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Abstract

Genetics has long played a role in the history of insect pest management, and changes in the

genetic methods used reflect changes that have occurred in the field itself over time. Beginning

from simple collections of mutations and the development of chromosome linkage maps, many of

the early applications of genetic technology were focused on the development of new strains for

the sterile insect technique as a form of biological control. Since that time, and as the field of

genetics underwent a true merger with molecular biology, the focus shifted almost entirely to

methods using molecular technology. These methods had the advantage of being more broadly

applicable to control of a wide range of pest species, and this did much to move the field away

from the frustrations often associated with attempts to transfer genetic tools developed in

Drosophila directly to these species. The latest applications of molecular genetic technologies in the

area of genetically based control methods now also include cutting-edge systems for genome

editing and the use of RNA inhibition for selectively knocking out the expression of individual

genes. Finally, as the field of genetics has shifted its focus from the analysis of individual genes to

that of entire genomes, new and exciting prospects are opening up for improvements in use of

genetic technology for the management of insect pests.
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Introduction

The need for management of insect pests is nearly as old

as the need for agriculture itself. Historically, as human

populations grew and agricultural practices changed, pests

would take advantage of new ecological niches created by

these activities, and the need to manage them rose in

direct proportion to the damage they inflicted.

Genetics has played a significant role in the history of

efforts to manage insect pests. As the pests and their

activities have evolved over time, the genetic methods

used for management have changed as well. To some

extent, of course, these changes mirror changes that the

field of genetics itself has undergone. Genetics began as a

field focused primarily on investigating heritable changes

in organisms without even knowing the true physical

nature of genes. It was also among the first to recognize

the importance of chromosomes in relation to heredity,

and later the field of genetics led the way to merge with

the biochemical discipline of molecular biology to enhance

the fundamental understanding of the nature of genes and

inheritance. It has now become a field focused almost

entirely on analyses done at the level of the genome as

opposed to individual genes [1].

The application of genetic methods for pest manage-

ment followed a similar pattern. The earliest methods

used relatively slow and labour-intensive methods based

on breeding or selection strategies to achieve heritable

genetic changes such as for the development of new

strains for the sterile insect technique (SIT), which will be

described in more detail later in this review. The more

contemporary methods for strain construction use tech-

niques of molecular biology that can produce virtually

‘instant’ modifications of individuals through applications

of transgenic technology that are of the order of the

major saltational-type changes proposed many years ago
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by Goldschmidt to operate in evolutionary biology (e.g.

the ‘hopeful monsters’, see [2]). The use of this type of

genetic engineering to develop new strains for use in

control programmes has, at least in the laboratory, been

shown to be feasible in a wide variety of pest species

(reviewed in [3]). Finally, even as regulatory agencies

continue to debate the cost versus benefits of allowing

field releases of these and other genetically modified

species, technological advances using techniques of gen-

ome editing may soon render much of debate irrelevant.

Finally, advances in technology allowing researchers to

work with entire genomes of many insect pest species are

now also becoming routine.

In short, information and ideas from both classical and

contemporary genetics have been applied to the man-

agement of insect pests. Each has played valuable roles in

the development and applications of new methods for

pest control and will continue to do so for the future. This

review will focus on genetic applications in the manage-

ment of insect pests of agricultural importance, but it is

worth noting that many parallels can be found in efforts to

use genetic methods to control insect pests such as

mosquitoes [4], ticks and other species of medical

importance (see [5, 6] for reviews).

Early basic genetic research on insect pests

As described for the field of genetics, many of the earliest

efforts incorporating genetic methods into pest manage-

ment practices relied heavily on conceptual thinking, but

were somewhat passive in nature. For example, in the

1980s, considerable effort went in to collecting interesting

mutations and developing chromosome-based linkage

maps for some insects of agricultural importance such as

the Mediterranean fruit fly, Ceratitis capitata (reviewed in

[7]) and the apple-maggot fly Rhagoletis pomonella (review

in [8]). These efforts were intended to parallel some of

the massive body of work already in place for the genetics

of the vinegar fly, Drosophila melanogaster (e.g. [9]).

Around the same time, some very talented and dedicated

cytologists began focusing on the development of maps of

polytene chromosomes found in many pest species,

including the sheep blowfly [10, 11] and true fruit flies

[7, 12], again to some extent to parallel the highly

developed maps available for D. melanogaster [13].

Genetics merges with molecular biology

At about the same time as this work was progressing,

the field of genetics itself inevitably shifted towards

incorporation of more molecular-based approaches, in

particular those based on the use of DNA. Using these

methods, specific types of DNA sequences, in particular

repetitive DNA sequences, could potentially be directly

isolated from previously uncharacterized genomes

without the requirement of homology or sequence

similarities to isolate and characterize specific genes

(or DNA sequences) when moving from one species to

another [14].

Two of the most common repetitive DNAs that could

be directly isolated using these techniques included

sequences known as microsatellites and minisatellites

[7, 15, 16]. The isolation of these sequences took

advantage of the vast reservoir of information about

genetic variation present in portions of the genome such

as the centromeres and telomeres of chromosome that

are known to contain extensive tracts of such highly

repetitive DNA [15]. Consequently, the number of spe-

cies of agriculture importance that became amenable to

the development of basic tools such as chromosome

linkage maps incorporating these types of DNA-based

markers expanded dramatically to include other flies [17]

as well as beetles [18] and bees [19] among others,

including parasitoid species under consideration as

agents for biologically based control programmes of pest

species [20].

Genetics and applied research for pest management

In terms of more direct applications of research in the

area of pest management, one of the areas where genetics

played a clear role was in the development of new strains

for improvement of the SIT. The basic concept of SIT,

which had been first described more than 50 years pre-

viously (reviewed in [21]), is that large numbers of male

flies of a pest species are reared, sterilized and then

released to mate with wild females. When this method

works, wild females are effectively removed from the

breeding population, and over time the target pests

should simply disappear through a lack of reproductive

success. The use of this strategy has steadily grown and

continues to be employed on a global basis to control a

wide range of pest species [22]. Although SIT itself is not

strictly a genetic method, several different forms of

genetic manipulation played key roles in the development

of new strains for use in SIT. The following section will

review this material.

SIT

Relatively soon after being conceived, SIT had already

been effectively employed for control programme tar-

geting certain species in various localities around the

world. However, it was also recognized early on that

there was a clear need for new strains that could improve

the efficiency of this method. These strains were often

euphemistically referred to as ‘genetic sexing’ strains

(reviewed in [23]).

One major area for improvement involving the

concept of genetic sexing had to do with the females.
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As described, the goal of the SIT method was to have the

released, sterilized males mate with wild females. During

the initial rearing phases, large numbers of females were

of course needed to build the populations up to the

millions of flies per week typically required for releases

covering reasonably large areas. Indeed in the early days

of SIT, strains were selected for rearing primarily based

on female fecundity and egg productivity in the laboratory

[24]. At the final stage though, females were collected and

released along with the sterile males because there was

no efficient way to selectively remove them. This was a

problem because even though they were sterile, the

released females would inflict extensive damage in

the form of fruit stings when they attempted to lay eggs.

The damage would also serve as entry points for mould

and bacterial infections, etc. and was largely considered to

be unacceptable. Furthermore, the females would draw

the sterile males into mating with them instead of the wild

females that were the intended targets. Clearly, if the

females could be selectively eliminated just prior to

release, the efficiency of the whole method could be

dramatically improved. But how to accomplish this?

Chromosome translocations and SIT

One early genetic approach to achieving the desired

separation was to link visible or selectable markers to

sex determination mechanisms, in particular to the

Y chromosome (reviewed in [25]). This was feasible

because in many of the Tephritid species considered to

be amenable to SIT, it was already known the presence of

at least part of the Y chromosome was sufficient for male

sex determination [26–28]. This system was functionally

similar to that of mammals, and was in sharp contrast to

the Drosophila system that depended on the ratio of sex

chromosomes to autosomes for sex determination [13].

Fortunately also, a number of the visible mutations that

had been more or less passively collected in the early

genetic studies of different species were potentially usable

for this purpose. For example in the medfly, which

normally produce pupae with brownish colour, a strain

carrying a recessive mutation producing white coloured

pupae had been established. A chromosome translocation

was generated that linked the wild-type allele of this

gene to the Y chromosome [29]. This translocation was

crossed into the strain producing white pupae to produce

males with the normal, brown coloured pupae that

were easily distinguishable from the females with white

pupae. Using this strain in mass rearing, large numbers of

pupae could be produced and run through machines using

photoelectric sensors to sort the different coloured

pupae. With this technology, 99% or better separation of

the sexes could be achieved at the pupal stage of devel-

opment. The female pupae could be recycled back into

the rearing system, while the male pupae were packaged,

sterilized and released [30] for the control programme.

Temperature-sensitive lethals and other conditional

mutations

A further improvement on this system became possible

when a series of mutations were identified that were

expressed in a conditional manner. Conditional mutations

are those where expression is dictated by, for example,

environmental conditions such temperature. Especially for

mass rearing situations, conditional mutations exhibiting

sensitivity to temperature were in fact the most highly

desired [31] (Schetelig et al. 2009).

A series of mutations exhibiting such temperature

sensitivity were identified in the medfly. For example, a

temperature sensitive mutation was identified where the

exposure of larvae to temperatures equal or exceeding

33 �C was lethal. In a manner similar to that described for

the visible white pupal colour mutation, a translocation

was used link to the wild-type allele of this temperature-

sensitive lethal (tsl) gene to the Y chromosome. This

provided a system where females could be selectively

eliminated at any time during the rearing phase simply by

exposing the larvae to an elevated temperature. Male

larvae would survive this temporary exposure, and the

pupae that emerged would be packaged for irradiation

and shipment to the release point [32].

However, the strains utilizing either pupal colour phe-

notype or temperature sensitivity both rely on translo-

cations to achieve the sex separation. Especially in mass

rearing situations, all strains carrying translocations have

some tradeoffs in terms of reduced fertility. Also, over

time, the chromosome rearrangements tend to break

down and revert to a state close to wild type. These facts

were part of the motivation for development of system

where individual genes could be introduced at will into

strains to achieve the desired goal [25].

Transposable elements and SIT

One way this could potentially be achieved involved the

use mobile or transposable elements. These elements

could move desired genes directly into strains without

reliance on major chromosome rearrangements disrupt-

ing the genome. However, the use of such elements still

needed to be tied to some type of system where

expression of a gene or construct was controllable and/or

limited to only one sex. This need served as a primary

motivation for identifying and characterizing genes

involved in sex determination in these species. The hope

was that this would lead to the identification of gene-

specific promoters or other regulatory systems where

expression was controllable or limited to only one sex in

these species.

As the interest in using alternative approaches involving

transposable elements and genes involved in sex deter-

mination in the genetic manipulation of pest species was

developing, the breadth and scope of sophisticated genetic
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tools available to researchers utilizing D. melanogaster

continued to expand dramatically (see [13]) in both of

these areas. Firstly, some newly discovered mobile or

transposable elements were discovered that could be

used to introduce individual genes into strains as a new

and more direct form of genetic manipulation [33] and

potentially circumvent the need for the use of chromo-

some rearrangements in constructing new strains for SIT.

Secondly, a series of genes involved in sex determination

pathways, including several that were limited in expres-

sion to one sex, were discovered and characterized in a

systematic fashion from Drosophila. The possibility that the

genes and/or elements from Drosophila in both of these

areas might be directly transferrable to insects of eco-

nomic importance held great promise for researchers

attempting to bring such sophisticated genetic tools to

bear on the species that they were interested in, including

many pest species [34]. The following sections will look at

both of these areas.

P and other transposable elements

One specific transposable element known as the

P element was rapidly developed into a powerful trans-

formation system in Drosophila. A series of plasmid vec-

tors were developed using standard recombinant DNA

techniques to carry markers and genes of interest based

on the P element system. These plasmids could be injec-

ted directly into developing embryos, and transformation

frequencies as high as 5–10% were routinely achieved in

certain strains of D. melanogaster [13].

Beginning in the late 1980s, much effort was expended

in efforts to use this technology to introduce genes of

interest directly into the genomes of Tephritid pest

species, including the medfly C. capitata. Various plasmid

constructs containing P elements from Drosophila were

available, and some of these carried markers such as the

gene for resistance to the antibiotic resistance neomycin

[35]. These constructs could be injected into embryos as

a vehicle to genetically transform pest species, and

because they were neomorphic in expression, their use

was potentially much more broadly applicable than mar-

kers used previously that depended on complementation

of existing mutations to detect successful transformation

events. This broad applicability could include, but not be

limited to, the use of genetic transformation for the

development of new strains to be used for novel genetic

control strategies. This might be used, for example, to

introduce constructs that could control and/or disrupt

sex determination mechanisms or to introduce genes

whose expression could be precisely controlled in a

conditional manner [31, 36].

Despite considerable effort, however, the use of P

elements for genetic transformation of species other than

D. melanogaster, with one or two rare exceptions, was

never achieved [33]. In retrospect, it should not have

been surprising that this approach failed to be broadly

applicable [37]. Even within D. melanogaster, extensive

evidence showed that the P system of transposable

elements, based on the concept of hybrid dysgenesis, was

not universal. The mobilization of the P elements only

occurred when a male from a ‘P’ strain was crossed with a

female from an ‘M’ strain. Injection of P elements con-

structs into any strain that was not an ‘M’ strain sup-

pressed mobilization. Despite much searching, the

occurrence of true M strains appeared to be essentially

unique to D. melanogaster. Thus, this specific technology

could not be readily transferred even to closely related

sibling species such as Drosophila simulans and/or

Drosophila mauritiana, let alone the more distantly related

pest species such as many of the Tephritidae [38].

Transgenesis in non-drosopholid species

The interest in the use of transposable elements for

transformation systems with broader potential continued

to grow as new elements, such as the Minos [39], Mariner

[40], Hermes and other elements [41] were identified

in different species. These were the first transposable

elements shown to be capable of achieving transforma-

tion at a reasonable frequency in species outside of

D. melanogaster [3, 42]. Further down the road, what

may be the closest thing to a universal system for insect

transformation was developed based on the use of

another transposable element known as ‘piggybac’.

This transposable element was based on a gene originally

isolated from the cabbage looper Trichoplusia ni [43].

Handler [44] adapted it into a vector that could be

injected into insect embryos. Since its introduction in

early 2000, this system has been used to genetically

transform a wide variety of insect species, and is widely

considered to be the key development that would force

the USDA to adopt rules and regulations regarding the

use and release of genetically modified insects for control

programmes [45].

In terms of genes that might exhibit a sex-specific

pattern of expression, a number of genes involved in the

sex determination pathway of Drosophila had been iden-

tified, and complete DNA sequences were available for

many of them. These included genes such as doublesex

(dsx) and transformer (tra) and that exhibited some type of

sex-specific pattern of expression during development

[46]. However because of fundamental differences in the

mechanisms of sex determination and the extensive

evolutionary divergence between these insects [38], it

was not clear that the same sex-specific type of expres-

sion would be seen in pest species such as the Tephritids.

Nonetheless, the extensive DNA sequence information

available for these genes made them clear targets for

isolation and characterization in other insect species

based on the idea that there would be some homology

with the Drosophila genes.
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Unfortunately, as had been seen in the efforts to

directly utilize Drosophila-based transformation systems

(such as the P element) in other insect species, the hope

that this type of cross-species gene isolation would be

routine was quickly dashed. The theoretical basis for this

approach is based on the idea that there will be some

degree of DNA sequence similarity for each gene in the

different species. In reality, once again the information and

tools from the Drosophila-based systems turned out to be

unusual and not broadly applicable. One major reason for

the inability to rely on cross-species homology was the

fact that significant differences in codon usage patterns

at the DNA level were apparent even for highly con-

served genes such as actin in these comparisons [47]. This

meant even for genes that were functionally and struc-

turally similar at the amino acid level, the use of DNA

sequences from Drosophila to identify similar sequences in

another insect species was not going to be simple or

straightforward.

Perseverance did pay off in some cases, however, and a

few homologues of Drosophila genes apparently involved

in sex determination pathways were successfully isolated

in Tephritids. These included homologues of tra and dsx

that exhibited some sex-specific difference in expression

in a range of species [46, 48–50]. Also, Y chromosome

sequences were isolated de novo directly from species

such as the medfly, etc. [27, 51, 52]. This approach

potentially represented a more direct way to isolate and

characterize genes needed to at least initiate sex deter-

mination in these species.

Separate from these efforts, the advent of broadly

applicable transformation systems based on vectors

incorporating the piggybac element [44] did provide a way

for researchers to propose alternative means for achiev-

ing the type of genetic sexing considered to be necessary

for improvement of the sterile insect method. They

proposed a system known as RIDL, an acronym for

release of a dominant lethal [31]. This approach still

depended on the availability of gene promoters that

exhibited sex-specific patterns of expression, but it took

advantage of the conditional expression of tet promoter

(RIDL)

Regulatory challenges for genetically modified

organisms (GMOs)

Regardless of the approach used, the ability to produce

transgenic arthropods, either for the case of a new strain

developed for improved application of the SIT or for the

use an RIDL-type approach, ultimately requires approval

from the USDA and/or other appropriate governmental

agencies. And although some detailed procedures for

initiating the process of obtaining this regulatory approval

have been described in Young et al. [53], it seems little or

no progress has been made in this arena regarding issues

described in detail in Hoy [45]. This is despite the facts

that great progress has been made, as described above, in

the development of new strains that might be used in such

deployments.

Genome editing

Much of the ongoing debate about the regulatory and/or

potential costs versus benefits of releasing transgenic flies

into the field may be rendered irrelevant by new, recently

developed techniques for genetic manipulation. These

new methods fall under the heading of ‘genome editing’,

and this term is broadly defined exactly as the name

implies. Specifically, using this methodology, the genome

of an organism is altered by editing or changing endo-

genous DNA sequences rather than by introducing

foreign or non-native genetic material, as is commonly

done for the transformation technology described pre-

viously that creates the type of GMOs that have created

much controversy. And although the genome changes that

have been carried out using this editing technology are, to

date, somewhat modest, this new approach holds the

potential for the incorporation of fairly dramatic changes

in the DNA of an organism, again all without the need for

introduction of ‘foreign’ or non-native DNAs.

In insects, as has now been seen many times previously,

this genome editing technology has already been used

extensively in D. melanogaster. And although there are

a number of mechanisms that have been employed in

Drosophila to achieve this type of genetic modification,

the CRISPR–Cas9 system appears to be the most widely

applicable to any number of different insect species [54],

especially those where adequate information about events

occurring in early stages of development are known.

In the CRISPR–Cas9 system, the CRISPR acronym

stands for ‘clustered regularly interspersed short palin-

dromic repeats’, and the Cas9 appendage describing this

system refers to an enzyme with endonuclease activity.

This method was originally identified in bacteria where it

is employed as a defence mechanism to mitigate damage

that might otherwise be caused by invading viruses and/or

foreign plasmids Together, these two components form

a complex that is capable of targeting and altering the

DNA making up a specific region of a genome in

almost any organism (reviewed in [55]). Versions of this

system are already commercially available that include

customized molecules designed based on the needs of the

individual genome and/or system where the modifications

are to be introduced, either through some type of

embryo injection system or other cell based transforma-

tion system.

The CRISPR component of this system includes a

single-strand ‘guide’ RNA (sgRNA). This guide RNA can

be modified to carry a specific sequence, usually about 20

bases in length, which will be complementary to a specific

region of the genomic DNA. This is somewhat analogous

to the ability of single strand DNA primers used in the
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polymerase chain reaction to align with specific regions of

the genome for targeted amplification. As described Hsu

et al. [54], this targeting system can also be thought of as

similar to the search function of contemporary word

processors that can identify a specific string of letters in a

lengthy word document.

The pairing of the complementary sequence in the

sgRNA also serves to recruit the Cas9 protein to the

specific site, and the exonuclease activity of this protein

allows changes to be introduced to the genomic

sequence. These changes include double-strand breaks

and repairs, modification of terminal sequences and other

editing-type functions (reviewed in [56]). In short, this is a

system that can modify the DNA of a genome in vivo,

without the introduction of exogenous segments as is

currently done in transgenic systems [54].

There are two Drosophila-based systems that have been

most widely used to make these modifications. One is

based on the injection of plasmids into early embryos,

either together or separately, containing the two parts

of this system (the CRISPR and the gene encoding the

Cas9 enzyme). A second approach uses strains that have

been engineered separately to contain each of the two

different components. This system is activated when the

strains are crossed and the appropriate offspring are

generated containing both elements [56].

Genome-level approaches

As powerful as both the old and the new tools are for

making or introducing genetic changes into strains, one

common feature to all of the previously mentioned cases

is the fact that they represent modifications of single

genes or single sites in the genome. However, as descri-

bed in the beginning of this review, the field of genetics

itself has moved from this level of studying and manip-

ulating single genes to one focused on the analysis of

whole genomes.

One great advantage of working at this level is that the

genome of each organism can be analysed de novo. In

other words, these are purely molecular methods that

can be carried out newly for each genome, and there is no

dependence on gene homology or the transfer of tech-

nology from Drosophila [57]. Genome-level comparisons

are still often made to Drosophila to facilitate the anno-

tation of data derived from these studies, but this is not

strictly a requirement for functional analysis of a new

genome. For example, to identify genes involved in

insecticide resistance in the oriental fruit fly, Bactrocera

dorsalis, [58] used a de novo assembly of the transcriptome

(the transcribed sequences of the genome) of this species

to identify several scores of genes actually or potentially

involved in chemical resistance. Some genes from Droso-

phila were used during the annotation process, but the

raw data were generated without any reliance on direct

homology from Drosophila genes.

Another example of a genome-level approach relevant

to insect pest management, and one that was also devel-

oped independently of Drosophila-centric work, involves

the use of RNA interference (RNAi) technology to carry

out functional studies of several thousand genes identified

in genome of the flour beetle Tribolium castaneum. The

RNAi method is designed to either completely eliminate,

or at least knockdown, the expression of genes to a point

where the functional properties of the gene can be clearly

identified. This method uses small segments of RNA to

inhibit expression by interfering with the translation of

RNA transcripts of individual genes. Using this approach,

Schmitt-Engel [57] developed an extensive database of

individual genes important in the early development of

Tribolium. Many of the genes they identified have great

potential for control applications, and many would likely

have escaped identification using traditional candidate

gene approaches.

In conclusion, the use of genetic tools in pest manage-

ment is likely to increase dramatically in the future, es-

pecially in the realm of biologically based control methods.

The advent and increasing use of genome-level tools holds

great prospects for novel approaches to achieve this, and

for moving away from the need to transfer Drosophila-

based technologies to pest species. Drosophilawill continue

to serve as a model organism in many realms of biology,

and will no doubt continue to contribute to the genetic

understanding of pest species. However, given the fact that

insects are among the most diverse organisms found on the

planet, for the future it is clear that it will be to everyone’s

advantage to use technologies that consider each species

independently and without the need to impose constraints

for understanding the biology of each species.
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