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IN THE PAST, the most successful avenue for the use of genetics
in insect control has been the employment of the sterile insect
technique, in which huge numbers of a species are produced in a
factory, sterilized by exposure to ionizing radiation and
released into the native habitat. This method is suitable for
some species, but for logistical, economical, and biological
reasons this control technique is not suitable for many
economically important species. Our ability to use genetic
approaches to cope with the myriad of insect pests will improve
in the near future because of progress in the biochemical
manipulation of genes. Molecular geneticists have created
bacteria, plants, animals, and fungi that have useful new
properties, and many of these are being used or tested for
commercial use. A reasonable forecast is that a virtual
revolution will occur in the way that we currently practice and
perceive the genetic control of insects. Using genetic
engineering manipulations to develop control techniques for
insects of agricultural and public health importance is an
exciting prospect and a highly desirable goal.

The first review (Cockburn et al. 1984) of the application
of molecular genetics to insect control appeared only five years
ago. Even though the use of gene manipulation for insect control
is still in the conceptual, formative stage, there are techniques
available for cloning, sequencing, splicing, and otherwise
characterizing and manipulating genes. Application of these
scientific tools by insect control specialists is currently
stymied because of the lack of widely applicable techniques for
germline transformation (the stable insertion of DNA into a
genome). Efficient transformation systems are available for
Drosophila melanoqaster and a few of its close relatives, but
these systems have so far not been useful for economically
important insects. Without the ability to insert a cloned gene
(modified in vitro to suit the purpose at hand) into either a
homologous or heterologous genome, the engineering of genetic
control systems will not be practical, and molecular genetics
will not have a great impact on entomology. After this barrier
is surmounted, the future application of modern molecular
genetics will largely be a matter of creatively using
contemporary knowledge.

The subject of applying genetic engineering to insect
control is too extensive for a thorough coverage in this brief
format (see Cockburn et al. (1984) and Cockburn and Seawright
(1989) for references and more detail). In this present paper,
we will confine our comments to the present status of germline
transformation, possible solutions for overcoming this problem
and a few general ideas on using genetic engineering for insect
control.
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The P element transposition system of Rubin and Spradling
(1982) is widely used in transformation of D. melanogaster and
closely related species. The P element is a transposon (jumping
gene) that is extremely active when clones are injected into
preblastoderm embryos. Introduced P elements transpose from the
injected DNA onto the chromosomes of the germline pole cells and
are passed on to the progeny. Other genes can be introduced into
the germline by inserting them into a modified P element in vitro
and then injecting them along with an intact P element into
embryos (Rubin and Spradling, 1982). Unfortunately, the P
element vectors have been unsatisfactory for mediating
transformation of Lucilia cuprina. Ceratita capitata. Anastrepha
suspensa. Plodia interpunctella. and Musca domestica. Recently,
O'Brochta and Handler (1988) have studied P element mobility in
other dipterans and found that P element mobility (precise
excision) occurred only in drosophilid flies. Accordingly, most
research groups have abandoned attempts to transform other
insects with the P element vectors now available.

The few reports of non-transposon mediated transformation in
insects appear to be instances of insertion via non-homologous
recombination. However, the rate of achieving transformants is
clearly too low (on the order of one transformant per several
thousand injected embryos at best) to be of widespread practical
use. Even though microinjection of DNA is feasible for the
embryos of most insects, this technique is so tedious that a
single person can inject only a few hundred embryos per day.

An obvious, worthwhile strategy for development of
transformation techniques for insect pests is to isolate
transposons, with properties similar to P element, from the
pests. In D. melanoqaster most of the moderately repetitive DNA
consists of transposons, so isolation of transposons simply
requires screening clones for moderately repetitive DNA.
However, of about 100 families of transposons, only a few (P,
hobo, I) transpose frequently enough to be worth considering for
development as transformation vectors (Spradling and Rubin, 1981;
Kidwell, 1984). Other transposable elements in D. melanoqaster,
e.g., copia, transpose at a much lower rate and are not useful in
promoting transformation. Suitable transposons would probably be
specific in application to the particular pest in which they
naturally occurred, so each species, or group of closely related
species, would have to be considered separately.

Another possible strategy involves the use of physical
methods for the mass injection of DNA into thousands of embryos
in a simple one-step operation. Since integration of DNA clones
via non-homologous recombination will occur at a very low
frequency, this should not adversely affect viability. Because
of the large numbers of individuals that could be processed, mass
injection techniques would make transformation practical even if
efficient vectors are not developed.

Our research group has tried several methods involving mild
physical trauma to mass inject embryos. Insect embryos are
surrounded by a vitelline membrane and a tough chorion (which can
be removed from some species). The problems in introducing DNA
(or other materials) into insect embryos are similar to those of
introducing DNA into plant tissue, which is surrounded by a
crosslinked cell wall.
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Preliminary evaluation of microparticle bombardment (Carlson
et al., 1989) and sonication suggested that those techniques had
promise, but would require considerably more development to be
practical. We are currently using a vortexer and silicon carbide
"whiskers" to make small holes in insect eggs. The eggs are
immersed in a DNA solution containing the whiskers and vibrated.
In preliminary experiments, we have successfully injected a non-
toxic dye into housefly, caribfly, and Drosophila embryos. Using
a vortex time of 60-90 seconds, essentially all embryos took up
dye, and 10-30% survived to hatching. Shorter vortex times gave
better survival, with less efficient injection. Using the
plasmid recovery assay of O'Brochta and Handler (1988), we found
that the effective volume of DNA solution introduced into embryos
was about 10% of the volume that could be microinjected, and that
the DNA persisted into the larval stage. Currently
transformation experiments are underway with Drosophila to
demonstrate that DNA can be introduced into the germline using
this technique.

In the remainder of this paper we will present the basic
ideas involved in altering genes for insect control schemes.
Genetic engineering of genetic control systems is a much more
complicated venture than often envisioned, but the payoff from
success in this area will certainly change the control of insect
pests.

For the sake of simplicity, a typical gene can be depicted
as in Figure 1. The gene consists of basically two discrete
parts, viz. the DNA sequence which codes for the final protein
product and the regulatory sequences (enhancers and promoters)
that control gene expression. It is usually possible to make
functional hybrid genes by joining a protein coding sequence from
one species to a regulatory sequence from another species. The
existence of conditional promoters, activated by environmental
stimuli, e.g., heat shock (reviewed in Ashburner and Bonner
197 9), enable the engineering of genes that would be expressed
upon imposition of the environmental condition.

With some imagination, one can envision how hybrid genes
controlled by conditional promoters create many novel
possibilities for insect control. Perhaps a good example would
be the improvement of the sterile male technique, since this
methodology is currently used for control of several pests such
as the screwworm and the mediterranean fruit fly. A colony that
has been genetically modified by germline transformation with
suitable gene constructs, e.g. a lethal gene conditionally
expressed in females and a sterility gene conditionally expressed
in males, could be used to kill females and sterilize males by
imposition of the environmental condition. The mass-produced
colony could be reared with normal fertility and sex ratio under
a set of permissive conditions, but under selective conditions,
such as heat shock, the females could be killed and the males
sterilized. Genetic sterilization would eliminate the somatic
damage usually associated with the use of chemicals or radiation.
Tissue, sex, or developmental stage specific promoters can be
isolated and used for constructing hybrid genes that would
disrupt the physiological processes that are necessary for
normal development. The issue of determining which promoter and
which gene to use will be resolved only after sound methods are
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Figure 1. Modulating signals (hormones and intracellular factors)
act at enhancer sites to turn genes on or off. When a
gene is on, RNA polymerase can bind at the promoter and
transcribe the gene. A downstream stop site causes
termination of transcription.

developed for transformation, when systematic screening of hybrid
gene constructs can be conducted in vivo.

When the necessary information is available for the
synthesis of effective genetic control strains of pest insects,
the actual process of using this knowledge can proceed
principally along two lines, either manageinent/eradication
through increasing the genetic lethal load or replacement of the
pest with an innocuous form. The choice of strategy will be
limited by economic considerations, biological constraints, and
environmental safety.

For increasing genetic lethal load, a genetic anomaly that
will spread in a population has always been considered as the
most desirable situation, because of the relatively inexpensive
input of making only a small inoculative release of genetically-
altered insects. Currently, there is much interest in
transposons and meiotic drive, because they appear to have the
desirable attributes for increasing the genetic load by spreading
disadvantageous genes vertically in a pest population through the
germ line. Hickey (1982) has shown that a transposon can spread
in a population, in spite of causing deleterious mutations,
chromosome breakage, inappropriate expression of genes, and cell
death. This may explain the presence of the P element, which
causes all of these deleterious effects (Rubin et al. 1982,
Engels 1979). Meiotic drive systems are known from many species,
in which the chromosome carrying the driving gene is
preferentially passed on to the next generation (reviewed in
Zimmering et al. 1970). The best characterized system is
Segregation distorter (Sd) from D. melanogaster (reviewed by
Ganetzky 1977), in which the presence of the Sd gene causes the
homologous chromosome to break, resulting in inviable gametes.

Since eradication is not always a desirable objective, the
replacement of a pest with a genetically modified, innocuous form
will be an option for some situations. For example, in the case
of a hematophagous mosquitoes, strains could be assembled that
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are either refractory to the disease organism or are non-biting
and autogenous.

These examples should serve to stimulate the imaginative
scientist to realize that molecular techniques should allow for a
wide variety of choices in the selection of an experimental
program to develop a genetic control system. Contrary to the
sterile male technique, where there are fairly clear guidelines
to follow, the selection of the approach with molecular genetics
will be dependent on the creativity of the researcher.
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