
29. L. Stixrude and R. E. Cohen, Science 267, 1972
(1995).

30. R. Jeanloz and H. R. Wenk, Geophys. Res. Lett. 15, 72
(1988).

31. B. Romanowicz, X.-D. Li, J. Durek, Science 274, 963
(1996).

32. M. I. Bergman, Nature 389, 60 (1997).
33. O. Nishizawa, J. Phys. Earth 30, 331 (1982).
34. B. E. Hornby, L. M. Schwartz, J. A. Hudson, Geophysics

59, 1570 (1994).
35. P. Sheng, Phys. Rev. B. 41, 4507 (1990).
36. M. Jakobsen, J. A. Hudson, T. A. Minshull, S. C. Singh,

J. Geophys. Res. 105, 561 (2000).
37. J. D. Eshelby, Proc. R. Soc. London Ser. A 241, 376

(1957).
38. Supplemental figures are available at www.

sciencemag.org/feature/data/1047337.shl
39. J. A. Hudson, E. Liu, S. Crampin, Geophys. J. Int. 124,

105 (1996).
40. From first-order perturbation theory (35), the bulk

modulus can be written as k 5 k0 1 fk1, where k0
is the bulk modulus of the background matrix, f is
the melt fraction of inclusions, and k1 is the first term
in the expansion that is given by

k1

k0
5 2

k0

m

4

3 Sl 1 2m

l 1 m DS 1 1 ivt

1 1 igvtD
3F1 2S1 2 g2 1

1 1 ivtDS1 2
i~kl !2

gvt
~1 1 igvt!DG2 1

where g 5 1 1
a

pc

k1

m Sl 1 2m

l 1 m D and t 5
fml2hl

Kmk l
;
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Insect Population Control Using
a Dominant, Repressible, Lethal

Genetic System
Dean D. Thomas,1 Christl A. Donnelly,2 Roger J. Wood,3

Luke S. Alphey1*

A major modification to the sterile insect technique is described, in which
transgenic insects homozygous for a dominant, repressible, female-specific
lethal gene system are used. We demonstrate two methods that give the
required genetic characteristics in an otherwise wild-type genetic background.
The first system uses a sex-specific promoter or enhancer to drive the expres-
sion of a repressible transcription factor, which in turn controls the expression
of a toxic gene product. The second system uses non–sex-specific expression
of the repressible transcription factor to regulate a selectively lethal gene
product. Both methods work efficiently in Drosophila melanogaster, and we
expect these principles to be widely applicable to more economically important
organisms.

The sterile insect technique (SIT) is a spe-
cies-specific and environmentally nonpollut-
ing method of insect control that relies on the
mass rearing, sterilization, and release of
large numbers of insects (1, 2). Released
sterile males mate with wild females, reduc-
ing their reproductive potential and, ultimate-
ly, if enough males are released for a suffi-
cient time, totally eradicating the pest popu-
lation. Successful, area-wide SIT programs
have been conducted against the screwworm
fly Cochliomyia hominivorax (2), the Medi-
terranean fruit fly (Medfly) Ceratitis capitata
(3), and the tsetse fly (Glossina spp.) (4).

Mass-rearing facilities initially produce
equal numbers of the two sexes, but females
are generally separated and discarded before
release. Sterilized females are not thought to
help control efforts and may indeed be detri-
mental to them (5). Mechanical sex-separa-
tion methods using pupal mass, time of eclo-
sion, and so forth rarely yield a true single-
sex population. Various female-killing and
sex-sorting genetic systems have been devel-
oped, known generically as genetic sexing
mechanisms (GSMs). So far, all GSMs in
factory production have used radiation-in-
duced translocations to the Y chromosome as
dominant selectable markers, complementing
an X-linked or autosomal recessive trait such
as pupal color, temperature-sensitive lethali-
ty, blindness, or insecticide resistance (5–7).
These chromosome aberration–based sys-
tems tend to be unstable and reduce the fit-
ness of the insects, making them less effec-
tive agents for SIT (5).

A better approach would be to use a trans-
gene system to induce repressible female-
specific lethality. This could be used simply
as a GSM. In addition, these transgenics
could be used in a control program without
requiring sterilization by irradiation. We call
this variant of SIT “release of insects carrying
a dominant lethal” (RIDL), because the in-
sects are not, strictly speaking, sterile. RIDL
requires that a strain of the target organism
carries a conditional, dominant, sex-specific
lethal, where the permissive condition can be
created in the laboratory or factory but will
never be encountered by the wild population.
An ideal example would be a chemical addi-
tive to the diet.

To demonstrate the feasibility of RIDL,
we attempted to construct the system in Dro-
sophila melanogaster. We used Drosophila
transcriptional control elements to drive ex-
pression of the tetracycline-repressible trans-
activator fusion protein (tTa) (8). In the ab-
sence of tetracycline, tTa will drive expres-
sion of any gene controlled by the tetracy-
cline-responsive element (tRe). We first
expressed tTa under the control of the Yp3
fat-body enhancer (9). This drives expression
in female larvae and adults, but not in males
(10, 11). Because yolk proteins or vitel-
logenins are expressed in a similar pattern in
most insects, we expect these promoters to be
useful for RIDL in insects of economic im-
portance. To test for female-specific tTa ex-
pression, we used a tRe-lacZ reporter (12).

Flies homozygous for stable insertions of
Yp3-tTa or tRe-lacZ were crossed to each
other. The resulting progeny were raised ei-
ther on normal media or on media supple-
mented with tetracycline. Adult abdomens
were dissected and stained for lacZ activity.
Females raised on normal media showed
strong staining of the fat body, whereas fe-
males raised on tetracycline, and all males,
were negative (13).
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The fat body is an essential organ whose
functions include processing and storing nu-
trients and synthesizing components of the
insect’s immune system (14, 15). We there-
fore expected expression of a cytotoxic gene
product in the Yp3 pattern to be lethal to
females. We constructed tRe-Ras64BV12, an
activated Ras64B (16) under the control of
tRe sequences (9). We crossed a constitutive
tTa line [Hsp26-tTa (12)] to tRe-Ras64BV12.
Grown on media containing tetracycline, the
progeny were viable and fertile. On normal
media, no progeny survived (Table 1). A
version of this system expressing tTa early in
development only could be used as an alter-
native to radiation sterilization.

Flies homozygous for Yp3-tTa were

crossed to flies homozygous for tRe-
Ras64BV12 on media with and without tetra-
cycline. In the presence of tetracycline, the
resulting progeny had a normal sex ratio and
showed no detrimental effects linked to the
transgenes. On normal media, no female
progeny survived (Table 1).

A stable population of flies was construct-
ed, homozygous for Yp3-tTa and tRe-
Ras64BV12 on a single chromosome. These
flies were maintained on media containing
tetracycline to inhibit the expression of
Ras64BV12. Populations of such flies were
then transferred to media containing various
concentrations of tetracycline. No female
progeny were recovered from normal media,
in comparison to .5000 male progeny (Table
2). These males were viable and fertile; when
mated to nontransgenic females of several
genotypes, they produced no female progeny.
These flies therefore performed exactly as
required for RIDL.

Female-specific lethality can also be
achieved with a gene product that is toxic
only to females. We used msl-2NOPU, a mu-
tant version of male-specific lethal 2 (msl-2),
a gene involved in dosage compensation (9,
17). msl-2NOPU activates the dosage compen-
sation mechanism in both males and females.
We investigated the consequences of express-
ing msl-2NOPU in females, where the dosage
compensation pathway is normally inactive.
Flies homozygous for Hsp26-tTa with tRe–
msl-2NOPU (18) were grown on media con-
taining tetracycline to inhibit expression of
msl-2NOPU. Small populations were trans-
ferred to normal media, and the sex ratio was
scored. No female progeny were seen, in
comparison to .5000 male progeny (Table
2). We also tested Yp3-tTa with tRe–msl-
2NOPU. As expected, combining female-spe-
cific expression of tTa with a female-specific
tTa-responsive lethal also gives conditional
female-specific lethality.

Table 1. Tetracycline-repressible lethality with
tRe-Ras64BV12. Males homozygous for tRe-
Ras64BV12 and virgin females homozygous for
Hsp26-tTa or Yp3-tTa were placed on media with
or without tetracycline supplement. Their progeny
were allowed to develop on this media. Adult F1
survivors were counted. In the absence of tetracy-
cline, no Hsp26-tTa/1; tRe-Ras64BV12/1 survived.
Male, but not female, Yp3-tTa/1; tRe-
Ras64BV12/1 survived. Males and females of both
genotypes all survived on media supplemented
with tetracycline. Data are the sum of at least four
experiments with different insertion lines of the
tRe and tTa constructs.

Tetracycline
(mg/ml)

Hsp26-tTa Yp3-tTa

Male Female Male Female

0 0 0 350 0
0.1 210 235 352 322
1 274 199 376 342

Fig. 1. Comparison of SIT and RIDL. (A) Outline of SIT and RIDL. In RIDL,
sex separation is an automatic consequence of withdrawal of permissive
conditions. No sterilization step is required. Furthermore, any life-cycle
stage can be released. (B through D) Comparison of the effectiveness of
SIT and RIDL. We assume that a control program releases a constant
number of males per pest generation. This number is presented in
relation to the initial male pest population. Each wild female mating with
a fertile male produces Ro adult females in the next generation. Popu-
lation size (number of females relative to initial female population size)
is plotted against time (in generations) (23). We compare conventional
SIT with three versions of RIDL. In the simplest version (blue curve),
released males are homozygous for one DFL. Their female progeny die;
males survive and are heterozygous for the DFL. In the second version

(dashed red curve), released males additionally carry a dominant male
(and female) lethal gene. This must have a sufficiently early lethal
phase so that the released males themselves are not affected. As with
SIT, the released males produce no viable offspring. The third version
(green curve) assumes that 100% of the progeny of a DFL/1 hetero-
zygote, rather than the normal 50%, inherit the DFL chromosome. This
theoretical optimum might be approached in several ways. Released
males could be homozygous for DFLs on multiple chromosomes, the DFL
could be linked to a meiotic drive/segregation distortion system, or the
DFL could be linked to an insecticide-resistance gene and used in
combination with an insecticide program. This third version is always
more effective than conventional SIT or either of the other two versions
of RIDL.

Table 2. Selective elimination of females with sex-specific expression and/or sex-specific toxicity. Males
and females homozygous for a tTa construct and a tRe construct (18) were maintained on media with
the indicated tetracycline supplement and then transferred to normal (tetracycline-free) media. F1
progeny were counted. This genetic sexing is efficient (no female progeny recovered) over a wide range
of parental tetracycline concentrations. Yp3-tTa, female-specific tTa; tRe-Ras64BV12, nonspecific tRe;
Hsp26-tTa, nonspecific tTa; and tRe–msl-2NOPU, female-specific tRe.

Tetracycline
(mg/ml)

Yp3-tTa,
tRe-Ras64BV12

Hsp26-tTa,
tRe–msl-2NOPU

Yp3-tTa,
tRe–msl-2NOPU

Male Female Male Female Male Female

0.1 1363 0 1523 0 1231 0
1 1360 0 1367 0 1209 0
5 1384 0 1478 0 1323 0

20 1366 0 1221 0 1168 0
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We constructed a simple mathematical
model to examine the relative effectiveness
of SIT and several variants of RIDL (Fig. 1).
Release of insects homozygous for one dom-
inant female-specific lethal gene (DFL) was
similarly effective to SIT, whereas enhanced
versions of RIDL were more effective. Our
model underestimates the relative effective-
ness of RIDL compared to SIT because it
does not account for advantages of RIDL,
such as reduced production costs and the
fitness advantage that transgenic males are
likely to have over irradiated males. RIDL
has additional advantages over SIT. Efficient
removal of females from the released popu-
lation, combined with marking the transgenic
construct with an easily scored dominant
marker, such as green fluorescent protein,
would improve field trap data. The RIDL
stock would produce no viable female prog-
eny under normal environmental conditions,
therefore the hazard posed by accidental re-
lease from a factory would be minimized.
RIDL would also allow the factory strain to
be released at any life-cycle stage, rather than
requiring that the strain be grown to a late
stage to allow sex separation and steriliza-
tion. We have demonstrated the system in
Drosophila; the challenge now is to translate
this to a pest of economic importance.
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bicoid-Independent Formation
of Thoracic Segments in

Drosophila
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The maternal determinant Bicoid (Bcd) represents the paradigm of a morphogen
that provides positional information for pattern formation. However, as bicoid
seems to be a recently acquired gene in flies, the question was raised as to how
embryonic patterning is achieved in organisms with more ancestral modes of
development. Because the phylogenetically conserved Hunchback (Hb) protein
had previously been shown to act as a morphogen in abdominal patterning, we
asked which functions of Bcd could be performed by Hb. By reestablishing a
proposed ancient regulatory circuitry in which maternal Hb controls zygotic
hunchback expression, we show that Hb is able to form thoracic segments in
the absence of Bcd.

In Drosophila, a key component of the anterior
maternal system is Bcd (1). Embryos from
mothers mutant for bicoid (bcd) lack head, tho-
rax, and some abdominal segments. The mater-
nal bcd mRNA is localized to the anterior pole
of the egg and early embryo, and its translation
generates an anteroposterior gradient of the Bcd
homeoprotein (2). In the syncytial environment
of the early fly embryo, the Bcd protein appears
to act as a morphogen in dictating distinct de-
velopmental fates by providing a series of con-
centration thresholds: At low levels, Bcd acts
through high-affinity binding sites to activate
target genes like hunchback (hb) for the forma-
tion of the thorax, whereas high levels of Bcd
activate head gap genes, such as orthodenticle
(otd ), which contain low-affinity Bcd binding
sites (3). However, bcd seems to be the result of
a recent gene duplication event in the Hox
cluster of flies, which would explain why no

bcd homologs have been identified outside
higher Dipterans (4). Thus, different insect spe-
cies may use other morphogens to pattern their
embryos. One candidate morphogen that has
been functionally conserved during evolution is
the zinc-finger protein Hb (5–7).

In Drosophila, a maternal Hb gradient is
established by the Nanos protein that blocks
translation of the ubiquitously distributed hb
mRNA in the posterior region of the embryo
(8). This Hb gradient can by itself provide
long-range polarity to the embryo and compen-
sates for the absence of Bcd in the formation of
abdominal segments (6). In addition, Hb syn-
ergizes with Bcd to pattern the anterior region
of the embryo (9). However, the zygotic, bcd-
dependent expression of hb (10) causes an in-
trinsic problem for the analysis of the specific
roles of the two morphogens: Whenever Bcd
activity is altered, Hb activity is changed (3).
Thus, many of the effects attributed to Bcd
might indirectly be caused by Hb. The hb gene
is expressed from two independent promoters,
P1 and P2 (Fig. 1A) (11): Maternal and late
blastoderm expression in the central (paraseg-
ment 4, PS4) and posterior stripes are initiated
at P1, whereas P2 mediates the zygotic, bcd-
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