;1

� �
, (45)

e3 ¼ e5 ¼min
1

ð1þ rÞð1� hsitÞ
;1

� �
, (46)

e2 ¼
1

1þ ð2� e1 � e3Þð1þ rÞð1� sD � hsitÞ
, (47)

e4 ¼
1

1þ 2ð1� e3Þð1þ rÞð1� sitÞ
. (48)

Here, e1 is the loss probability beginning with a single type-1
male, e2 is the loss probability beginning with a single type-2
male, and so on. When a type-1 male is released, these equations
calculate the extinction probability of the YD allele; when a type-3,
type-4 or type-5 female is released, the equations calculate the
extinction probability of the Xit allele; and when a type-2 male is
released, the equations calculate the probability that both alleles
are eventually lost from the wild mosquito population.

The extinction probability beginning with a type-1 male is a
decreasing function of meiotic drive strength and population
growth rate and an increasing function of fitness cost due to the
meiotic drive gene. Its form is similar to the extinction probability
of a heterozygote for the HEG allele. The extinction probability
beginning with a type-3 or -5 female is a decreasing function of
population growth rate and an increasing function of the fitness
cost due to a single drive-insensitive allele. As explained earlier,
the meiotic drive parameter does not influence the extinction
probability of the Xit allele. The extinction probability beginning
with a type-4 female is a function of e3 and is less than one when
e3 is less than one. Finally, the extinction probability beginning
with a type-2 male is a function of both e1 and e3 and is less than
one when both e1 and e3 are less than one.

One of the most important parameters for meiotic drive is the
parameter t which represents the fraction by which the YD allele is
overrepresented in the gametes of XsnYD males. There is currently
very little data available for this parameter, and so we will rely
somewhat on values used in the modeling literature. Although
Cha et al. (2006a, b) have studied the effects of the meiotic drive
gene MD on the population dynamics of Aedes aegypti, these
studies have not yielded any estimates for the parameter t.
Researchers with experience modeling meiotic drive suggest that
the degree of sex distortion should be as high as t ¼ 0.9 (Yunxin
Huang, personal communication); while the goal of some
molecular biologists is to have no females produced at all (Fred
Gould, personal communication). Huang et al. (2007) have
investigated the full range of meiotic drive parameter values,
t 2 ½0;1�, with particular emphasis on the value t ¼ 0.8.

The fitness cost associated with the meiotic drive system can
originate from both the meiotic drive gene and the X-linked drive-
insensitive allele. As for the meiotic drive parameter, t, very little
data is available for these fitness costs, and so we will rely
somewhat on values used in the modeling literature. Researchers
with expertise in modeling meiotic drive suggest that a fitness
cost on the order of sD � sit � 0:05 is desirable (Yunxin Huang,
personal communication). Huang et al. (2007) have modeled the
spread of meiotic drive for fitness costs of 0.05 and 0.2, and have
found that a fitness cost on the order of sD ¼ sit ¼ 0:05 is
necessary for gene drive to occur over default conditions. We will
investigate a fitness cost in the range sD; sit 2 ½0;0:2�.

For the meiotic drive strategy modeled by Huang et al. (2007),
there is an additional fitness cost due to the Xit allele being
associated with a refractory gene. This fitness cost has been
discussed for the case of HEGs, and has been estimated by the
range [�0.05,0.04]. Combining these two fitness costs for the Xit

allele suggests a fitness cost in the range sit 2 ½�0:05;0:24�. We
assume that the fitness cost of the Xit allele is additive and hence
choose h ¼ 0.5.

The meiotic drive strategy by which a Y-linked meiotic drive
gene (YD) is used to drive an X-linked drive-insensitive allele (Xit)
into the population is interesting in that, before the Y-linked drive
gene has been driven into the population, the X-linked response
allele is very likely to be lost from the population. In the absence
of population growth, the X-linked response allele requires a
fitness benefit (sito0) in order to spread (Eq. (38)). The YD allele is
able to persist in the population despite a fitness cost by virtue of
its overrepresentation in the gametes of YDXit males. For a high yet
feasible meiotic drive strength of t ¼ 0.8, the persistence prob-
ability of a single escapee is between 19% and 30% for all realistic
fitness costs, and the YD allele has a chance of persisting
even during a dramatic population decline (see supplemental
Fig. 3A–C).

The probability of transgenes persisting following an acciden-
tal release depends largely on the genotype of the escaped
mosquito. If the escapee only carries the transgenic Xit allele (as is
the case for genotypes YdXit, XsnXit and XitXit), then this allele
must confer a fitness benefit in order to spread (Fig. 6). If the
escapee only carries the transgenic YD allele (as is the case for
genotype YDXit), then the escapee has a persistence probability
greater than 27% over the entire range of realistic fitness costs
(Fig. 6). Interestingly, an escapee having both transgenic alleles
(YDXit) has a slightly smaller persistence probability than an
escapee only having the transgenic YD allele. This is because it is
usually only the YD allele that persists following an accidental
release, and the transgenic Xit allele confers a fitness cost to the
escapee.
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The escapee genotype is varied and the XitYD release size is increase to five.
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Under default conditions, for five escapees having both
transgenic alleles the loss probability decreases to 20%; while
for 10 escapees the loss probability decreases to 4%. The meiotic
drive allele, YD, is therefore more invasive than a HEG or TE;
however, the X-linked response allele, Xit, is less invasive than
either. The meiotic drive allele is more likely to persist than not for
escapes consisting of more than two mosquitoes having the YD

allele; while the drive-insensitive response allele requires a fitness
benefit in order to have any chance of spreading, and even then is
very likely to go extinct.
Fig. 7. Schematic for the early spread of a Medea allele through a randomly mating

mosquito population. Mosquitoes homozygous for Medea (MM) have a reduced

fecundity of yð1� s=2Þ and mate with wild-type mosquitoes to give birth to

mosquitoes heterozygous for Medea (Mm). Heterozygotes have a reduced fecundity

of yð1� hs=2Þ and mate with wild-type mosquitoes to give birth to heterozygotes

with probability 1/2 and wild-types with probability 1/2. All mosquitoes have a

death rate of m.
5. Medea

Medea, also known as maternal-effect-dominant embryonic
arrest, is another form of meiotic drive. Its dynamics have been
studied in Tribolium beetles (Wade and Beeman, 1994); however, it
has attracted much recent attention since an engineered Medea

element has been observed to rapidly spread through Drosophila

populations in the laboratory (Chen et al., 2007). Medea is able to
spread through a population despite a fitness cost through its
ability to cause the death of all offspring of heterozygous females
that do not inherit the Medea allele. This distorts the offspring
ratio in favor of the Medea allele.

In the early stages of spread, the vast majority of mosquitoes
belong to what may be thought of as a reservoir of wild-types.
One implication of this is that the death of wild-type offspring of
female heterozygotes will have very little influence on the spread
of the Medea allele following an accidental release because the
vast majority of mosquitoes will still be wild-types. The early
spread of the Medea allele will therefore be very similar to the
spread of a new mutation.

Taking this consideration into account, we model the spread of
the Medea allele following an accidental release using a two-type
continuous-time branching process in which type-1 particles are
heterozygous and type-2 particles are homozygous for the Medea

allele. We consider a budding model in which the death rate of all
mosquitoes is set to m ¼ 1 gen�1, and fitness differences between
particle-types are accounted for by differences in female fecund-
ity. Wild-type mosquitoes are assumed to have fecundity y as
described by Eq. (1).
Matings between wild-type mosquitoes and mosquitoes
homozygous for the Medea allele will produce heterozygotes;
while matings between wild-type mosquitoes and heterozygotes
for the Medea allele will produce offspring that are half
heterozygotes and half wild-types (wild-types will die if their
heterozygote parent is female). Since homozygotes will be lost
from the population after one generation, we are interested in the
reproductive threshold of mosquitoes that are heterozygous for
the Medea allele. For a heterozygote, this is simply given by the
average number of heterozygotes that it produces at a branching
event, f1,1.

In order to calculate this quantity, we first need to consider the
fitness cost associated with the Medea allele. We assume that a
female homozygous for Medea has a reduced fecundity of yð1� sÞ.
Male mosquitoes that mate with wild-type females do not suffer
from reduced fecundity, and so the mean fecundity of a
homozygote is yð1� s=2Þ. This reduction in fecundity is assumed
to have a dominance factor of hA[0,1], and hence the mean
fecundity of a heterozygote is yð1� hs=2Þ.

According to standard branching process theory (Lange, 2002;
Dorman et al., 2004), these assumptions lead to the branching
process shown in Fig. 7. The rate of branching events (death and
reproduction) for a heterozygote is equal to

l1 ¼ mþ yð1� hs=2Þ, (49)

and the rate for a homozygote is equal to

l2 ¼ mþ yð1� s=2Þ. (50)

The reproductive threshold for a mosquito heterozygous for the
Medea allele is then given by

R1;1 ¼ f 1;1 ¼
y
l1

1�
hs

2

� �
1þ

1

2

� �
. (51)

When the reproductive threshold is greater than one, Medea

spread is supercritical, and the Medea allele has a nonzero
probability of spreading through the mosquito population.
Simplifying Eq. (51), this means that an accidentally released
Medea element has some chance of spreading into a wild
population when

hso
2r

1þ r
. (52)

When the population size is constant, then the condition for
Medea spread simplifies to

hso0. (53)

One implication of this result is that only the fitness cost to the
heterozygote determines whether the Medea allele has a chance of
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Fig. 8. Asymptotic probabilities of Medea loss as a function of fitness cost. The

escapee genotype is varied and the homozygote release size is increased to 10.
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spreading or not. If the population size is constant, the Medea

allele must confer a fitness benefit in order to have some chance of
spreading. During periods of population growth, the magnitude of
fitness cost that is tolerable is given by Eq. (52).

When the reproductive threshold is greater than one, Medea

spread is possible; however, the probability of Medea loss may still
be very high. To determine the extinction probability of the Medea

allele, we first define the probability generating function for the
Medea branching process. This is a function of the vector z ¼
ðz1; z2Þ and is defined in Eq. (7). Substituting the pij terms from the
Medea branching process into this equation, we have the
probability generating function,

P1ðzÞ ¼
m
l1
þ

y
l1

1�
hs

2

� �
1

2
z1 þ

y
l1

1�
hs

2

� �
1

2
z2

1, (54)

P2ðzÞ ¼
m
l2
þ

y
l2

1�
s

2

� �
z1z2. (55)

The probability that the Medea allele is eventually lost from the
population is then given by the smallest solution of the system of
two simultaneous equations described by Eq. (10). For the Medea

branching process, this system of equations has the solution,

e1 ¼ min
2

ð1þ rÞð2� hsÞ
;1

� �
, (56)

e2 ¼
1

1þ ð1þ rÞð2� sÞð1� e1Þ
. (57)

The extinction probability beginning with a heterozygote, e1, is a
decreasing function of population growth rate and an increasing
function of heterozygote fitness cost. The extinction probability
beginning with a homozygote, e2, is a function of e1 and is less
than one when e1 is less than one.

To make sense of these equations, we need to have some idea
of the fitness consequences of the Medea allele. While very few
measurements exist for this parameter, Chen et al. (2007) have
fitted data from their synthetic Medea element in Drosophila to a
model of Medea spread. They found that their data is most
consistent with an element that has no fitness cost; however, their
confidence interval for this parameter, s 2 ½�0:23;0:1�, is large. The
fitness cost of being associated with a refractory gene has been
discussed for the case of HEGs, and has been estimated by the
range ½�0:05;0:04�. Combining these two estimates suggests a
range for the fitness cost of a Medea allele on the order of
s 2 ½�0:28;0:14�.

Following Chen et al. (2007), we assume that the fitness cost of
the Medea allele is additive and hence choose a degree of
homozygosity of h ¼ 0.5. The proportion of wild-type embryos
that die because they do not produce an antidote to the toxin
produced by a female Medea-infected parent, t, although im-
portant, is not relevant to the early spread of the Medea allele.

Medea is an ideal drive system for the needs of transgene
containment since it will spread very quickly following an
intentional release (Chen et al., 2007); however, it requires either
a fitness benefit or period of population growth in order to spread
following an accidental release (Fig. 8). During a period of
population decline, the Medea allele has no chance of spreading;
however, for a population growth rate of r ¼ 0.1 gen�1, the
persistence probability for a single homozygous escapee is
between 11% and 17% over the full range of realistic parameter-
izations (see supplemental Fig. 4).

The probability that a beneficial Medea allele is lost from the
population following an accidental release is most affected by the
number of escapees during an accidental release (Fig. 8). For a
realistic fitness benefit of s ¼ �0:05, an escape of 10 mosquitoes
homozygous for the Medea allele decreases the loss probability to
78%. For 25 escapees, the loss probability decreases to 54%. Under
default conditions, the Medea allele is more likely to persist than
not for homozygous escape sizes greater than 27.

Medea is much less prone to spread following an accidental
release than HEGs, TEs or meiotic drive genes; however, it should
still be kept in mind that an escape of �30 transgenic mosquitoes
is entirely feasible. If these mosquitoes are refractory to malaria, it
is also feasible that they may possess a slight fitness advantage
over wild mosquitoes. Additionally, the observation of Medea

alleles in nature suggests that naturally occurring Medea alleles
may actually confer an innate selective advantage to their host; as
hinted at by the confidence interval for fitness effects of the
synthetic Medea allele studied by Chen et al. (2007). Therefore,
while Medea is significantly safer than HEGs, TEs and meiotic
drive genes; we should still be weary of its ability to spread
following an accidental release.
6. Wolbachia

Wolbachia is a maternally inherited, intracellular bacterium
found in a wide variety of invertebrate taxa. Wolbachia infections
are associated with several host reproductive alterations including
cytoplasmic incompatibility (Stouthammer et al., 1999), in which
offspring of matings between infected males and uninfected
females are completely or partially sterilized, while matings
involving infected females always produce infected offspring. This
favors the offspring ratio in favor of the Wolbachia infection, and
Wolbachia is therefore able to spread rapidly through a population
despite a fitness cost (Turelli and Hoffmann, 1999).

To calculate the reproductive threshold of a Wolbachia bacter-
ium following an accidental release, we consider a two-type
continuous-time branching process in which type-1 particles are
females infected with the Wolbachia bacterium and type-2 particles
are Wolbachia-infected males. We consider a budding model in
which the death rate of all mosquitoes is set to m ¼ 1 gen�1, and
fitness differences between particle-types are accounted for by
differences in female fecundity. Wild-type mosquitoes are assumed
to have fecundity y as described by Eq. (1).

In the early stages of spread, almost all matings involve at least
one mosquito uninfected by the Wolbachia bacterium. Crosses
between Wolbachia-infected females and uninfected males tend to
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produce Wolbachia-infected males and females; however, mater-
nal transmission is imperfect such that a proportion, u, of their
offspring are uninfected and a proportion, 1�u, of their offspring
are infected by Wolbachia. Crosses between Wolbachia-infected
males and uninfected females tend to be infertile with a
proportion, t, of their offspring suffering from CI-induced sterility
and a proportion, 1�t, of their offspring surviving. The viable
offspring of this cross, however, are uninfected and may be
thought of as belonging to the reservoir of uninfected hosts.

Since Wolbachia is maternally inherited, we are only interested
in the reproductive threshold of Wolbachia-infected females. This
is equal to the average number of Wolbachia-infected females that
it produces at a branching event, f1,1.

In order to calculate this quantity, we first need to consider the
fitness cost associated with a Wolbachia infection. We assume that
a female infected with the Wolbachia bacterium has a reduced
fecundity of yð1� sÞ. Infected males that mate with uninfected
females do not suffer from reduced fecundity, and so their
fecundity is y.

According to standard branching process theory (Lange, 2002;
Dorman et al., 2004), these assumptions lead to the branching
process shown in Fig. 9. The rate of branching events (death and
reproduction) for a Wolbachia-infected female is equal to

l1 ¼ mþ yð1� sÞ, (58)

and the rate for a Wolbachia-infected male is equal to

l2 ¼ mþ y. (59)

The reproductive threshold for a Wolbachia-infected female is
then given by

R1;1 ¼ f 1;1 ¼
yð1� sÞ

l1
1þ

1� u

2

� �
. (60)

When the reproductive threshold is greater than one, Wolbachia

spread is supercritical, and the Wolbachia bacterium has a nonzero
probability of spreading through the mosquito population.
Simplifying Eq. (60), this means that an accidentally released
Wolbachia-infected female has some chance of spreading into a
wild population when

ð1þ rÞð1� sÞð1� uÞ41. (61)

This equation implies that population growth can somewhat
compensate for imperfect maternal transmission and a fitness
cost associated with the Wolbachia bacterium. When the popula-
tion size is constant (r ¼ 0), this equation is consistent with the
condition derived by Turelli et al. (1992) for Wolbachia spread.
According to Turelli et al. (1992), since maternal transmission is
always imperfect (u40) then, when the population size is
constant, the Wolbachia bacterium must confer a fitness benefit
to the mosquito in order for it to spread from a low prevalence.
The magnitude of the fitness benefit, �s, required for Wolbachia
Fig. 9. Schematic for the early spread of a Wolbachia bacterium through a

randomly mating mosquito population. Wolbachia-infected females (Wf) have a

reduced fecundity of yð1� sÞ and mate with wild-type mosquitoes to give birth to

Wolbachia-infected males and females, each with probability ð1� uÞ=2, and wild-

types with probability u. All mosquitoes have a death rate of m.
spread is then given by

�s4
1

1� u
� 1. (62)

When the reproductive threshold is greater than one, Wolbachia

spread is possible; however, the probability of Wolbachia loss may
still be very high. To determine the extinction probability of the
Wolbachia bacterium, we first define the probability generating
function for the Wolbachia branching process. This is a function of
the vector z ¼ ðz1; z2Þ and is defined in Eq. (7). Substituting the pij

terms from the Wolbachia branching process into this equation,
we have the probability generating function,

P1ðzÞ ¼
m
l1
þ
yð1� sÞ

l1
uz1 þ

yð1� sÞ

l1

1� u

2
z2

1

þ
yð1� sÞ

l1

1� u

2
z1z2, (63)

P2ðzÞ ¼
m
l2
þ

y
l2

z2. (64)

The probability that Wolbachia is eventually lost from the population
is then given by the smallest solution of the system of two
simultaneous equations described by Eq. (10). For the Wolbachia

branching process, this system of equations has the solution,

e1 ¼min
1

ð1þ rÞð1� sÞð1� uÞ
;1

� �
, (65)

e2 ¼ 1. (66)

The extinction probability beginning with a Wolbachia-infected
female, e1, is a decreasing function of population growth rate and an
increasing function of fitness cost. It is also a decreasing function of
the reduction in maternal transmission. An accidental release
beginning with a Wolbachia-infected male is certain to go extinct
because Wolbachia is maternally inherited.

One of the most important parameters for the spread of a
Wolbachia infection is the proportion, t, of uninfected embryos
from a cross involving an uninfected female and an infected male
that die due to cytoplasmic incompatibility. This parameter is not
so relevant in the early stages of spread, however, since surviving
offspring belong to what may be thought of as a reservoir of
uninfected hosts.

Another important parameter is the proportion, u, of offspring
from Wolbachia-infected females that are uninfected by Wolba-

chia. Maternal transmission is high, so this parameter tends to be
relatively small. Charlat et al. (2004) have estimated a 95%
confidence interval for this parameter for D. melanogaster in the
range u 2 ½0:01;0:17�. Point estimates and ranges estimated for
other species are within this range—for example, u ¼ 0.01 for
Culex pipiens in California (Rasgon and Scott, 2003), u ¼ 0.025
for D. melanogaster in Australia (Hoffmann et al., 1994, 1998), and
u 2 ½0:03;0:15� for D. simulans in California (Weeks et al., 2007).

The fitness consequences of a Wolbachia infection are particu-
larly relevant to its ability to spread. Recent measurements
suggest that a Wolbachia infection can induce either a fitness
benefit or cost, depending on the host species, genetic background
(Dean, 2006), and the amount of time that the infection has been
present in the host species (Weeks et al., 2007). In terms of fitness
costs, Hoffmann et al. (1990) have measured a reduction in
fecundity of s 2 ½0:1;0:2� for Wolbachia-infected D. melanogaster,
and Stevens and Wade (1990) have measured a reduction in
overall fitness of s ¼ 0.37 for Wolbachia-infected Tribolium beetles.
Neutral Wolbachia infections (s ¼ 0) have been observed in
Drosophila yakuba (Charlat et al., 2004), C. pipiens (Rasgon and
Scott, 2003), and in natural populations of D. simulans (Turelli and
Hoffmann, 1995, 1999).
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It is becoming increasingly recognized that Wolbachia may not
just be a reproductive parasite but may also be a mutualist, and
hence confer a selective advantage to its host (Steve Sinkins,
personal communication). Weeks et al. (2007) have noted that,
although 20 years ago California D. simulans were shown to have a
reduced fecundity due to Wolbachia infection in the laboratory,
Wolbachia-infected females now exhibit an increased fecundity of
s ¼ �0.1 in the laboratory. Dobson et al. (2002) have also observed
a fecundity advantage due to Wolbachia superinfection in the
mosquito Aedes albopictus; however, this is yet to be validated in
field populations (Jason Rasgon, personal communication). Com-
bining these measurements and accounting for the potential
effects of a refractory gene suggests a range of fecundity effects
due to Wolbachia infection on the order of s 2 ½�0:1;0:37�.

Like Medea, Wolbachia is an ideal drive system for the needs of
transgenic containment since it will spread following an inten-
tional release (Turelli and Hoffmann, 1999); however, it requires
either a fitness benefit or period of population growth in order to
spread following an accidental release (Fig. 10). The conditions for
spread are a little more restrictive for Wolbachia than they are for
Medea, primarily because maternal transmission of Wolbachia is
imperfect. As the efficiency of maternal transmission decreases,
then the fitness benefit required for Wolbachia spread becomes
larger (see supplemental Fig. 5A). Population growth can also
compensate for a fitness cost and imperfect maternal transmis-
sion. For a population growth rate of r ¼ 0.1 gen�1 and a maternal
transmission rate of 97%, the Wolbachia bacterium will spread for
fitness costs less than 6.5% (see supplemental Fig. 5B).

For a Wolbachia bacterium that is able to spread following an
accidental release, its loss probability is most affected by the
number of escapees during an accidental release (Fig. 10). For a
realistic fitness benefit of s ¼ �0:05, an escape of 10 Wolbachia-
infected females decreases the loss probability to 83%. For 25
infected females, the loss probability decreases to 63%. Under
default conditions, the Wolbachia bacterium is more likely to
persist than not for infected female escape sizes greater than 37. It
is likely that less than half of the escapees from an accidental
release will be infected females, and so this corresponds to a
required escape size greater than 74 in order for it to be more
likely than not that the Wolbachia bacterium will spread following
an accidental release.
Fig. 10. Asymptotic probabilities of Wolbachia loss as a function of fitness cost.

Release size is increased to 25.
Wolbachia is less prone to spread than Medea following an
accidental release; however, as for Medea, it should be kept in
mind that an escape of �75 infected mosquitoes is possible.
Recent measurements suggest that, in addition to a fitness benefit
due to malaria refractoriness, the Wolbachia infection may in fact
confer a selective advantage to the escapees over wild mosquitoes
(Weeks et al., 2007). Additionally, the observation that Wolbachia

bacteria exist in nature suggests that Wolbachia infections have
been able to spread from very low prevalences, in contradiction to
the prediction by Turelli and Hoffmann (1999) that the initial
frequency of Wolbachia must exceed �10% in order to spread. The
fact that real populations are locally structured may assist in the
emergence of a new Wolbachia infection (Steve Sinkins and Jason
Rasgon, personal communication). Therefore, while Wolbachia is
one of the safest drive systems; there is still a possibility that a
transgenic Wolbachia strain will persist in a wild mosquito
population following an accidental release.

It should also be noted that the extinction probabilities
calculated here are for the Wolbachia drive strategy in which the
refractory gene is engineered directly into the Wolbachia genome.
Other drive strategies utilizing Wolbachia have been proposed by
Turelli and Hoffmann (1999) and Sinkins and Godfray (2004) and
may be associated with slightly different loss probabilities.
7. Engineered underdominance

The simplest case of underdominance is when a trait is
determined by two alleles at a single locus and the fitness of a
heterozygote is less than that of either homozygote (Hartl and
Clark, 1989). The dynamics of underdominant traits are generally
unstable and, depending on the initial frequency of the two
alleles, one will tend to be lost while the other will reach fixation
in the population (Crow and Kimura, 1970; Spiess, 1977). However,
the problem with single-locus underdominance as a form of gene
drive is that, in order for an introduced allele to reach fixation, it
must be introduced at a very high frequency in the population
which is often not feasible for gene drive strategies (Curtis, 1968).

A novel form of engineered underdominance has been
suggested by Davis et al. (2001) that does not require such a high
release size in order to spread into a naı̈ve population. In this
system there are two transgenic constructs, a and b, each of which
possesses a lethal gene and a suppressor gene that down-
regulates the expression of the lethal gene on the other construct.
This system is most efficient when the two transgenic constructs
are inserted at loci on nonhomologous chromosomes, and when
there are anti-pathogen genes associated with each construct.

Since both loci can be homozygous for the wild-type allele,
homozygous for the transgenic allele, or heterozygous, then there
are nine possible genotypes for the engineered underdominance
system. However, individuals that only possess one transgenic
construct are unviable because they express a lethal gene while
lacking its suppressor. This means that there are only five viable
genotypes—four of which possess both transgenic constructs, and
one which belongs to the reservoir of wild-types.

Following an accidental release, we are interested in tracking
the four viable genotypes possessing both transgenic constructs.
Let us denote the transgenic allele at the first locus as a, the wild-
type allele at the first locus as A, the transgenic allele at the
second locus as b, and the wild-type allele at the second locus as
B. Utilizing these symbols, we consider a four-type continuous-
time branching process in which type-1 particles are hetero-
zygous at both loci (aAbB), type-2 particles are heterozygous at
the first locus (aAbb), type-3 particles are heterozygous at the
second locus (aabB), and type-4 particles are homozygous at both
loci (aabb).
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We consider a budding model in which the death rate of all
mosquitoes is set to m ¼ 1 gen�1, and fitness differences between
particle-types are accounted for by differences in female fecund-
ity. Wild-type mosquitoes are assumed to have fecundity y as
described by Eq. (1).

In the early stages following an accidental release, almost all
matings involve at least one wild-type mosquito. This means that
the only viable transgenic offspring will be heterozygous at both
loci, since all offspring will inherit a wild-type allele from their
wild-type parent at both loci. In calculating the reproductive
threshold of the engineered underdominance constructs, we are
therefore interested in the average number of type-1 offspring
that a type-1 mosquito produces at a branching event, f1,1.

In order to calculate this quantity, we first need to consider the
fitness cost associated with the engineered underdominance
constructs. It is likely that the two constructs will each confer a
fitness cost to the host, since binding of a suppressor to its
corresponding lethal gene may be imperfect. We assume that a
female homozygous for the a allele has their fecundity reduced by
a fraction, s. Male mosquitoes that mate with wild-type
mosquitoes do not suffer from reduced fecundity, and so the
mean reduction in fecundity due to being homozygous for the a
allele is s/2. This reduction in fecundity is assumed to have a
dominance factor of h 2 ½0;1�, and hence the mean reduction in
fecundity due to being heterozygous for the a allele is hs/2. The b
allele is expected to cause a similar reduction in fecundity, and so
type-1 particles are expected to have a fecundity of yð1� hsÞ,
type-2 and type-3 particles have an expected fecundity of
yð1� ðsþ hsÞ=2Þ, and type-4 particles have an expected fecundity
of yð1� sÞ.

According to standard branching process theory (Lange, 2002;
Dorman et al., 2004), these assumptions lead to the branching
process shown in Fig. 11. The rates of branching events (death and
reproduction) for each particle type are equal to

l1 ¼ mþ yð1� hsÞ, (67)

l2 ¼ l3 ¼ mþ y 1�
sþ hs

2

� �
, (68)
Fig. 11. Schematic for the early spread of a pair of engineered underdominance

alleles through a randomly mating mosquito population. Mosquitoes homozygous

for one or both alleles (aAbb, aabB and aabb) mate with wild-type mosquitoes to

give birth to mosquitoes heterozygous for both alleles (aAbB). Heterozygotes for

both alleles have a reduced fecundity of yð1� hsÞ and mate with wild-type

mosquitoes to give birth to heterozygotes for both alleles with probability 1/4,

wild-types with probability 1/4 and unviable offspring with probability 1/2. All

mosquitoes have a death rate of m.
l4 ¼ mþ yð1� sÞ. (69)

The reproductive threshold for a mosquito heterozygous at both
loci is then given by

R1;1 ¼ f 1;1 ¼
yð1� hsÞ

l1
1þ

1

4

� �
. (70)

When the reproductive threshold is greater than one, spread of
the engineered underdominance alleles is supercritical, and the
engineered constructs have a nonzero probability of spreading
through the mosquito population. Simplifying Eq. (70), this means
that an accidentally released mosquito having both underdomi-
nance constructs has some chance of spreading into a wild
population when

�hs4
1� r

1þ r
. (71)

When the population size is constant, then the condition for
engineered underdominance spread simplifies to

�hs41. (72)

Noting that the fecundity of a type-1 particle is yð1� hsÞ, this
condition means that, when the population size is constant, the
underdominance alleles have a chance of spreading when the
fecundity of a type-1 particle is greater than 2y. The fecundity of a
wild-type mosquito is equal to y, and so this implies that a
heterozygote for both underdominance alleles must be twice as
fecund as a wild-type mosquito in order for the underdominance
alleles to have some chance of spreading into a population of
constant size. This condition is moderately relaxed during periods
of population growth, as described by Eq. (71).

When the reproductive threshold is greater than one, spread of
the underdominance alleles is possible; however, the probability
of loss of these alleles may still be very high. To determine the
extinction probability of the underdominance alleles, we first
define the probability generating function for the engineered
underdominance branching process. This is a function of the
vector z ¼ ðz1; z2; z3; z4Þ and is defined as

PiðzÞ ¼
X4

j¼1

pijz
j ¼

X4

j¼1

pijz
j1

1 zj2

2 zj3

3 zj4

4 , (73)

where pij is the probability that a type-i particle gives rise to j1
type-1 particles, j2 type-2 particles, and so on, and j is defined as
the vector j ¼ ðj1; . . . ; j4Þ. Substituting the pij terms from the
engineered underdominance branching process into this equation,
we have the probability generating function,

P1ðzÞ ¼
m
l1
þ

y
l1
ð1� hsÞ

3

4
z1 þ

y
l1
ð1� hsÞ

1

4
z2

1, (74)

P2ðzÞ ¼
m
l2
þ

y
l2

1�
sþ hs

2

� �
1

2
z2 þ

y
l2

1�
sþ hs

2

� �
1

2
z2z1, (75)

P3ðzÞ ¼
m
l3
þ

y
l3

1�
sþ hs

2

� �
1

2
z3 þ

y
l3

1�
sþ hs

2

� �
1

2
z3z1, (76)

P4ðzÞ ¼
m
l4
þ

y
l4
ð1� sÞz1z4, (77)

The probability that engineered underdominance alleles are
eventually lost from the population is then given by the smallest
solution of the system of two simultaneous equations described
by Eq. (10). For the engineered underdominance branching
process, this system of equations has the solution,

e1 ¼min
2

ð1þ rÞð1� hsÞ
;1

� �
, (78)
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e2 ¼ e3 ¼
2

2ð2� e1 þ rð1� e1ÞÞ � ð1� e1Þð1þ hÞsð1þ rÞ
, (79)

e4 ¼
1

3þ 2r � 2e1ð1� sÞð1þ rÞ � 2sð1þ rÞ
. (80)

The extinction probability beginning with a heterozygote for both
alleles, e1, is a decreasing function of population growth rate and
an increasing function of heterozygote fitness cost. The extinction
probabilities beginning with any other viable genotype are all
functions of e1, and are less than one when e1 is less than one.

The two allele, two locus strategy for engineered under-
dominance has only recently been proposed as a mechanism of
gene drive and so there are no experimental measurements of its
effects on female fecundity. We will therefore rely on fitness costs
used in the modeling literature.

Magori and Gould (2006) have investigated a large range of
fitness costs due to underdominance constructs, s 2 ½0;0:5�. While
they note that a neutral underdominance construct is unrealistic;
their model predicts that a refractory gene could be driven into a
population in the presence of a fitness cost of s ¼ 0.05 provided a
sufficient release ratio is achieved. Assuming that a beneficial
refractory gene may be associated with each engineered con-
struct, we explore an expanded range of fecundity effects on the
order of s 2 ½�0:05;0:5�. For completeness, we also consider a full
range for the degree of homozygosity of h 2 ½0;1�.

Engineered underdominance constructs are the safest gene
drive system for the needs of transgenic containment. Their safety
in the event of an accidental release primarily arises from the high
release ratio required for them to spread. Davis et al. (2001)
showed that, even under ideal conditions in which there are no
fitness costs associated with the constructs, transgenic insects
must exceed a frequency of �27% in order to have some chance of
spreading through the population. The required release ratio
increases as fitness costs are accounted for (Magori and Gould,
2006); and fecundity effects due to underdominance constructs
are unlikely to be positive given the constructs are engineered to
express lethal genes down-regulated by suppressors.

According to Eq. (71), engineered underdominance constructs
face certain extinction following an accidental release for the
entire range of realistic parameters. Even for the most generous
estimate of population growth rate (r ¼ 0.2 gen�1), a heterozygote
for one of the constructs must have a fitness benefit of at least 67%
in order to have some chance of spreading from a low prevalence.
This is unachievable for even the most generous estimates of the
parameters h and s. In order to spread following an escape from a
field cage, the escape size must represent a significant fraction of
the wild population, as predicted by Davis et al. (2001) and Magori
and Gould (2006).

It should be noted that the two allele, two locus strategy for
engineered underdominance is not the only possible strategy for
spreading underdominance constructs into a wild population;
however, for the time being it is reasonable to model this since
more complicated strategies are further down the road (Fred
Gould, personal communication). Variants of this strategy have
been proposed by Magori and Gould (2006); and although they
are also very likely to be lost following an accidental release, their
extinction probabilities and required release ratios may be smaller
than for the two allele, two locus strategy.
8. Conclusions

In the event of an actual escape of transgenic mosquitoes from
an ambient field cage, there will be many factors influencing the
loss or persistence of transgenic DNA. Escapees from field cages
will likely suffer from some degree of inbreeding depression and
may be slightly maladapted to conditions in the wild. Control
measures may also be put in place to reduce the spread of
transgenic DNA—for example, the use of vegetation-free zones or
‘‘trap crops’’ surrounding the cage to restrict mosquito dispersal.
Consequently, the loss probabilities calculated here contain
systematic errors and are mainly of comparative interest for
studying the possible outcomes under a variety of gene drive
strategies.

Comparison of the predictions of the six branching processes in
this paper suggests that engineered underdominance constructs
provide the safest gene drive strategy for the needs of transgenic
containment. According to model predictions, this system will
face certain extinction for the entire range of realistic parameters
provided that the release proportion is less than �27% of the wild
population (Davis et al., 2001). The release proportion required for
transgenic spread is even higher if there is a fitness cost associated
with the constructs.

The catch-22 of this result is that engineered underdominance
constructs are also not very invasive following an intentional
release. Any gene drive strategy with the aim of controlling
disease over a large geographic area must have the ability to
spread between several partially isolated subpopulations of
disease vectors. The problem with engineered underdominance
constructs is that, even under the most generous parameteriza-
tions, they require a migration rate consistently above 3% per
generation in order to spread into neighboring populations (Davis
et al., 2001). This required migration rate is higher than those
observed between subpopulations of An. gambiae mosquitoes in
Mali, West Africa (Taylor et al., 2001).

TEs and HEGs, on the other hand, are very capable of spreading
between subpopulations of disease vectors following an inten-
tional release (Taylor and Manoukis, 2003; Deredec et al., 2007);
but are also very capable of spreading following an accidental
release. According to model predictions with default parameters, a
TE is more than 50% likely to persist for escape sizes greater than
10; while a HEG is more than 50% likely to persist for homozygote
escape sizes greater than five. These escape sizes are entirely
within the realm of possibility; and hence the invasiveness of TEs
and HEGs is offset by the risk of establishment following an
accidental release.

Meiotic drive systems are also of concern following an
accidental release. For the meiotic drive strategy analyzed in
which a Y-linked meiotic drive gene is used to drive an X-linked
response allele into the population, the Y-linked drive gene is very
capable of spreading following an accidental release, while the X-
linked response allele requires population growth or a fitness
benefit in order to spread. If we are concerned about the unknown
effects of an attached refractory allele, then the configuration of
this meiotic drive strategy is good since the refractory allele is to
be attached to the X-linked response allele, and hence is likely to
be lost following an accidental release. However, if we are also
concerned about the unknown effects of the drive gene on the
mosquito population, then this strategy is worrying since the
drive gene is more than 50% likely to persist for escapes of more
than two mosquitoes carrying the drive gene.

Medea and Wolbachia provide a good compromise between
invasiveness following an intentional release and containment
following an accidental release. Both systems will spread very
quickly following an intentional release (Chen et al., 2007; Turelli
and Hoffmann, 1999); however, they require either a fitness
benefit or population growth in order to spread following an
accidental release. The conditions for spread are a little more
restrictive for Wolbachia, primarily because maternal transmission
of Wolbachia is imperfect.

Despite this, we should still be wary of the ability of Medea and
Wolbachia to persist in a wild mosquito population following an
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accidental release. It is feasible that Medea or Wolbachia-infected
mosquitoes could possess a slight fitness advantage over wild-
type mosquitoes. Under such conditions, an advantageous Medea

allele is more than 50% likely to persist for homozygote escape
sizes greater than 27, while an advantageous Wolbachia bacterium
is more than 50% likely to persist for escape sizes greater than 74.
The concern that we should be wary of is that the existence of a
fitness advantage under natural conditions will not be known
until experiments have been carried out in ambient field cages.
During these experiments, an escape of this size is entirely within
the realm of possibility.

An additional concern is that Medea and Wolbachia may be
more invasive following an accidental release than predicted by
simple models of population dynamics. The observation of Medea

alleles and Wolbachia bacteria in nature (Wade and Beeman, 1994;
Stevens and Wade, 1990) suggests that both have been able to
spread from very low prevalences. The existence of local
population structure has not been accounted for in the branching
processes in this paper; however, it may help to enable the
establishment of a new Wolbachia infection, Medea allele or drive-
insensitive response allele for a meiotic drive system from a very
low initial prevalence.

Despite these concerns, Medea and Wolbachia still represent
the best compromise between invasiveness and containment for
the six gene drive systems currently being considered (Sinkins
and Gould, 2006). The mechanism of gene drive should be
thought of as a form of biological containment in the design and
implementation of ambient cage trials. This is only one of many
considerations in the design of such experiments; however, it is an
important additional consideration to the comprehensive list
compiled by Benedict et al. (2008). Given the lack of knowledge of
the outcomes of such technology, all efforts should be taken to
prevent the release of transgenic strains before their efficacy and
side-effects have been adequately studied.
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