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ABSTRACT

We theoretically investigate the potential for introgressing a desired engineered gene into a pest pop-
ulation by linking the desired gene to DNA constructs that exhibit underdominance properties. Our
deterministic model includes two independently segregating engineered constructs that both carry a
lethal gene, but suppress each other. Only genotypes containing both or neither construct are viable. Both
constructs also carry the desired gene with an independent regulatory mechanism. We examine the
minimal number of individuals of an engineered strain that must be released into a natural population to
successfully introgress the desired gene. We compare results for strains carrying single and multiple in-
sertions of the constructs. When there are no fitness costs associated with the inserted constructs (when the
lethal sequences are not expressed), the number of individuals that must be released decreases as the
number of insertions in the genome of the released strain increases. As fitness costs increase, the number
of individuals that must be released increases at a greater rate for release strains with more insertions.
Under specific conditions this results in the strain with only a single insertion of each construct being the
most efficient for introgressing the desired gene. We discuss practical implications of our findings.

RECENTLY, there has been considerable discussion
regarding the potential for decreasing the inci-

dence of mosquito-borne diseases such as malaria and
dengue on the basis of spreading engineered genes for
refractoriness (i.e., inability to transmit the pathogen) into
nativemosquito populations (Gould and Schliekelman
2004). Because strains bearing these engineered refrac-
tory genes are not expected to have higher fitness than
native mosquitoes (Catteruccia et al. 2003; Irvin et al.
2004; Moreira et al. 2004), an engineered gene with
Mendelian inheritance will not increase in frequency
after being released. Thus, it will be necessary to develop
genetic drive systems to spread the genes controlling
refractoriness.

Substantial advances have been made in engineering
refractory mosquito strains (e.g., Ito et al. 2002), but
only limited efforts have focused on drive mechanisms
and the population genetic factors that could affect
their success (Ribeiro and Kidwell 1994; Kiszewski and
Spielman 1998; Davis et al. 2001; Burt 2003; Gould
and Schliekelman 2004).

Underdominance is one mechanism that has been
proposed for driving desirable genes into populations
(Curtis 1968a,b; Davis et al. 2001). Underdominance
is classically defined as the genetic condition where the

fitness of heterozygote individuals is lower than the fit-
ness of both of the parental homozygotes (Hartl and
Clark 1989). There are two stable and one unstable
equilibria in such a system with two alleles. At the al-
ternate stable equilibria, one of the alleles is typically
fixed and the other is lost from the population. The
relationship between the initial allelic frequencies and
the unstable equilibrium determines which allele be-
comes fixed. Underdominance is typically considered
to involve a single locus, and fitness is considered as
survival and reproduction in a single generation. How-
ever, if first-generation heterozygotes are as fit as their
homozygote parents, but their offspring are less fit than
the offspring of homozygotes in a specific population,
the same three equilibria can exist. For example, when
individuals that are homozygous for alternate forms of
a chromosomal translocation are mated, the hetero-
zygotes can be quite fit because their genomes contain
one copy of all genes from both parents (Robinson
1976).When these heterozygotesmate with each other a
fraction of their offspring lack important chromosomal
segments and are not viable. Therefore if we expand our
view of fitness to multiple generations, this can be con-
sidered as a case of underdominance.
A novel form of genetically engineered underdom-

inance has been suggested by Davis et al. (2001). They
used a simple population genetics model to analyze the
spread of two engineered constructs in a hypothetical
pest population, assuming that the two constructs were
inserted into two nonhomologous chromosomes (see
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Figure 4 of Davis et al. 2001, top left diagram). Both
engineered constructs contained a lethal gene that was
suppressed by a DNA sequence on the alternate con-
struct. In addition to the lethal gene, each construct
contained the sequence for a desirable gene and its
independent promoter. Davis et al. (2001) assumed that
the engineered constructs had no fitness cost when
expression of the lethal gene was suppressed. Individu-
als containing both or neither of the engineered con-
structs were assumed to be viable, while all insects
having only one of the constructs died due to the ex-
pression of the lethal gene. They showed that successful
spread of the constructs was possible even with relatively
small releases (�27% of the natural population) com-
pared to other genetic control strategies (see, e.g.,
Bushland et al. 1955).

This is less than the 50% threshold for translocations
(Curtis 1968b) because several genotypes that contain
three copies of the engineered constructs are viable in
the case of engineered underdominance, while the same
genotypes are not viable in the case of translocations
(see supplemental Figure 1 in supplemental materials,
part C, at http://www.genetics.org/supplemental/).

In this article, we further investigate and elaborate on
the approaches examined by Davis et al. (2001). First,
we investigate the spread of the desirable genewhenmul-
tiple copies of the engineered constructs are inserted.
Second, we consider the effects of fitness costs on the

minimum release numbers needed for the spread of the
engineered constructs. Finally, we determine the opti-
mal release method for a particular fitness cost and
number of insertions of each construct.

MATERIALS AND METHODS

We modeled a diploid, obligately sexual pest species with
each of two to four transgenic constructs inserted on inde-
pendently assorting linkage groups (i.e., different chromosomes
or sometimes distant locations on the same chromosome).
Each linkage group could either contain a transgenic con-
struct (a, b, g, d) or lack it (A, B, C, D). There are two types
of transgenic constructs (Figure 1), each type containing a
promoter sequence for a lethal gene, a lethal gene, a desirable
gene plus its independent promoter, and a sequence that sup-
presses the lethal gene promoter on the alternate construct.

Both types of constructs can contain the same lethal and
desirable genes. However, the suppressor sequence in the type
I construct must suppress only the lethal gene promoter
sequence in the type II construct, and vice versa. If a type I
construct is present in an individual lacking the type II con-
struct, the expression of the lethal gene is not suppressed, and
the individual dies. The same outcome befalls individuals that
only have the type II construct. The only viable individuals are
those that have none of the transgenic constructs or at least
one copy of both types.

The simulation model was developed and built in Visual
C11 in the Visual Studio.NET environment, to have up to
eight copies of the constructs, 16 gamete types, and 81 geno-
types; equations can be found in supplemental materials, parts

Figure 1.—Set of engineered con-
structs on separate linkage groups in
the different scenarios. Individuals car-
rying at least one type I and one type
II construct are viable by the suppres-
sion of the lethal gene. The lethal gene
is expressed in individuals that have one
or more copies of one type of the con-
structs but lack the other type.
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AandB, at http://www.genetics.org/supplemental/.We assumed
Mendelian inheritance and a large panmictic population.

We studied scenarios in which the number and proportion
of insertions of the two transgenic constructs differed. In
scenario I (Figure 1), only two linkage groups had transgenic
constructs, the first a type I and the second a type II, re-
spectively. In scenario II, three linkage groups contained trans-
genic constructs, with the first linkage group having a type I
construct and the second and the third linkage groups having
one type II construct each. In scenario III, four linkage groups
contained a transgenic construct, but only one had a type I
construct. Each of the other three linkage groups contained a
type II construct. In scenario IV, two linkage groups had type I
and two linkage groups had type II constructs.

Two release strategies were examined: a single temporal
release of transgenic insects into the population and releases
of transgenic insects inmultiple generations. Every simulation
started with a native population completely lacking transgenic
constructs. In the single-release studies, individuals homozy-
gous for the transgenic constructs were released in specific
proportions to native insects at the start of the simulation. In
the multiple-release studies, individuals homozygous for the
transgenic constructs were released in specific proportions in
the first 20 generations. Genotypes that were determined
inviable in a particular scenario due to engineered under-
dominance always had a zero fitness. Each copy of a transgenic
construct was assumed to have an equal fitness cost (c) when
the lethal gene was suppressed, and the constructs were as-
sumed to interact in a multiplicative manner, unless stated
otherwise. The fitnesses of viable genotypes were calculated by
multiplying the relative fitnesses of the inserted transgenic
constructs they contained, independently of their position,

Sðk; l ; m; nÞ ¼ ð1� c1Þkð1� c2Þl ð1� c3Þmð1� c4Þn ; ð1Þ

where S(k, l, m, n) is the fitness of a genotype with up to eight
total insertions of the constructs. k, l,m, and n are the numbers
of insertions of the constructs on linkage groups 1, 2, 3, and 4,
respectively. The values for k, l,m, and n can be 0, homozygous
for no insertions; 1, heterozygous for the inserted construct;
and 2, homozygous for the inserted construct. c is the fitness
cost due to insertion of a single construct in a linkage group
(see Schliekelman and Gould 2000).

We studied theminimal fraction of released insects to native
insects (pm) necessary to drive the desired gene to high fre-
quency (e.g., .90%) in the population. We systematically
searched a large set of single-release fractions in a recursive
manner for theminimal fraction. We investigated theminimal
fraction of release at different fitness costs of the transgenic
constructs for single and multiple releases.

We explored how the recessivity of the fitness costs of the
transgenic constructs affects the minimal fraction of release
(pm). The fitness of individuals that were homozygous for an
inserted construct on one linkage group was (1� c)2, while the
fitness of individuals heterozygous for the same inserted con-
struct was (1 � c)2d, where d is the degree of dominance of the
fitness cost of the transgenic construct. We determined the
minimal fraction of release at increasing, completely recessive
fitness costs, in the case of both single and multiple releases.

RESULTS

Single release in scenario II without fitness cost:
Figure 2a shows the DeFinetti diagram of scenario II
with the assumption of zero fitness costs of the trans-
genic constructs. The DeFinetti diagram (Hartl and
Clark 1989) is a triangular plot used tomap the gamete

dynamics (Figure 2). The left-hand corner corresponds
to the frequency of the gamete type completely devoid
of transgenic constructs, while the right-hand corner
corresponds to the frequency of the gamete type having
themaximum possible number of transgenic constructs
in the corresponding scenario. The top corner corre-
sponds to the sum of any other possible gamete types for
a specific scenario. For example, in scenario II (Figure
2), the gamete frequencies are mapped to the horizon-
tal coordinate abgDk � ABCDk and the vertical co-
ordinate ð1� ABCDk � abgDkÞ

ffiffiffi

3
p

, where, e.g., ABCDk is
the frequency of the ABCD gamete type in the kth gen-
eration. Each line in the diagram represents the tra-
jectory of gametic composition from a specific initial
condition. All trajectories start from the bottom bound-
ary, which represents a pure mixture of homozygote in-
dividuals. End results of releases are represented by a
large dot, typically on one of the boundaries. Light gray
lines represent trajectories of gametic compositions that
result in fixation of the gamete type lacking transgenic
constructs. Dark gray lines represent trajectories of ga-
metic compositions that result in the persistence of the
transgenic constructs and reduction of the frequency of
the gamete type lacking transgenic constructs.
After the trajectories move upward due to decreasing

linkage disequilibrium, gametic frequencies always con-
verge to one of two stable manifolds (one leading to the
left-hand corner and the other leading to the right-hand
corner). Both the left- and the right-hand corners are
stable equilibrium points for a certain range of initial
conditions. The diagram contains a unique release-
fraction threshold, which is one point of the separatrix
where it meets the horizontal axis. The separatrix is a set
of gametic frequencies that are all unstable equilibria,
correspond to a saddle point of the dynamics, and sep-
arate the basins of attraction of the two stable equilibria.

Figure 2.—DeFinetti diagrams of scenario II. Diagrams
show the trajectories of the composition of gamete frequen-
cies. The 50 trajectories depicted for each scenario all start
from the lower boundary representing an initial ratio of ho-
mozygote individuals with and without all of the constructs.
Light gray trajectories lead to the left-hand corner equilib-
rium (light gray dot) with the elimination of transgenic con-
structs. Dark gray trajectories lead to the equilibrium (dark
gray dot), allowing the persistence of transgenic constructs.
(a) No fitness costs of the transgenic constructs, c ¼ 0. (b) Fit-
ness costs of the transgenic construct, c ¼ 0.2.
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Since we restricted the initial conditions to the lower
boundary, only one unstable equilibrium point of the
separatrix is visible.

DeFinetti diagrams of all scenarios can be viewed in
supplemental Figure 2 in supplemental materials, part
D, at http://www.genetics.org/supplemental/.While these
are generally similar to the one shown in Figure 2a,
there are important differences in the DeFinetti diagrams
representing the four scenarios. The most important
difference is the different position of the separatrix
(minimal fraction of release). With no fitness costs,
there is a clear decrease in theminimal fraction of release
from scenario I through scenario IV (scenario I, 0.269;
scenario II, 0.203; scenario III, 0.172; and scenario IV,
0.154).

Single release in scenario II with fixed fitness costs in
all generations: Figure 2b shows the DeFinetti diagram
of scenario II with fitness cost c¼ 0.2 (i.e., a reduction in
fitness of 20% for each copy of a construct in an indi-
vidual). There are significant differences compared to
the case without fitness costs. First, the position of the
separatrix moves to the right, representing an increase
in the minimal fraction of release. Second, all trajecto-
ries have an initial tilt to the left, whichmeans a decrease
in the frequency of the gamete type that harbors all
transgenic constructs and an increase in the frequency
of the gamete type that has none. Third, the proportion
of the natural gamete type in the stable equilibrium
composition of all gamete types increases as the fitness
costs of the transgenic constructs increase. This lack
of fixation is not discussed in other studies of under-
dominance. Large proportions of the natural gamete type
in the stable equilibrium composition would be detri-
mental to any effort to drive a refractory gene into a pest
population. However, this proportion does not exceed
10% for any fitness cost in any scenario in our simula-
tions, which translates to a maximum of 1% of indi-
viduals in a population having no insertions and not
expressing the desirable gene.

The saddle point and the stable equilibrium move
toward each other with increasing cost. This continues
until the two equilibria collide at a certain fitness cost,
annihilating each other in a saddle-node bifurcation and
leaving the elimination of all transgenic constructs as
the only stable equilibrium. Above this critical fitness cost,
large selection against the transgenic constructs makes
their spread impossible with any fraction of release.

DeFinetti diagrams of scenarios I, III, and IV are pre-
sented in supplemental materials, part E, at http://www.
genetics.org/supplemental/.

Single and multiple releases with multiplicative fit-
ness costs: Figure 3a shows the minimal fraction of re-
lease (pm) at different fitness costs (c) of the transgenic
constructs with single release for every scenario.With no
cost, scenario IV requires the lowest minimal fraction of
release and is the most efficient scenario to drive the
desired gene into the hypothetical pest population.

Minimal fraction of release increases dramatically with
increasing fitness cost in every scenario. The rate of in-
crease is most rapid in scenario IV and is the slowest
in scenario I. At fitness costs of �0.15, the minimal
fractions of release in the different scenarios are almost
identical. At high fitness costs the order of the scenarios
in efficiency is reversed compared to the results assum-
ing no fitness costs, and the minimal fraction of release
is very large in every scenario. This indicates that for the
single-release approach, it is imperative to achieve a low
fitness cost to efficiently drive the desirable gene into a
population.

For each scenario, Figure 3b shows the minimal frac-
tion of release in the case of multiple releases with fit-
ness costs in all generations. With no cost at all, scenario
IV requires the lowest minimal fraction of release. The
rate of increase in the minimal fraction of release with
increasing fitness cost is the most rapid in scenario III,
and it is the slowest in scenario I. At fitness costs of
�0.075 the minimal fractions of release in the different

Figure 3.—The effect of increasing multiplicative fitness
cost (c) per transgenic construct on the minimal fraction of
release (pm). —, scenario I; – – –, scenario II; - - -, scenario
III; and ���, scenario IV. At fitness costs above the symbols
the approach is not successful for any fraction released. (a)
Single release. (b) Multiple releases in the first 20 generations
(note different logarithmic scales for pm).
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scenarios are similar. At high fitness costs the order of
the scenarios in efficiency is almost reversed compared
to the results assuming no fitness costs. The range of
fitness costs in which scenario IV is the most efficient is
much smaller than that in either of the single-release
cases. In the case ofmultiple release, the slopes of pm for
scenarios III and IV are even more similar than in the
case of single release, and scenario IV is more efficient
than scenario III at any fitness cost.

Results of single and multiple releases with multipli-
cative fitness costs of the transgenic constructs applied
only after the release generation are presented in sup-
plemental materials, part H, at http://www.genetics.org/
supplemental/.

Single and multiple releases with recessive fitness
costs: Our investigation has also shown that more re-
cessive inheritance of fitness costs increases the effi-
ciency of all strategies (see supplemental Figure 5 in
supplemental materials, part G, at http://www.genetics.
org/supplemental/). Recessive fitness cost increases
the efficiency of underdominance strategies, because
in the transient period of the dynamics most individ-
uals are heterozygous for the transgenic insertions and
express small fitness costs. We chose to investigate the
effect of increasing, completely recessive fitness costs (c)
on the minimal threshold of release (pm). Figure 4a
shows the minimal fraction of release (pm) at different
recessive fitness costs (c) of the transgenic constructs
with single release. Scenario IV remains the most ef-
ficient approach at all fitness costs. Also, the maximal
fitness costs at which all scenarios succeed are greater
than in the case of multiplicative fitness costs (the abscissa
of Figure 4a is longer than the abscissa of Figure 3a).
Figure 4b indicates that recessiveness is less important in
the case of multiple release than in the case of single
release, due to the repeated introductions of homozy-
gous insects with high fitness costs. Results of single and
multiple releases with completely recessive fitness costs
of the transgenic constructs after the release genera-
tion, but with no fitness costs at all in the release
generation, are presented in supplemental materials,
part I, at http://www.genetics.org/supplemental/.

Effect of fitness costs on the rate of increase in
construct frequency: An issue of practical interest is the
number of generations necessary to substantially lower
the proportion of individuals that are completely non-
transgenic (i.e., those that do not express the desired
gene). To address this issue, we studied the number of
generations necessary to reach a target of 0.1 for the
proportion of individuals in a population not contain-
ing any transgenic constructs, as a function of the fitness
costs (c) (Figure 5). We investigated only the case of
single release. The initial release fraction of individuals
completely homozygote for all transgenic constructs was
set at 0.01 above theminimal fraction of release (pm) for
the corresponding fitness cost (c) of the transgenic
constructs. In all scenarios, the number of generations

necessary to reach the target proportion of 0.1 of
individuals devoid of any transgenic constructs actually
decreases as fitness costs increase. This result is in part
due to the increasing minimal fraction of release (pm)
associated with increasing fitness costs. Increasing fitness
costs do slightly inhibit the rate of increase of the de-
sirable gene into the population (see supplemental
Figure 4 in supplemental materials, part F, at http://
www.genetics.org/supplemental/ for further details),
and this can be important when desired target propor-
tions are very low (e.g., 0.02).

DISCUSSION

Our results demonstrate that when fitness costs are
low, increasing the number of inserts of the transgenic
constructs decreases the minimal fraction of release.
This is due to the positive relationship between the
number of engineered inserts in the release strain and
the total number of insects produced over time that

Figure 4.—The effect of increasing, completely recessive
fitness cost (c) per transgenic construct on the minimal frac-
tion of release (pm). —, scenario I; – – –, scenario II;, - - -, sce-
nario III; and ���, scenario IV. At fitness costs above the symbols
the approach is not successful for any fraction released. (a)
Single release. (b) Multiple releases in the first 20 generations
(note different logarithmic scales for pm).
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have only one of the two types of constructs. Our results
also demonstrate that the minimal release fraction in-
creases with increasing fitness costs. The relationship
between minimal fraction of release and fitness cost
differed among scenarios, and high nonrecessive fitness
costs led to the complete reversal in the order of effi-
ciency of the scenarios for single releases and a partial
reversal for multiple releases, when compared to results
under the assumption of no fitness cost.

Although the transgenic constructs required for estab-
lishing underdominance have not yet been produced in
a laboratory, steps in this direction have beenmade (e.g.,
Heinrich and Scott 2000; Thomas et al. 2000; Horn

and Wimmer 2003; Gong et al. 2005). Our results stress
the potential of such a system for autocidal control and
the need to move ahead in developing constructs with
these properties. The most often discussed pest tar-
gets include several mosquito species (e.g., Aedes aegypti,
Anopheles gambie), which are important vectors of human
diseases, but this approach could also be used with in-
sects that vector crop diseases. Development of appro-
priate DNA constructs will require a major research
effort, and it is clear that unless both constructs can be
added simultaneously, an exogenous source of repres-
sor will be needed to inhibit expression of the toxin-
coding gene (e.g., Gong et al. 2005). The technological
hurdles may be high, but so may be the payoff.

The assumption of zero fitness cost for transgenic
insertions in a natural environment is unrealistic. How-
ever, we show that if each inserted copy of the constructs
had a 5% fitness cost and there were multiplicative in-
teractions among copies, a desirable gene could be
driven into the natural population with realistic initial

release ratios. Our general result is that in the case of
small fitness costs or recessive inheritance of fitness
costs, the release of individuals with four transgenic
constructs is the most effective approach of the scenar-
ios examined. Although we are aware of the complica-
tions that the design of such an engineered insect line
would face (Gould and Schliekelman 2004), our
results suggest that it is worth consideration, because
even a 10% reduction in the number of released insects
could result in large financial savings at the implemen-
tation stage of a project. For example, scenario IV with
fitness costs c¼ 0.05 necessitates the release of only 25%
of the wild individuals, compared to 35% for scenario I.
Wild populations of Ae. aegypti generally have a census
size in the magnitude of 10,000–20,000 adults per vil-
lage (Scott et al. 2000). This would require the release
of 2500–5000 transgenic individuals per village in the
case of scenario IV and 3500–7000 in the case of sce-
nario I, respectively. Such release sizes are small com-
pared to releases in classical sterile male release efforts.
Bushland et al. (1955) released 68,000 screw-worm
flies weekly, and Knipling et al. (1968) stated that the
weekly production of 1,000,000 Ae. aegypti mosquitoes
was available on a routine basis in the 1960s.

The assumption of the fitness costs being completely
recessive makes scenario IV the most efficient approach
for all feasible fitness costs and widens the range of
fitness costs at which there is successful introgression of
desirable genes into the theoretical pest population.

The use of a multiple-release approach for 20 gen-
erations (�2 years for an insect species with 10 gen-
erations per year) offers a potentially more feasible
possibility for strain replacement, when large numbers
of release insects cannot be produced simultaneously.
For example, insertions on four linkage groups accord-
ing to scenario IV with fitness costs c ¼ 0.05 require the
release of only �3.5% of the wild individuals in each
generation. The assumption of completely recessive
fitness costs allows success with the release of �2.2%
in each generation. However, overall numbers of re-
leased insects over the span of a project are typically
larger in the case of smaller multiple releases compared
to a larger single release (e.g., 3.5% releases for 20
generations equals a total of 7000–14,000 insects assum-
ing a wild population of 10,000–20,000).

As fitness costs increase, the value of using multiple
insertions often decreases when measured strictly ac-
cording to the number of insects that must be released.
However, there is another potential benefit from the use
of multiple insertions. Our preliminary experiments
with slightly unequal fitness costs of the transgenic
constructs show that when there is more than one copy
of each type of transgenic construct, all but the one copy
of each construct with the lowest fitness cost will be
eliminated. When we add even minute differences to
the fitness costs associated with the individual trans-
genic constructs, the equilibrium points in all scenarios

Figure 5.—The effect of increasing, multiplicative fitness
cost per transgenic construct on the number of generations
necessary (T) to reach the target proportion of 0.1 nontrans-
genic insects in the case of single release. Initial release fraction
of individuals completely homozygous for all transgenic con-
structs is 0.01 above the minimal fraction of release at the cor-
responding fitness cost. At fitness costs above the symbols the
approach is not successful for any fraction released. —, sce-
nario I; – – –, scenario II; - - -, scenario III; and ���, scenario IV.
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and cases revert back to the two insert equilibrium fre-
quencies seen in scenario I. When researchers develop
insect strains with these constructs, they will presumably
measure the fitness costs associated with each insertion
in laboratory and field cages tests. However, the history
of genetic manipulation of pests indicates that these
lab and cage tests are often not good predictors of
fitness costs in the natural environment (Gould and
Schliekelman 2004). If a strain is released that has only
one insertion of each construct, and in the field one of
these constructs has a large, unanticipated fitness cost,
the drive system will fail. If the release strain has two
insertions of each construct then one costly insertion of
a construct may be lost from the systemwhile the second
insertion is fixed in the population, achieving the desired
goal. However, differences in fitness costs of the indi-
vidual constructs also affect the position of the separa-
trix even when the sum of all fitness costs remains
constant. The analysis of the model with nonequal fit-
ness costs is extremely complicated and will be the sub-
ject of future investigation.

There has been criticism of a number of genetic drive
systems based on concern that as the engineered con-
struct is reproduced in nature it will mutate (or recom-
bine) in a way that will eliminate expression of the
desirable gene (Carareto et al.1997;Hahn andNuzhdin
2004). In the case of engineered underdominance,
mutations could occur in several parts of the constructs
with different results. While mutations in either of the
suppressors of the lethal gene would be lethal and
eliminated from the population, changes in the desir-
able gene could be selectively neutral. Mutations that
debilitate the lethal gene could hinder the mechanism
by which the engineered constructs can spread early in
the release. However, it is highly unlikely that such a
mutation would appear in even one of the constructs
before the engineered constructs would increase to
high frequency in the population. Mutations that occur
in the promoter of the desirable gene, most notably the
ones that shut down the production of the desirable
gene, could indeed be selected for, especially if the
physiological fitness costs due to the desirable gene are
significant. In this case, after a successful release, where
initially almost no individuals were able to transmit a
pathogen, infectious insects would start to reappear.
However, for this to happen, independent mutations
would have to occur in the promoters of the desirable
genes in both of the engineered constructs harbored in
the individuals. Another advantage of the engineered
underdominance approach over systems such as the
transposon drive mechanism is that the engineered
constructs are stable insertions. Transposons that lose
the desirable gene or contain a mutated version of the
desirable gene that causes less fitness cost to the insect
will spread faster than the original transposon that
contains the intact desirable gene. By the end of the
release, most individuals will contain ineffective trans-

posons (Hahn and Nuzhdin 2004). However, while se-
lection of the transposons happens even inside of the
individual mosquitoes during transposition, selection
operates on the individuals only in the case of engi-
neered underdominance constructs.
Our results clearly demonstrate that constructs that

have recessive expression of fitness costs are expected to
be more useful for introgressing desired genes com-
pared to constructs with more dominant expression of
fitness costs. It is typically expected that an insertion that
disrupts an existing gene on one chromosomemay have
a low fitness cost as long as the homologous gene on the
complementary chromosome is still active. Thus, if the
fitness cost is due to gene disruption, the expression
may be recessive. In contrast, if the fitness cost is due to
incomplete repression of the lethal gene in a construct,
expression of the cost may be additive.
When there are fitness costs associated with the in-

sertions of the constructs, our model predicts that in
very large populations a small number of insects may
remain in the population that have no transgenic con-
structs and could therefore transmit disease organisms.
For malaria and dengue it has often been shown that
reducing the density of a mosquito population by 70–
80% is sufficient for reducing disease (e.g., Yapabandara
and Curtis 2004). Therefore, a strain replacement
approach that decreases the percentage of pathogen-
transmitting mosquitoes by .90% should generally be
effective.
The ability of transgenic constructs with engineered

underdominance to spread spatially is pivotal for the
practical application of this approach. Even when the
transgenic constructs maintain their frequency locally,
their spatial spread is not ensured. The frequencies
of the transgenic constructs during dispersal may still
drop below the minimal fraction of release (pm) in local
populations, and the constructs could eventually be lost.
Pialek and Barton (1997) concluded that a sufficiently
strong physical or genetic barrier to gene flow can
prevent the spread of an advantageous allele, when
there is heterozygote disadvantage and the allele cannot
increase from low frequency. In such cases, genetic drift
may be able to free the allele from the local population it
is trapped in. Soboleva et al. (2003) showed that in
general underdominant diploid systems a critical gene
carrier aggregation (an analogy of critical nuclei in
phase transition theory) has to be achieved to ensure
the spatial spread of the alleles. This aggregation depends
on both the number of the individuals carrying the
alleles and their localization. Eventually, the spread of
alleles from a cluster of gene carrier individuals is de-
cided on the basis of the boundaries of that cluster
(Gandhi et al. 1999). If spatial spread is not expected, all
releases will need to be evenly spaced throughout the
target area.
In conclusion, we found that over a broad range

of conditions engineered underdominance can be an
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effective drive mechanism, and multiple copies of engi-
neered constructs increase its effectiveness at realistic
fitness costs. However, our theoretical results should
also caution empirical researchers developing such trans-
genic constructs. Fitness costs associated with the engi-
neered constructs have to be low to result in spread of
the desirable gene into the wild population. Generally,
insertions with a fitness cost below c ¼ 0.15 have a sub-
stantial chance of being effective.
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