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ABSTRACT With recent advances in genetics, many new strategies for pest control have become
feasible. This is the second article in which we model new techniques for pest control based on the
mass release of genetically modiÞed insects. In this article we model the release of insects carrying
a dominant and redundant female killing or sterilizing (FK) allele on multiple genetic loci. If such
insects are released into a target population, the FK allele can become widely spread in the
population through the males while reducing the population each generation by killing females. We
allow the number of loci used to vary from 1 to 20. We also allow the FK allele to carry a Þtness cost
inmalesdue to thegene insertions.Usingamodel,weexplore theeffectiveness andoptimal strategies
for such releases. In themost ideal circumstances (nodensity-dependenceand released insects equal
in Þtness to wild ones), FK releases are several orders of magnitude more effective than equal sized
sterile male releases. For example, a single release of 19 FK-bearing males for every two wild males,
with the released males carrying the FK allele on 10 loci, reduces the target population to 0.002%
of no-release size. An equal sized sterile release reduces the target population to 5% of no-release
size. We also show how the effectiveness of the technique decreases as the Þtness cost of the FK
alleles in males increases. For example, the above mentioned release reduces the target population
to 0.7% of no-release size if each FK allele carries a Þtness cost in males of 5%. Adding a simple model
for density-dependence and assuming that each of the releasedmales carries theFKallele on six loci,
we show that the release size necessary to reduce the target population to 1/100 of no-release size
in 10 generations of releases varies from 0.44:1 to 4:1 (depending on parameter values). We also
calculate the optimal number of loci on which to put the FK allele under various circumstances.
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NEW INSECT GENETIC engineering techniques (see At-
kinson andOÕBrochta 1999 for a review)may allow far
more powerful genetic control methods than were
envisioned by earlier researchers. This is the second
article in which we model new approaches to control
of insect pests made possible by genetic engineering
of insect strains (see Schliekelman and Gould 2000 for
further background details). With the ßexibility that
these new techniques bring, a wide variety of genetic
control methods appropriate for various circum-
stances will be possible. In this article, we model the
release of insects carrying alleles that distort gender
ratios in favor of males by killing females. Reducing
the number of females reduces future population size
while the female-killing genes remain in the popula-
tion through the males. In a recent article, Thomas et
al. (2000) described such a genetic system in Dro-
sophila melanogaster. They constructed a laboratory
strain in which a dominant female-killing trait is ex-
pressed in the absence of tetracycline in the diet
(Gossen and Bujard 1992). They also showed a simple

model of the release of insects carrying this trait into
a target population.Herewe show that the true power
of this system lies in putting the female-killing trait on
multiple loci in a form such that a single allele on any
of the loci can cause the trait to be expressed (a fact
hinted at in Þgure 1 of Thomas et al. 2000).

In a previous article (Schliekelman and Gould
2000), we modeled the release of pest insects carrying
conditional lethal traits. We showed that a dominant
and redundant conditional lethal trait inserted onto
multiple genetic loci could be spread widely through
a target population in a small number of generations.
When the engineered insects are Þrst released, insects
at the release site either have no copies of the inserted
gene or all of the inserted copies of the gene. As the
released genotypes mate with the wild types, linkage
disequilibrium decreases and a larger proportion of
the population inherits at least a single copy of the
gene. Under appropriate circumstances such a release
would be orders of magnitude more effective than
sterile male releases. Although potentially very effec-
tive, this technique has shortcomings and is not ideal
for all circumstances. At least four generations from
the time of release to the activation of the conditional
lethal trait are needed to achieve maximum effective-
ness. Because most potential conditional lethal traits
are triggered by annual events (e.g., heat shock pro-
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moter or nondiapausing trait), it would be difÞcult to
have a sufÞcient number of generations with species
with fewer than three to four generation per year.
Furthermore, the conditional lethal gene is com-
pletely removed from the population once it is acti-
vated. Thus, a new release must be made to get ad-
ditional target population reduction.

The advantage of using a female-killing (FK) trait
over a conditional lethal trait is that a reduction in pest
population can be achieved while the introduced al-
lele remains in the population. Furthermore, the tim-
ing of the activation of the trait is not a major issue.
Because the allele could remain in the population
longer, there may be a greater ultimate reduction in
the target population. Because the FK trait can be
introduced on multiple loci, we expect that its efÞ-
ciency in reducing the population should be much
higher than a sterile male release. The concept of
genetic control using a single insertion of a female
killing trait is not new. Foster (1991) showed that a
Þeld female-killing system using a Y-linked transloca-
tion can achieve higher genetic death rates than the
sterile insect technique (SIT) in density-inßuenced
populations. Here we show that using multiple redun-
dant copies of the FK allele is a far more efÞcient way
of driving it into the population than using transloca-
tions. This multiple insertion method is made possible
(or at least conceivable) by new genetic engineering
techniques. Whereas the method of Foster and co-
workers uses clever chromosomal rearrangements to
drive the FK alleles into the target population, our
method simply depends on releasing insects carrying
enough copies so thatmost of their offspringwill carry
at least one copy.

Questions to be Answered. How Effective is the Mul-
tilocus FK System at Reducing Pest Populations in the
Ideal Case? How do ideal multilocus FK systems com-
pare with ideal sterile insect releases and ideal con-
ditional lethal releases?By an “ideal” release,wemean
one in which the released males have Þtness equal to
the wild males (this does not preclude Þtness differ-
ences due to the female-killing action of the alleles)
and in which various ecological complications (e.g.,
weather or migration) are not acting. This gives an
upper bound on the effectiveness of the method and
isuseful for comparisonswithotherpest controlmeth-
ods.

How do Reductions in Fitness Due To Insertion of the
FK Alleles Impact the Effectiveness of the Multilocus FK
Technique? How Does This Compare with Conditional
Lethal Releases? It is unlikely that a large number of
alleles can be inserted into the genome of an insect
without doing some damage to Þtness (e.g., insertions
within coding regions). Given this, how much genetic
load can the released insects sustain and still be useful
in spreading the female-killing trait?

What is the Optimal Number of Loci to Use in the
Multilocus FK Technique? The probability that the de-
scendents ofmatings between released- andwild-type
insects pass on no copies of the FK allele to their
offspring is reduced by each additional locus that the
FK allele is inserted on. If the FK allele carries no

Þtness cost, then itwill be advantageous touseasmany
loci as possible. However, if each FK allele carries a
constituitively expressed Þtness cost, then there
should be an optimal number of loci that balances the
Þtness reduction in the released insects with the in-
crease in fraction of offspring carrying the FK allele.

Materials and Methods

We derive a system of deterministic difference
equations for the multilocus FK system, assuming in-
Þnite population size, nonoverlapping generations,
and no population structure.

Model Parameters and Output. The model param-
eters are as follows: L is the number of loci on which
released insects carry the FK allele; s is the per-allele
Þtness reduction resulting fromrandomdamage to the
insect genome caused by the insertion of the FK al-
leles; and I is the release proportion. The release size
will be expressed as both number of released insects:
number of wild insects and release proportion I 5
fraction of male population which is released type im-
mediately following the release. I 5 N/(0.5 1 N),
where N is the number of released insects per wild
insect. Both values will usually be given. We model
both single and multiple releases. For multiple re-
leases, the release size and proportion usually refer to
the size of the release relative to the initial population
size (the context should make it clear when it is oth-
erwise).

The primary model output variables are as follows:
the frequency of the genotype with no FK alleles and
the size of the population relative to that if there had
not been a release.

MultilocusDynamics.Weassume that the FK allele
is inserted on up to 20 loci on different chromosomes
(or functionallyunlinkedareas of a chromosome).We
assume that any Þtness reduction associated with the
alleles is equal between loci (we will further discuss
this assumption later). Since the released population
is Þxed for the introduced allele on all loci, the allele
will start at an equal frequency on all loci. Because
selection acts the same and the recombination fre-
quency is equalbetweenall loci (1/2), the frequencies
of all gamete types with the same number of intro-
duced-type alleles will be equal for all time. Thus, we
onlyhave to track frequencies foreachof theLgamete
“classes” (the set of all gamete types with a given
number of introduced-type alleles), instead of the 2L

gamete types (see Schliekelman and Gould 2000 for
details).

We assume that the released insects carry an allele
(denoted FK) that either kills or sterilizes all females
before reproduction. We will Þrst derive the case
when the allele kills females, and then show that fe-
male killing and female sterilizing are equivalent for
our purposes.

Reproducing females carry no copies of the intro-
duced-type allele. Thus, the genotype of females with
Þtness greater than zero is always known, and we only
have to explicitly track male genotypes. Furthermore,
we only have to consider the paternal gamete in zy-
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gote formation, since the maternal gamete is always
known.Ateach locus, amalewill eitherhavenocopies
of the introduced-type allele or he will be hemizygous
for it. This is represented in the example below,where
1 indicates an FK allele and 0 indicates the absence of
such an allele. (The term hemizygous is used in place
of heterozygous to indicate that there is no alternate
allele to the FK allele.)

male zygote gamete

1
1 0
0 0
0 0
1 0
1 0

2 f 1
1 or 0

0
0

1 or 0
1 or 0

2
The left column of the zygote represents paternally
derived alleles and the right column represents ma-
ternally derived alleles. There is a 1⁄2 chance of an FK
allele being segregated at theÞrst, fourth, andÞfth loci
(sinceeach locus is onadifferent chromosome).Thus,
the number of FK alleles in the gamete is distributed
binomially. The probability P(X3Z) that a male with
X FK alleles produces a gamete with Z FK alleles is
then as follows:

P~X3 Z! 5 SX
ZDS1

2D
X

. [1]

where (Z
X) is known as a binomial coefÞcient. This is

the number of ways that Z unordered objects can be
chosen from X objects without replacement (Z # X).
In addition, because all FK alleles are inherited from
the father, the frequency of zygotes with Z FK alleles
equals the frequency of male gametes with Z FK al-
leles:

Ft~Z! 5 Gt~Z!, [2]

where Gt(Z) is the frequency of male gametes with
Z FK alleles uniting with female gametes to form a

zygote in generation t and Ft(Z) is the frequency of
zygotes with Z FK alleles in generation t.

The Release. We assume that the released popula-
tion consists entirely of males carrying the introduced
allele in homozygous formonL loci. Thus, thematings
in the release generation will be as shown in Fig. 1.

Selection.Weexplore the effect of selection against
the introduced-type alleles due to damage to the in-
sect genome resulting from the gene insertions.
Mackay et al. (1992) studied the effects of P-element
insertionsonviability ofDrosophilameonogaster.They
found that each insertiondecreased viability of insects
by an average of 5.5% for heterozygotes and 12.2% for
homozygotes. Measurements of decrease in viability
may underestimate the decrease in Þtness. However,
Mackay et al. studied random insertion events; these
insertions canbe screened to Þnd the ones causing the
least Þtness reduction. Regression of viability on num-
ber of insertions yielded an expressionwith signiÞcant
linear and quadratic terms. The resulting quadratic
expression is reasonably approximated by a multipli-
cative expression of the form

W~X! 5 ~1 2 s!X [3]

where W(X) is the Þtness of the male genotype with
X introduced-type alleles. Note that this Þtness func-
tion applies only to the selection within the male
population due to insertion-caused Þtness reduction.
It is in addition to the selection that results from the
female-killing action of the FK alleles.

We will make comparisons between FK and sterile
male releases. To make a fair comparison, we must
include theÞtness reductions causedby the process of
sterilization. Laboratory studies have shown that ster-
ilized males have Þtnesses of 20Ð50% of the Þtness of
unsterilized males (e.g., Holbrook and Fujimoto 1970,
Hooper and Katiyar 1971, Ohinata et al. 1971). Fitness
here means the ability to achieve matings, and obvi-
ously does not include the sterility. We assume 50%

Fig. 1. Matings in the release generation. I is the fraction of the total male population that are released males. Wall-FK is
the Þtness of the genotype with FK alleles in homozygous form at all loci, Wno-FK is the Þtness of the genotype with no FK
alleles, and Wavg is the average Þtness of the population. Uppercase letters represent the FK alleles (A is locus 1, B is locus
2, and so on) and lower case letters represent the absence of the FK allele.
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Þtness for sterile males. Thus, the results will be con-
servative with respect to the advantage of the FK
technique over sterile male releases.

Iteration Equations. Because males are the only
source of FK alleles in zygote formation, all offspring
of no-FK genotype males will have the no-FK geno-
type. Furthermore, all offspring of a male with no FK
allele at a particular locuswill have noFK allele at that
locus. The probability that a male with one FK allele
will segregate a gamete with no FK alleles is one-half.
The probability for a male with two FK alleles is
one-fourth, and so on. Therefore the frequency of
males with no FK alleles in generation t 1 1 is given
by

Ft11~0! 5 Ft~0! 1
1

2
Ft~1! 1

1

4
Ft~2!

1 . . . 1
1

2L Ft~L!, [4]

where Ft(Z) is the frequency of males with Z FK
alleles. Modifying this equation for selection against
the FK alleles in males, we get

w# t Ft11~0! 5 Ft~0! 1
f

2
Ft~1! 1

f 2

4
Ft~2!

1 . . . 1
f L

2L Ft~L!, [5]

where w# t is the average Þtness of males in generation
t and f 5 1 2 s is the Þtness reduction due to one FK
allele (see equation 3 above).

Using equation 1, we see that the iteration equation
for general Ft(Z) is given by

w# t Ft11~Z! 5 S 0
ZD Ft~0! 1 S 1

ZDS f

2D Ft~1!

1 S 2
ZDS f

2D
2

Ft~2! 1 . . . 1 SL
ZDS f

2D
L

[6]

These equations are solved in Appendix 1. The solu-
tions take the form

P
i50

t

w# iFt~0! 5 1 2 I 1 If 2L~21!LS f

2 2 fD
L

z S1 2 O
X51

L

~21!X21SL
XDS f x

2xD tD [7]

P
i50

t

w# iFt~Z . 0! 5 If 2L~21!L21S f

2 2 fD
L2ZSL

ZD
z O

X5Z

L

~21!X21SL 2 Z
X 2 ZDS f X

2XD t

[8]

We can get genotype frequencies by taking ratios of
these equations (and thus canceling out the factors of

P
i50

t

w# i).

Population Size. Only male gametes with no FK
alleles form viable female offspring. Therefore, the
reproducing female population is a fraction Ft(0) of
the female population that is born. If mortality is den-
sity independent, the number of reproducing females
is reducedby this fractioneachgeneration. Therefore,
the population size in generation t is given by

Nt11 5 RtFt~0! Nt

where Rt is what the per-capita growth rate would be
in generation t for an all wild-type population. Then

Nt 5 Ft~0! RtFt21~0! Rt21Ft22~0! Rt22 . . . F0~0! R0

5 RtRt21Rt22 . . . Ft~0! Ft21~0! Ft22~0! . . . N0

With no release, Ft(0) 5 1 for all t.Thepopulation size
relative to no release is then

relative size

5
RtRt21Rt22 . . . Ft~0! Ft21~0! Ft22~0! . . . N0

RtRt21Rt22 . . . N0

5 Ft~0! Ft21~0! Ft22~0! . . .

Or,

relative population size 5 P
s50

t21

Gs~0!. [9]

This gives the population size relative towhat itwould
be if there had been no release.

If density dependence is important, then there will
be compensation in thegrowth rate for anypopulation
reduction due to a release. In such cases, the effect of
a single releasewill diminishwith time. To explore the
effects of density dependence,weuse a simple thresh-
old model to simulate pesticide spraying triggered by
insect density. Each time the threshold is exceeded,
the population is subjected to one-timepesticidemor-
tality. This model is fairly reasonable for a pest pop-
ulation subject to spraying.

Female Sterilizing. If the number of available male
matings equals or exceeds the number of available
female matings, then an allele that sterilizes females
has the same effect as an allele which kills females
before mating if there is no density dependence. In
this case, all available matings with fertile females
occur. As long as mating is random, the proportion of
fertile female matings to males with and without fe-
male sterilizing alleles will not be altered by the pres-
ence of females that are genetically sterile. Therefore,
in the absence of density dependence, the impact of
a female killing and a female sterilizing allele should
be equal. If the number of available female matings is
greater than the number of available male matings,
then some available matings with fertile females will
not occur. In this case, the sterile females act as a trap
forwild-typemales and female killing and sterilization
are not equivalent. However, there are few insect
populations in which the number of available female
matingsexceeds thenumberof availablemalematings.
Furthermore, an FK release distorts sex ratios in favor
of males.
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In a density dependent setting, the presence of the
sterile females can affect density response of the pop-
ulation. Thus, female killing and sterilizing are not
equivalent. We will limit density-dependent cases to
female killing alleles only.

Results

No Selection in Males. It is clear from equation 4
that the FK allele is rapidly removed from the popu-
lation after the release of the FK-bearing males. Be-
cause each FK allele has a 1⁄2 chance of being lost
during the segregation of a male gamete (see the
derivation of equation 4), the FK alleles disappear
quickly. Fig. 2a shows the frequency of the no-FK
genotype plotted against generations for a 2:1 release
for a rangeofLvalues.Theno-FKgenotype frequency
starts from 0.2 and steadily increases. Although the
no-FK genotype approaches Þxation by the 10th gen-
eration, the FK allele does stay in the population long
enough to cause a major population reduction. Exam-
ining equation 7 with f 5 1 and w# t 5 1, we see that all
terms inside the summation except the Þrst two will
quickly become negligible. Thus, after the Þrst few
generations we have.

Ft~0! < 1 2
L

2t .

Increasing L then causes an approximately linear de-
crease in the no-FK frequency in a given generation.
Recalling that the frequency of no-FK males in one
generation is the frequency of reproducing females in
the following generation (see equation 9), we see that
this linear reduction will be multiplied in a geometric
product over generations when determining popula-
tion size. Thus, increasing L causes a large reduction
in the eventual population size. See Fig. 2b. In 10
generations thepopulation is reduced tounder 0.7%of
the no-release size for L 5 5, to under 0.2% for L 5 9,
and to under 0.05% for L 5 17. Compare this with a
population reduction to 20% of no-release size for an
ideal (no Þtness reduction in sterile males) sterile
male release of the same size (shown in Fig. 2).

Effect of Size of Release. The release proportion, I
(fraction of males in the population that are of the
released type immediately after release), appears lin-
early in equation 7. Thus, increasing the size of the
release causes a linear decrease in the frequency of
no-FK males in a given generation and in the repro-
ducing females in the following generation.Again, this
linear decreasewill bemultiplied in a geometric prod-
uctovergenerations todeterminepopulation size.Fig.
3 shows the no-FK frequency and population size
plotted against generations for a 19:2 (I 5 0.95) size
release and a 1:2 (I 5 0.5) size release. By the 10th

Fig. 2. Simulation output for a single release of size 2:1 (I 5 0.8) with no Þtness cost to the FK alleles in males. Fig. 2a
shows the frequency of males with the genotype having no FK alleles. Fig. 2b shows the population size with a 2:1 release
relative to the population size when there is no release (assuming no density-dependence). Numbers on the curves indicate
the number of loci in the released insects that carry the FK allele. Note that the relative population sizes are on a log scale.
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generation for the 19:2 release, the population is re-
duced to 0.04% of no-release size for L 5 5, 0.004% for
L59, and0.0003%forL517.An ideal 19:2 sterilemale
release reduces the population to 5% of its original
size. For the 1:2 (I 5 0.5) FK release, the population
is reduced to 9, 4, and 3%, respectively, for L 5 5, 9,
and 17. The 1:2 sterile male release reduces the pop-
ulation to 50% of no-release size.

Effect of Selection Against FK Alleles in Males. The
released insects carry 2L copies of the FK allele and
their F1 descendents carryL copies. Thus, their Þtness
is very low if sL is high.This is reßected inFig. 4,which
shows releases with s values of 0.05 (4 a and b) and
0.025 (4 c and d). The frequency of no-FK males
mating in the release generation ranges up to nearly
0.6 (for L 5 16) when s 5 0.05, compared with 0.2
when s 5 0. For high L, most FK alleles are carried in
individuals with many other FK alleles. If there is a
per-allele Þtness cost, the FK alleles will “drag each
other down,” and they are removed very quickly from
the population. Thus, unlike the case with no Þtness
cost to the FK alleles, the no-FK frequency increases
more quickly for higher L than for lower L. We see
from Fig. 4b that a release with L 5 4 achieves the
greatest population reduction. The population is re-
duced to 5%of no-release size in this release. Thus, the
genetic load caused by the gene insertion process

greatly reduces the effectiveness of the release. For
s 5 0.025, the greatest population reduction is to 2%,
for L 5 7. By comparison, the “realistic” sterile male
release (with 50% Þtness of sterilized males) achieves
a reduction to 33% of no-release population size.

Interaction of Effects of Release Proportion and s.
Fig. 5 shows contour plots of the optimal value of L
(5a) and the population size at that L in the F10

generation (5b) plotted against I and s. The optimal L
is the value that gives the lowest population size. For
example, with s 5 0.04 and I 5 0.6 (point A in Fig. 5)
the optimal is between 2 and 4, but if I is increased to
0.9 (point B) the optimal L is between 4 and 6. We see
that the optimal value of L decreases with increasing
sÑincreasing s raises the costs of the FK alleles. Op-
timal L also increases with I (except for unrealistically
small I). Increasing the release proportion decreases
the amount of favorable genetic variation and thus
decreases the effectiveness of selection against the FK
allele. There is a very steep gradient (inÞnite, in fact)
inoptimalLwith respect to s as sgoes to zero, andwith
respect to I as I goes to 1. At these limits, selection
against the FK alleles in males goes to zero and the
optimal L goes to inÞnity. However, optimal L de-
creases to 1 when selection is at its maximum for high
s and small to intermediate release proportions.

Fig. 3. Effect of release size. (a and b) Simulation results for a single release of size 19:2 (I 5 0.95). (c and d) A release
of size 1:2 (I 5 0.5). Left-hand panels show the frequency in males of the genotype with no FK alleles. Right-hand panels
show the population size relative to that with no release. Note that these graphs are on a log scale. Impact of sterile releases
of the same release size are also shown.
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As expected, the surviving population (Fig. 5b) in-
creases as s increases and I decreases. The gradient in
s is steepest for intermediate release proportion,when
selection is strongest. There is also a steep gradient
with respect to I as I goes to 1. This is because the ratio
of released to wild insects (which equals I/2/[1-I])
changes very rapidly as I approaches one. Thus, it is an
artifact of the way in which the results are presented
and is not a property of the dynamics of the system.

Effect of Population Dynamics. If the population is
density regulated, then the population growth rate
will increase to compensate for the population reduc-
tiondue toa release and thepopulationwill eventually
return to a “no-release” state. However, most mass
release strategies aim to eradicate target populations.
Multiple releases are usually necessary to achieve this
goal. For our discussions of the effect of density reg-
ulation, we use the threshold model for density de-
pendence discussed in the methods section.

With our model for density dependence, we can
easily calculate the release proportion necessary to
achieve eradication with a sterile male release: If I is
the release proportion (fraction of males which are
sterile immediately after the release), R is the per-
capita growth rate, and Ws is the mating Þtness of the
sterile males, then the condition to achieve a decrease
in population size with one release is

~1 2 I!/~IWs 1 ~1 2 I!! ,
1

R
.

Since the population growth rate is constant except
when the spraying threshold is exceeded, then re-
leases once per generation of this size will continually
decrease the population and eventually eradicate it.
ForWs 5 1, this relationship reduces to I . 1 2 (1/R).
If the release proportion does not meet this criterion
in the Þrst generation, then it never will (assuming
that R . 1).

The situation for the FK release is more compli-
cated. Because each FK release is equivalent to mul-
tiple sterile releases, it is possible for the frequency of
FK alleles to build over several generations to a level
sufÞcient to cause the population to decrease in size.
Fig. 6 demonstrates such a situation. In this Þgure an
FK release of constant size is repeated every gener-
ation. The release size is such that the initial release is
of size 1:2 (I 5 0.5). Thepopulation grows through the
F2 generation for all values of L. We see that the
frequency of the no-FK genotype (the only repro-
ducing genotype) is greater than 1/R (51/6 5
0.1666667) through this generation for all values of L.
However, the no-FK frequency dips below 1/R in the
F3 generation for the larger values of L. Once this
occurs, the population size begins to decrease. For L

Fig. 4. Effect of a Þtness cost of the FK allele in males. (a and b) Simulation results for a single 2:1 release with each FK
allele carrying a 5% Þtness cost. (c and d) A 2:1 release with a FK alleles carrying a 2.5% Þtness cost. Numbers on the curves
indicate the number of loci in the released insects that carry the FK allele. Note that the population size graphs are on a log
scale.
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of 14 and 17, the population is reduced to eradication
levels within about eight generations. Fig. 7 shows a
release with the same parameters except that the re-
lease population is of size such that the initial release
is 2:1 (I 5 0.8). For higher L, the multiple releases
drive the population to eradication levels within Þve
generations of releases.

The effect of s . 0 (Fig. 8) is predictable. We see
once again that selection against the FK alleles over-
powers the beneÞt of increasing L as L becomes large.
However, we see that the optimal value of L is much
larger. Recall that the optimal value of L increased
with release size for a single release (see Fig. 5). The
same effect is acting here. Because the release is of the
same size each generation, it becomes very large rel-
ative to the target population as the target population
is reduced. Selection is inefÞcient in later generations
due to the low amount of genetic variation. Thus, it
becomes better to use high values of L. The optimal
value of L changes drastically depending on which
generation we examineÑ8 in generation 6, 10 in gen-
eration8, and16 ingeneration10 for this example.This
reßects the rapidly decreasing size of the target pop-
ulation.

Table 1 is an attempt to summarize the effects of per
capita growth rate R and selection against the FK
allele. It shows the approximate minimum release size
necessary to reduce the population to 1/100th of no-

release size for L 5 6 by generation 10 for various
values of s and R. Table 1 also shows the same infor-
mation for SIT releases with sterile male Þtness values
of 1 and 0.5. Comparing the “ideal” FK release to the
“ideal” SIT release (both with released insects with no
Þtness reduction), we see that the SIT release size
necessary for reduction to 1/100th is in the range 4Ð7
times that for FK. FK is more favored for lower pop-
ulation growth rates. The number of insects required
to achieve this reduction with a “realistic” (reduced
Þtness) sterile release is in the range of 4Ð9 times that
necessary for a “realistic” (s 5 0.025Ð0.05) FK release.
Recall that a Þtness of sterile males of 0.5 is the upper
end of the range for the observed Þtness values of
sterilized males. Thus, this gives a conservative esti-
mate of the relative effectiveness of FK releases. Note
also that the FK release would be more favored for
higher values of L.

Effect ofAssumptionofEqualFitnessContribution
Across Loci. Because the selection against the FK
allele inmales is due to randomdamage to the genome
caused by the insertion of the FK alleles, the assump-
tion of equal Þtness contribution across loci that un-
derlies themodel is unrealistic. To explore that impact
of this assumption, we have developed a model that
allows two types of FK loci. We compare two re-
leases: (1) a release with L1 loci of Þtness cost s1 5 0
per allele and L2 loci of cost s2 5 0.05 per allele,

Fig. 5. Contour plots of the optimal L and the generation 10 population size at that L as functions of release proportion
I and cost s of the FK alleles in males. I is the fraction of males that are released-type immediately after the single release.
This is related to the ratio of released to wild insects by N 5 I/[2(1 2 I)], where N is the number of released insects to each
wild insect.
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and (2) a release with L1 1 L2 loci with Þtness cost
1 2 =(1 2 s1)(1 2 s2). The cost function in (2) is
midway between s1 and s2 and makes the all-FK ge-
notype have the same Þtness in both cases (see
SchliekelmanandGould2000).Thus,we test howwell
a release with two allele types is approximated by a
release with one allele type of the average effect. Fig.
9 shows three such model runs with L1 5 L2 5 1,
L1 5 L2 5 3, and L1 5 L2 5 6. In each case, the two
curves are almost indistinguishable.This indicates that
the exact distribution of the Þtness components
among loci does not impact the results signiÞcantly,
and thus that these results are not sensitive to the
assumption of equal Þtness contribution.

Discussion

How Effective is the Multilocus FK System at Re-
ducing Pest Populations in the Ideal Case? Mass re-
lease strategies suffer from many complications, in-
cluding migration of insects, poor timing of release,
weather conditions, and a multitude of other factors.
It is not possible to include all of these factors in
modeling new genetic control strategies. We do, how-
ever, have decades of data on sterile male releases in
a variety of Þeld conditions. We can make compari-
sons between models of idealized sterile male releases
and other genetic control strategies to get a sense of
how these strategies will perform in the Þeld.

Figures 2 and 3 show that if released insects are
equal in competitiveness to wild ones (a considerable
idealization) thenmultilocus FK releases are orders of
magnitude more effective than sterile male releases.
The population size in each generation is reduced by
the fraction that the FK genotype males make up of
the whole male population. In a SIT release, the pop-
ulation is reducedby the fraction that the sterilemales
make of the full male population in the generation of
release. The sterile males are gone after the release
generation and have no more effect. In an FK release,
FK-bearing males remain for multiple generations.
Thus, one multilocus FK release has the same effect as
doing a sterile release each generation for 5Ð10 gen-
erations (albeit a smaller release each generation). In
insects where a high L is possible (i.e., insects with
many chromosomes or high recombination rates), we
can conceive of reducing a target population to near
eradication levels with a single release.

Populations that are strongly density-dependent
and are capable of high growth rates can recover
quickly froma single release. The population numbers
stay low as long as the frequency of the FK allele is
high, but can increase rapidly once the FK allele is
gone. Either a large initial release or multiple smaller
releases can be used to keep the FK allele frequency
high long enough to eradicate the target population.
Wehave shownhere that SIT requires 4Ð7 timesmore
insects than a 6 locus FK release in a multiple release

Fig. 6. Multiple releases with an initial release of size 1:2. A new release is made each generation. Releases are of constant
absolute size. Because the size of the target population is changing, subsequent releases will be of different relative size.
Population size graph is on a log scale. There is no Þtness reduction in the released insects (FK-bearing or sterile).
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scheme. The differential would be even greater if
geneticists are eventually able to produce insects with
less than the 2.5Ð5% per FK allele genetic load that we
assume here.

One important issue that we have ignored is that of
gene silencing. Gene silencing occurs when individ-
uals carrying multiple copies of a gene do not express
the trait because of interference in the transcriptional
or posttranscriptional process. We assume that this
does not occur. See Schliekelman and Gould (2000)
for a discussion of this issue.

How Do Reductions in Fitness Due To Insertion of
theFKAlleles Impact theEffectiveness ofTheseTech-
niques? In comparing SIT to control strategies using
genetically engineered insects, it is useful to separate
Þtness reductions due to genetic manipulation from
Þtness reductions due to laboratory-rearing. Unde-
sired selection by laboratory conditions is likely to be
an inescapable feature of mass-release strategies.
However, damage to the insectÕs genome caused by
the insertion of new alleles is, at least in principle,
under the control of the geneticist. It may be possible
to minimize such damage by improving techniques or
by screening many insertion events for those with the
least Þtness cost.

The Þtness reduction in SIT caused by irradiation
(the “genetic manipulation” component) alone is on
the order of 50Ð80% (see references in the introduc-
tion). This percentage translates directly to the re-
duction in effectiveness of SIT. The picture for other
genetic control techniques is more complicated, be-
cause the Þtness reduction depends on the number of
insertions made into the insectÕs genome and because
the selection occurs over multiple generations instead
of just one.

Figure 5 shows that the surviving population in-
creases rapidly as the cost s of the FK alleles increases.
Increasing s from 0 to 0.01 makes an order of magni-
tude difference in the size of the surviving population.
The steep gradient in s near s 5 0 in Fig. 5b indicates
that it will be necessary to get s very low (under 0.01)
to approach the “ideal” release in efÞciency. This sen-
sitivity decreases as s increases.

The results of Mackay et al. (1992) quoted in the
methods section indicate that a value of 0.05 for s
shouldbe attainable.A single 2:1 (I 5 0.8) releasewith
s 5 0.05 reduces the target population to 5% of the
no-release size, compared with 33% for a “realistic”
sterile male release with 50% Þtness of sterile males.
Even if geneticists arenever able todobetter than this,

Fig. 7. Multiple releases with an initial release of size 2:1. A new release is made each generation. The releases are of
constant absolute size. Because the size of the target population is changing, subsequent releases will be of different relative
size. The population size graph is on a log scale. The sterile release population size is constant because the population growth
is sufÞcient to exceed the spraying threshold each generation. Thus, the population is reduced to the same level at the time
of the population census each generation.
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the multilocus FK technique is much more efÞcient
than SIT.

The impactofFKalleleÞtness reductions is reduced
as the release size increases. If FK releases are doneon
the same scale as SIT releases (which are often of sizes
1001 :1), the genetic load associated with the FK
alleles would not be important. This is evident in the
results for multiple releases shown here. Assuming
that the FK allele frequency reaches the “eradication
threshold,” releases with larger values of L are always
superior in the long run. As the release size increases,
the relative advantage of FK releases over SIT releases
increases.

Because all insects of the F1 generation and beyond
have a wild type mother, any deleterious recessive
traits that have become widespread in the released
population due to lab-rearing conditions will not be
expressed. Thus, the impact of such traits will be iden-
tical between SIT and multilocus FK. The apparent
prevalence of such traits in lab-reared populations
makes this a crucial advantage of FK releases over
conditional lethal (CL) releases and other genetic
control strategies for which it is possible for both
parents to be descendents of released insects.

The processes for producing insects for SIT releases
have generally favored quantity over quality. Thus,
SIT releases have depended on “overßooding” the
target population with masses of insects. Because FK
releases would require far fewer insects, it might be
beneÞcial to develop production systems that empha-
size the quality of the insects.

What is the Optimal Number of Loci to Use in
the FK Methods? The optimal value of L is highly
variable, particularly for low s and high I. It is in the
range 3–7 for intermediate values of s (i.e., 0.02Ð0.05)
and intermediate release size. It increases quickly for
s , 0.02, becoming inÞnite as s goes to zero. Optimal
L also is high (.15) for very large releases (i.e., on the
scale that SIT releases are often done). For multiple
releases of equal size, theoptimalLwill increase as the
target population is reduced in size by successive re-

Fig. 8. Multiple releases with Þtness cost to the FK alleles. Releases of equal absolute size are made each generation such
that the initial release is size 2:1. FK allele carries a 5% Þtness cost in males.

Table 1. Size of release needed to reduce the population to
1/100th of no-release size if a release is made once per generation

FK release with L 5 6 Sterile release

s 5 0 s 5 0.025 s 5 0.05
st. Þtness

5 1
st. Þtness

5 0.5

R 5 4 0.44:1 0.57:1 0.76:1 2.7:1 5.4:1
R 5 6 0.93:1 1.2:1 1.6:1 4.3:1 8.6:1
R 5 8 1.42:1 1.9:1 2.6:1 6.0:1 11:1
R 5 10 2.0:1 2.7:1 3.7:1 7.4:1 15:1

The left-hand column shows the per-capita growth rate R of the
population. Columns correspond to the Þtness cost s to the FK allele
or the Þtness of the sterilized insects. Ratio given is the ratio released:
wild insects needed just after the release to reduce the population to
1/100th of the no-release size by the F10 generation.
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leases. Itwouldbeoptimal to release insectswithmore
copies of theFKallele as timegoeson.TheÞrst release
(when the population had themaximumvariation and
selection is most efÞcient) would use insects with a
few insertions thathave littleeffectonÞtness,whereas
later releases (whenvariation is reducedand selection
is less efÞcient) could have increased numbers of FK
alleles. If a single L is to be chosen, then it is best to
go with higher values.

How do Multilocus FK Releases Compare in Effec-
tiveness to Multilocus Conditional Lethal Releases?
In a previous article (Schliekelman and Gould 2000),
we modeled the release of insects carrying a condi-
tional lethal trait on multiple loci. Comparisons with
that work show that conditional lethal releases are an
order of magnitude more effective in the ideal case
and moderately more effective with s . 0, if there are
sufÞcient generations for the conditional lethal allele
to spread before it is activated. For example, a 2:1 (I 5
0.8) conditional lethal release with s 5 0.0 and the
allele activated in theF4 generation reduces the target
population to 0.002% of no-release size. The same
release with s 5 0.05 reduces the population to 1% of
no-release size (Schliekelman and Gould 2000). How-
ever, the effectiveness of conditional lethal releases is
sensitive to the number of generations available be-
fore the conditional lethal allele is activated. FK re-

leases have no such constraints and are more robust.
However,FKreleases aremore sensitive topopulation
dynamics. Until the conditional lethal allele activates,
CL-carrying insects undergo the same population dy-
namics as the wild-type insects. Within-season popu-
lation dynamics thus have little impact on the spread
of the conditional lethal allele. The population dy-
namics only play a role after the conditional lethal
allele has become lethal.

In conclusion, the work of Thomas et al. (2000) and
others (e.g., Handler et al. 1998) shows that more
effective autocidal control strategies are on the hori-
zon. The key uncertainty is the degree of success that
molecular geneticistswill have at inserting the desired
alleles into insect genomes.Wehave shown in this and
the previous paper (Schliekelman and Gould 2000)
that the effectiveness of these control strategies in-
creases dramatically as thenumber of loci is increased,
but can decrease dramatically as the Þtness cost as-
sociated with the loci increases. It may well turn out
that the difÞculties of inserting alleles on multiple loci
while maintaining high Þtness are too great, and the
potential of these control strategies is not realized.
However, if molecular geneticists are able to develop
techniques to produce strains with multiple insertions
of the desired alleles at low Þtness cost, then autocidal
control strategiesmaybeverypowerful.Results of this

Fig. 9. Effect of assumption of equal Þtness cost across loci. Each curve in the Þgure is actually two overlapping curves:

one showing a simulation run for which the L11L2 loci all have s 5 1 2 Î0.95 5 0.0253, and one for which L1 loci have s 5
0 and L2 loci have s 5 0.05 (see text for explanation). The overlapping curves are indistinguishable, but not identical.
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theoretical analysis suggest that conÞned greenhouse
experiments must be performed on each single inser-
tion line to estimate impacts of each insertion on male
Þtness. Realistic environmental conditions must be
used in such experiments. Once a tentative set of FK
insertion lines is selected,pedigreecrossescanbeused
to produce lines with multiple insertions. These mul-
tiple insertion lines will also need to be tested to make
sure that there are no epistatic interactions causing
excess decrease in male Þtness. Although Þtness test-
ing will require a signiÞcant investment of time and
money, it could have a major impact on the efÞcacy of
this autocidal control technique.
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Appendix 1. Solution of Iteration Equations

Applying equation 6 gives the system
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This is system is linear if there is no selection in males
(then f 5 1 and w# t 5 1). With selection, we have

FW t11 5
A

w# t

FW t 5
A2

w# tw# t21

F# t21 5 . . .
At

P
i50

t

w# t

FW 0 [A.11]

SP
i50

t

w# iDFW t11 5 AtFW 0 [A.12]

where A is the matrix in equation A.10. The right hand
side of this equation is linear. Thus, we can easily
calculate the quantity ()i50

t w# i)FW t11. Because the
term )i50

t w# i multiplies each component, the ratios of
components the left hand side of are the same as the
ratios of the components of FW t equation A.12. Thus, in
particular,

Ft ~Z! 5

SP
i50

t21

w# iD Ft ~Z!

O
X50

L SSP
i50

t21

w# iD Ft~X!D [A.13]

Wecan solve equationA.12 using standard techniques
for linear systems. Applying the initial condition

1
1 2 I

0
●
●
0

If2L

2 [A.14]

in the F1 generation (these equations are not valid in
the release generation because all individuals are not
offspring of no-FK mothers) and proceeding in the
standard way, we get solutions of the form
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