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Preface

The world population is still growing at an
alarming rate, requiring ever increasing pro-
ductivity and less waste in agriculture to cope
with the increasing demands to satisfy food
security for all humans. Alleviation of poverty
is in many countries hampered by a myriad of
insect pests that cause enormous economic
losses to agricultural commodities, both at the
pre- and postharvest stages. Initially, most of
these insect pests were controlled to a varying
degree by the use of broad-spectrum insecti-
cides. However, the indiscriminate use of these
chemicals as a control tactic is no longer sus-
tainable in view of increased development of
resistance, pollution of soils and surface water,
residues in food and the environment, repre-
senting risks to human health and biodiversity,
etc. As a consequence, demands have been
voiced at least since “Silent Spring” in 1962
for control tactics and approaches that are not
only efficient, but also sustainable and friend-
lier to the environment.

Integrated pest management (IPM) has
been accepted since the 1960’s and 70s as a
viable pest management strategy that aims at
integrating control tactics to maintain damage
levels below a certain economic threshold
level whilst also protecting the environment by
thriving to limit the use of pesticides. Classical
IPM is however a localized approach, with the
objective of protecting crops or livestock that
is largely under the control of each farmer,
with little collaboration or any coordinating
structure. Control is exercised only in the areas
of economic interest, often resulting in the
main or residual pest population pockets
remaining in the surrounding areas that have
no economic value. These constitute perma-
nent sources from where the commercial areas
under control are re-invaded.

A quite different, more efficient and sus-
tainable approach is the integration of control
tactics against an entire pest population, i.e.
area-wide integrated pest management (AW-
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IPM) or total population management. The
AW-IPM is a coordinated, sustainable and pre-
ventive approach that targets pest populations
in all areas, including non-commercial urban
settings, non-cultivated and wild host areas.

The coordination required among farmers
and all other stakeholders for an area-wide
approach, makes AW-IPM programmes com-
plex, management intensive, requiring long-
term commitment and funding. Although they
result in more sustainable control of insect
pests, there is by no means a guarantee for suc-
cess. This new textbook on area-wide control
of insect pests collates a series of selected
papers that attempts to address various funda-
mental components of AW-IPM, e.g. the
importance of relevant problem-solving
research, the need for essential baseline data,
the significance of adequate tools for appropri-
ate control strategies, and the value of pilot tri-
als, etc. Of special interest are the numerous
papers on pilot and operational programmes
that pay special attention to practical problems
encountered during programme implementa-
tion.

The book is a compilation of 66 papers that
are authored by experts from more than 30
countries. Each paper was peer-reviewed by at
least one, in most case two or more independ-
ent, outside experts and edited for the English
language by Dr James Dargie, former Director
of the Joint FAO/IAEA Programme of Nuclear
Techniques in Food and Agriculture. We both
thank the many reviewers and Jim whose
meticulous work and suggestions improved
many of the papers. In addition, the editors
subjected each paper to an in-depth technical
quality control process. As a result, we trust
that the technical quality of the papers is opti-
mal, the information provided accurate, up-to-
date and of a high international standard. This
process of peer-review, editing and formatting
has taken considerable time and we appreciate
the patience of the authors.
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Introductory Remarks

Since area-wide integrated pest management
(AW-IPM) programmes almost always are
social enterprises each with a diverse set of
stakeholders reliant on advanced technology,
they tend to be complex to implement, espe-
cially in terms of management. Therefore, the
appearance of this book, “Area-wide control
of insect pests: from research to field imple-
mentation” is most timely, and it will be
invaluable for informing concerned scientists,
leaders of private firms, commodity organiza-
tions and public agencies, bankers, legislators,
students and those interested in placing man-
agement of major insect pest problems on a
sustainable and environmentally acceptable
footing.

Although the need to develop and imple-
ment more effective strategies of combating
pests and pathogens has always been dire, the
urgency of this challenge has increased
sharply for two reasons. The first reason is the
rapid increase in the world population, which
more than doubled from roughly 2.5 billion to
6 billion people in the second half of the 20th
century; and the second reason is that the
rapid globalization of travel and trade in agri-
cultural and other products has dramatically
increased the spread of pests, pathogens and
other invasive harmful organisms.

Many of the economically most damaging
pests are invasive alien species that have
escaped the constraints, which keep their pop-
ulations in check in their regions of origin. In
North America roughly one-half of the major
pests originated abroad, and this seems also to
be true in other continents. Major exotic pests
and pathogens — many adapted for wide dis-
persal and high rates of reproduction — are
becoming established with increasing fre-
quencies on all continents and on many eco-
logically sensitive islands. Therefore, to facil-
itate the expansion of international agricultur-
al trade while minimizing the further spread
of some major pests, commodities of which
they are hosts are increasingly produced for
export in pest free areas or in areas of low pest
prevalence that obtained their favourable phy-

tosanitary status through AW-IPM approach-
es.

Currently, for the most part, the control of
many highly mobile and very destructive
insect pests is still carried out by individual
producers who rely heavily on the use of
broad-spectrum insecticides. Although other
control technologies are often incorporated
into the producer’s IPM system, these tech-
nologies, too, are usually applied by produc-
ers independently of other producers, and
without due consideration of surrounding host
and non-host areas. Such an uncoordinated
farm-by-farm IPM pattern provides opportu-
nities for the pest population to build up and to
establish damaging infestations.

Consequently, on most farms insect pest
populations increase to damaging levels each
year, and the farmer is forced to apply fast-
acting insecticides as a rescue treatment. This
defeats the primary goal of the IPM system,
which is to take maximum advantage of natu-
rally occurring biological control agents.
Similarly in combating pests and pathogens of
concern to human and animal well-being, less
than thorough treatment of the entire popula-
tion fails to provide durable relief. Thus the
key concept of the AW-IPM strategy is to
address the whole pest population including
all places of refuge or foci of infestation from
which recruits could come to re-establish
damaging densities of the pest population in
areas of concern.

The area-wide approach is not new, but
originated several thousand years ago. In the
Roman Empire it was recognized that some
services carried out area-wide were more effi-
cient and cheaper than when left to the action
of individual citizens. As such, garbage was
diligently removed from some cities, clean
water was brought from distant sources and
public baths were provided. The sudden
appearance in 1347 of Black Death, a bacteri-
al disease transmitted by the flea, Xenopsylla
cheopis (Rothschild), led to the invention of
quarantine to contain the epidemic and to
stamp it out. Beginning in the late 1920s,

vii
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when catastrophic locust plagues were wide-
spread in Africa and southwest Asia, conti-
nent-wide campaigns have been organized to
protect against highly devastating locust
species; and these campaigns, now led by
FAO’s Locust Group, employ sophisticated
technologies. During the past one-half century
the area-wide application of the sterile insect
technique in combination with other technolo-
gies against an array of major insect pests has
served to focus the attention of scientists and
administrators on ways of applying the area-
wide approach in the combat against many
other pests and diseases.

The principles of AW-IPM are addressed in
this book’s introductory chapter. The chapter
argues that each fundamental component of
classical IPM, be it a cultural, biological or
chemical control tactic, applied against an
entire insect population (total population man-
agement) will lead in most cases to more sus-
tainable pest control as compared to a local-
ized farm-by-farm approach. Some funda-
mental management and strategic challenges
of AW-IPM programmes are likewise
addressed, including the make or break envi-
ronmental and economic issues.

Successful AW-IPM programmes require
basic research and preparatory activities
including methods development, feasibility
studies, pilot trials and a regulatory frame-
work. These aspects are dealt with in subse-
quent sections. Section 2 covers and illumi-
nates several important basic research areas
including genetics, transgenesis, genetic sex-
ing, cryobiology, physiology, insect sym-
bionts and mating behaviour strategies.

Ecological heterogeneity at within field,
within farm, and broader spatial scales pro-
foundly affects the population dynamics of
pests and their natural enemies and other
aspects of their ecology. Methods of systems
analysis, mathematical modelling and a num-
ber of geo-spatial technologies (geographic
information systems and global positioning
system) have been adapted to cope with the
spatio-temporal complexity in AW-IPM pro-
grammes and have contributed greatly to
increased effectiveness and efficiency of pro-
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gramme activities. These and other methods
development tools are described in section 3.

Feasibility studies addressing economic,
social and technical considerations are
required prior to any major and costly field
programme. A science-based analysis of these
considerations will enable a judgment to be
made as to whether the various control tactics
can be applied on an area-wide basis and
whether the envisioned control strategy is the
most appropriate for the particular pest situa-
tion. Section 4 provides examples of how such
elucidating studies have been conducted for
different pest situations.

AW-IPM programmes are dependent on
the synergistic collaboration of many stake-
holders. They require the entry onto private
properties. They can affect the movement of
goods, and they can also impact or inconven-
ience the non-farming community. Thus AW-
IPM requires that a sensitive and effective
regulatory framework be developed by the
relevant national and international regulatory
agencies. Commercialization of part or even
entire AW-IPM programmes, a complex and
sometimes contentious issue, holds the prom-
ise of properly capitalizing such programmes,
introducing efficiencies and tackling pest
problems that government cannot afford to
address. These regulatory and privatization
issues are discussed in section 5.

Pilot field programmes are often carried
out following a feasibility study with a
favourable outcome. Such programmes are
needed to evaluate and fine-tune various con-
trol tactics and field methodologies to
increase their effectiveness and efficiency.
Pilot programmes can vary in size and scope
as is described in the chapters in section 6.

Section 7 describes operational AW-IPM
programmes against key pests such as the boll
weevil, several lepidopteran pests, the bont
tick, termites, mosquitoes, fruit flies, etc.
Several of the chapters emphasize the techni-
cal and managerial difficulties encountered
during the implementation of eradication, sup-
pression, containment or preventive AW-IPM
programmes and attempt to extract important
lessons.



INTRODUCTORY REMARKS ix

As a concluding chapter (section 8) a criti-
cal review is provided of AW-IPM pro-
grammes in terms of their successes and fail-
ures, and key factors are identified which
must be addressed in order to improve the
chance of success.

The chapters in this text book originate
from papers and selected posters presented at
the 2nd FAO/IAEA International conference
on area-wide control of insect pests. To com-
plete the book, several invited chapters have
been included. This book is an invaluable
compendium of reports on operational AW-
IPM programmes. It will help to further devel-
op the theory, technology and practice of such
programmes. Graduate students will learn

Waldemar Klassen

Professor and Program Director

Tropical Research and Education Center,
University of Florida
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much about the history, accomplishments,
problems and the great potential of the area-
wide strategy. Entrepreneurs and policy-mak-
ers will gain in-depth perspective on aspects
of commercialization.

I am honored greatly to have been asked to
write these introductory comments in this text
book devoted to the area-wide management of
insect pests. The prodigious progress in AW-
IPM made in recent decades confirms that the
area-wide strategy has a far greater potential
than any other approach to achieve sustain-
able management of many major insect pests.
Truly we are now at the beginning of an era of
decidedly improved and sustainable insect
pest management.
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Area-Wide Integrated Pest Management
(AW-IPM): Principles, Practice and
Prospects

J. HENDRICHS!, P. KENMORE?2?, A.S. ROBINSON?
and M.J.B. VREYSEN!

1Joint FAO/IAEA Programme of Nuclear Techniques in Food and
Agriculture, Insect Pest Control Sub-Programme, IAEA,
Wagramerstrasse 5, A-1400 Vienna, Austria

2Plant Production and Protection Division, Food and Agriculture

Organization of the United Nations, Viale delle Terme di Caracalla
00100 Rome, Italy

3Joint FAO/IAEA Programme of Nuclear Techniques in Food and

Agriculture, FAO/IAEA Agriculture and Biotechnology Laboratory,
Seibersdorf A-2444, Austria

ABSTRACT Integrated pest management (IPM) has remained the dominant paradigm of pest control
for the last 50 years. IPM has been endorsed by essentially all the multilateral environmental agreements
that have transformed the global policy framework of natural resource management, agriculture, and trade.
The integration of a number of different control tactics into IPM systems can be done in ways that greatly
facilitate the achievement of the goals either of field-by-field pest management, or of area-wide (AW) pest
management, which is the management of the total pest population within a delimited area. For several
decades IPM and AW pest control have been seen as competing paradigms with different objectives and
approaches. Yet, the two “schools” have gradually converged, and it is now generally acknowledged that
the synthesis, AW-IPM, neither targets only eradication, nor relies only on single control tactics, and that
many successful AW programmes combine a centrally managed top-down approach with a strong grass-
roots bottom-up approach, and that some are managed in a fully bottom-up manner. AW-IPM is increas-
ingly accepted especially for mobile pests where management at a larger scale is more effective and prefer-
able to the uncoordinated field-by-field approach. For some livestock pests, vectors of human diseases, and
pests of crops with a high economic value and low pest tolerance, there are compelling economic incen-
tives for participating in AW control. Nevertheless issues of free riders, public participation and financing
of public goods, all play a significant role in AW-IPM implementation. These social and managerial issues
have, in several cases, severely hampered the positive outcome of AW programmes; and this emphasises
the need for attention not only to ecological, environmental, and economic aspects, but also to the social
and management dimensions. Because globalization of trade and tourism are accompanied by the increased
movement of invasive alien pest species, AW programmes against major agricultural pests are often being
conducted in urban and suburban areas. Especially in such circumstances, factors likely to shift attitudes
from apathy to outrage, need to be identified in the programme planning stage and mitigated. This paper
reviews the evolution and implementation of the AW-IPM concept and documents its process of develop-
ment from basic research, through methods development, feasibility studies, commercialization and regu-
lation, to pilot studies and operational programmes.

KEY WORDS area-wide IPM, field-by-field IPM, suppression, eradication, feasibility studies, pilot
programmes, operational programmes, commercialization, regulation, public good, free rider, public par-
ticipation
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1. Introduction

If major advances are to be made in coping with
most of the major arthropod pest problems, then
the tactics and strategies for managing such
insects, ticks and mites must change. They must
change from the current, limited scale, reactive,
broad-spectrum measures to preventive meas-
ures that are target-pest specific and rigidly
applied on an area-wide basis (Knipling 1992).

Around 850 million people remain malnour-
ished (FAO 2006) in spite of significant
progress over the last four decades towards
food security in several regions of the world,
and numerous positive developments in the
area of food and agriculture. In 1996, the
World Food Summit held in Rome, Italy
addressed this persistent crisis by launching
the very ambitious goal, later incorporated
into the Millennium Development Goals, of
halving the number of hungry people by 2015
(FAO 1996). However, the Food and
Agriculture Organization of the United
Nations (FAO) has analysed the world food
insecurity situation and indicated that, unfor-
tunately, progress is insufficient to meet the
Summit’s target (FAO 2006). Furthermore,
the world population is expanding by ca 75-80
million people each year, and most likely will
rise to about 9000 million by the year 2050,
and thus require food production levels at
least 50% higher than those in 2000
(Alexandratos 1999). At the same time agri-
cultural research and extension budgets and
aid to agriculture are shrinking, natural
resources are degrading, and the growth of the
world’s agricultural production is continuing
to slow down (Bautista and Valdés 1993,
Braun et al. 1993, Alexandratos 1999).

This continued rapid growth of the world
population, which is causing the biggest surge
in demand for food in history, including
demands for significantly more animal pro-
teins (Delgado et al. 1999) and biofuels,
stands in stark contrast to the shrinking per
capita land area available for agriculture. This
discrepancy cannot be addressed by horizon-
tal agricultural expansion, i.e. by an increase
in cultivated surface area, but requires devel-
opment and promotion of more intensive

cropping and livestock systems on existing
farmland (Borlaug 1997). Access to new tech-
nologies and the knowledge to use or adapt
them locally will be vital, coupled with less
wastage and improved penetration into
national and global markets. As expansion of
arable land will only play a minor role in some
regions and attaining substantial increases in
crop yields will become increasingly difficult
in others, the focus will have to shift towards
a more efficient use of agricultural resources
(Trewavas 2001). There could hardly be a less
efficient use of resources than to invest land,
water, fertilizer, seeds, labour, and energy to
produce agricultural commodities, only to
have the investment partially or totally
destroyed by insects or other pests. Preharvest
losses in developing countries are estimated at
more than one third of attainable crop produc-
tion, while postharvest losses add at least
another 10-20%. Insects, followed by
pathogens and weeds, cause the largest por-
tion of these losses (FAO 1975, Oerke et al.
1995, Yudelman et al. 1998, Thomas 1999).
Insects have proven to be among the most
formidable adversaries of mankind. Since
they appeared on the scene some 390 million
years ago, they have diversified into several
million species that have adapted to almost all
available ecosystems. This large diversity has
allowed them to effectively compete with
mankind since the introduction of agriculture
over the last ten millennia. The increase in
agricultural production of the past decades has
not been accompanied by a comparable reduc-
tion in overall losses inflicted by insect pests:
on the contrary, agricultural intensification
has increased both yields and vulnerability to
pests (Yudelman et al. 1998). Furthermore our
mobile society is redistributing species around
the globe at an unprecedented pace with major
consequences for agriculture and ecosystems
(FAO 2001). Undoubtedly, insects will contin-
ue to challenge mankind, and their resource-
fulness is forcing a review of established ways
of dealing with these pests and stimulating the
development of new innovative control tactics
(Klassen 2005). Investing in improved pest
management should therefore be an integral
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component of national strategies to raise pro-
ductivity and to assure future global food
security.

The sudden availability of very effective
and persistent synthetic organic insecticides
immediately after the Second World War
marked the onset of chemically-based warfare
against most insect pests. Before that, insect
pests had to be kept at bay by making use of
various natural control factors. The impor-
tance of the new synthetic chemicals to con-
trol vectors of major diseases and their contri-
butions to the green revolution cannot be
questioned (Oerke et al. 1995). Chemical con-
trol has offered an effective and economical
way to deal with a multitude of arthropod
problems, to quell outbreaks, to decimate vec-
tors of parasitic and infectious diseases of
humans and livestock, to suppress noxious
insect developing in dung on rangelands
where domestic animals are produced, to sup-
press mites in honey bee hives, and to control
termites and numerous household pests in
urban ecosystems, etc. Pesticides have offered
the pesticide user the freedom and flexibility
to control pests on his property at any time
without regard for the opinions and actions of
his neighbours. Without chemical pest con-
trol, global agricultural productivity would
have been less, food prices much higher and
the available food of lower quality (Knipling
1979). The ready accessibility of these “off-
the-shelf”, relatively cheap and often subsi-
dized chemicals was undoubtedly one of the
main reasons the uncoordinated control of key
insect pests on a field-by-field basis became
so widely and firmly established during the
last 60 years.

The drawbacks of the widespread use of
these broad-spectrum insecticides were, how-
ever, recognized early (Carson 1962). They
pollute soils and water, are a hazard to many
non-target and beneficial insects, lead to out-
breaks of secondary pests, cause acute and
chronic poisoning of farmers, accumulate and
biomagnify in the food chain and represent
serious concerns to human health (Repetto
and Baliga 1996). The general public’s
increased awareness and demand for more

environment-friendly pest control tactics, the
swift development of pesticide resistance, and
the need for ever new, more complex and
much costlier products, gave rise to the con-
cept of integrated pest control (IPC) (Stern et
al. 1959, FAO 1966), later called integrated
pest management (IPM) (Bottrell 1979). In
the 1960-70s, stimulated by this need for
reduced and more selective use of
insecticides, IPM became gradually accepted
as a viable and sustainable pest management
strategy that incorporates some of the tradi-
tional practices of the pre-insecticide era
(such as field sanitation, biological control
and use of pest and disease resistant livestock
breeds and crop varieties) together with more
selective synthetic organic pesticides to main-
tain pest population levels below an economic
threshold. IPC-IPM has remained the domi-
nant paradigm of pest control for the last 50
years (Kogan 1998).

2. Integrated Pest Management
(IPM): a Reaction Against the
Abuse of Insecticides

IPM offers a strategic approach to solving pest
problems in an ecosystem context while
guarding human health and the environment
(Brader 1979). It has been endorsed by essen-
tially all the multilateral environmental agree-
ments that, since the United Nations
Conference on Environment and
Development in Rio de Janeiro in 1992, have
transformed the global policy framework of
natural resource management, agriculture, and
trade. More than half the world’s human pop-
ulation lives in countries that are guided by
national IPM policies, and that account for
most of the world’s staple crop production.
IPM is increasingly practiced in agroecosys-
tems featuring perennial tree crops, annual
field crops, crops, in protected cultivation,
ornamental crops, rangelands, intensive pas-
tures, roadways, recreational parks, forests,
dairies, barnyards, and urban ecosystems.
Small-scale family farms in tropical and tem-
perate zones as well as multinational corpo-
rate food producing and processing firms
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apply IPM. IPM systems range over a contin-
uum, from those still dependent to a consider-
able degree on the use of pesticides all the
way to those called biointensive that rarely
require chemical treatments (Vandeman et al.
1994). Along this continuum, reliance on pes-
ticide treatment-oriented interventions
decreases and reliance on biological and cul-
tural practices increases and requires an
increasing number of available methods in
managing pests (Benbrook et al. 1996).

2.1. FAOs Code of Conduct on the
Distribution and Use of Pesticides

The International Code of Conduct on the
Distribution and Use of Pesticides (revised
from the original 1985 version) was adopted
by the 1231 session of the FAO Council in
November 2002. The Code embodies a mod-
ern approach, leading to sound management
of pesticides with a focus on risk reduction,
protection of human and environmental
health, and support for sustainable agricultur-
al development by selectively using pesticides
as a component of various IPM strategies
(FAO 2003a). Thus, the Code designed stan-
dards of conduct to promote IPM, including
the integrated management of public health
vectors.
The Code defines IPM as:

...the careful consideration of all available pest
control techniques and subsequent integration
of appropriate measures that discourage the
development of pest populations and keep pesti-
cides and other interventions to levels that are
economically justified and reduce or minimize
risks to human health and the environment. IPM
emphasizes the growth of a healthy crop with the
least possible disruption in agroecosystems and
encourages natural pest control mechanisms
(FAO 2003a).

The Code has been approved and adopted
by 185 FAO member governments, endorsed
by non-governmental organizations and by
the pesticide industry. Therefore the definition
of IPM in the Code carries a degree of acces-
sible authority that many other published def-
initions of IPM do not (Bajwa and Kogan

1996). In its article on pesticide management,
the Code calls for support to alternatives to
conventional pesticides:

Governments, with the support of relevant inter-
national and regional organizations, should
encourage and promote research on, and the
development of, alternatives posing fewer risks:
biological control agents and techniques, non-
chemical pesticides and pesticides that are, as
far as possible or desirable, target-specific, that
degrade into innocuous constituent parts or
metabolites after use and are of low risk to
humans and the environment.

The Code reflects evolving responses to
changing conditions with emphasis on pro-
tecting the integrity of agroecosystems,
encouraging natural pest control mechanisms,
and reducing risks to human health and the
environment. In the articles of the Code on
pesticide management, the wider range of
stakeholders, and the emphasis on promoting
increased participation of farmers, women’s
groups, and others reflect recent experiences
with successful IPM (van den Berg 2004).

2.2. Selected Successes of IPM

IPM has had a varied history, and simply mix-
ing different management tactics does not con-
stitute IPM (Ehler and Bottrell 2000).
Successful IPM is “knowledge intensive” and
has never been successful without basic
research on ecosystems, particularly to compre-
hend the food webs or communities of species
through which energy flows in agroecosystems
(Barfield and Swisher 1994, Wood 2002).
Understanding why a pest becomes a pest
(Lewis et al. 1997) comes from a fundamental
understanding of the pest’s life history and the
ecology of crop-pest-natural enemy interac-
tions, and rarely from a revolutionarily new
control tactic (Kogan 1998, Thomas 1999).
The rice brown planthopper Nilaparvata
lugens (Stal) was the key insect pest of the
Asian green revolution in rice. While single
tactics of insecticides and vertical host-plant
resistance largely dominated research and pest
control application, a series of studies in the
mid 1970s elucidated the mechanism of out-
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breaks of secondary pests due to the overuse of
subsidized insecticides. This was shown
through analyses of multi-species rice field
agroecosystems that concentrated on the rice
crop, the planthoppers, their predators, and par-
asitoids. The results, made available by FAO,
were then successfully applied in the mid 1980s
through national IPM policies and programmes
in the Philippines, Indonesia, India, Vietnam,
China, and other major rice-producing coun-
tries (DeBach and Rosen 1991, Kogan 1998,
Bartlett 2005). As a result of these policies,
over USD 250 million per year in governmen-
tal insecticide subsidies were eliminated.

Subsequently Settle et al. (1996) showed
how the rice field’s aquatic food web, driven by
decomposition of rice roots, rice straw, and
other organic matter from previous seasons,
through dozens of aquatic arthropods, produced
sufficient numbers of predators, to protect the
rice crop from the seedling stage to maturity.
Rice field dwelling arthropod species that do
not feed on rice still serve as important food
sources in building up populations of natural
enemies of rice pests. The species richness of
natural freshwater ecosystems (streams, ponds,
rivers, and lakes) permits irrigated rice agroe-
cosystems to draw from their larger natural
species pools to quickly fill in the essential
guild structure of the cultivated aquatic rice
agroecosystem, buffering it from immigrant
pest populations. In addition, Ives and Settle
(1997) challenged the conventional wisdom on
synchronous rice planting, showing that in the
presence of natural enemies asynchronous rice
planting results in the lowest overall pest densi-
ties, since early arriving generalist predators
decimate incipient infestations of pests and
suppress their populations to a greater extent
than is accomplished by killing large numbers
later.

3. Field-by-Field and Area-
Wide Pest Management
Approaches
3.1. Field-by-Field Pest Management

Insect pest control measures can be applied

either field-by-field (Fig. 1) or on an AW basis
(Fig. 2), the latter addressing the total pest
population within a delimited area. The sim-
plest and most widely used strategy has been
field-by-field management, which addresses
only small fractions of a pest population at
any given time. It allows individual crop and
livestock producers, households, and busi-
nesses, to control pests independently, without
investing effort in coordination, without hav-
ing to obtain the consent or collaboration of
other stakeholders and most importantly with-
out taking into account the pest individuals
that frequently migrate into the treated area
from infestations in the untreated surround-
ings. Insects, themselves, are mobile but, can
also be transported passively with wind, on
animal hosts, or in infested commodities trad-
ed locally or internationally. This mobility
severely compromises the effectiveness of
uncoordinated farm-by-farm, orchard-by-
orchard, or herd-by-herd control efforts, and
results in the frequent need for curative or
therapeutic back-up measures (Lewis et al.
1997) and the eventual overreliance on them.
However, field-by-field pest control does not
demand long-term commitment to an organ-
ized effort and its funding requirements, but
relies on remedial interventions triggered
when a pest population reaches a certain
threshold. Field-by-field pest control is, there-
fore, largely a reactive approach to protect
humans, animals, crops, forests, houses,
wooden structures, etc., rather than a preven-
tive pest population management approach
(Pedgley 1993, Abeku 2007).

As a result of the complexity of many
agroecosystems, as well as the site-specific
nature of a majority of pest problems, pre-
determined thresholds often become opera-
tionally intractable and in some pest situa-
tions, the threshold is zero tolerance (Ehler
and Bottrell 2000). Thus a field-by-field IPM
approach is often insufficient, particularly
when pests are quite mobile. Furthermore, the
cost of generating the large amount of ecolog-
ical information needed to develop and imple-
ment functional IPM systems for such local
situations cannot be afforded by most devel-
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Figure 1. Graphic display of field-by-field IPM, where the pest is suppressed below an eco-
nomic threshold level in areas of commercial interest, but often not in abandoned crops, alter-
nate hosts, backyard hosts or on wild hosts. As a result, significant untreated refugia of the pest
remain from which recruits re-establish damaging densities of the pest population.
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Figure 2. Graphic display of AW-IPM, where the pest is suppressed below an economic thresh-
old level in all areas, including abandoned crops, alternate hosts, backyard hosts or on wild
hosts. As a result, no significant untreated refugia of the pest remain from which recruits can
re-establish damaging densities of the pest population.
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oping countries (Morse and Buhler 1997).

3.2. The Principle of Total Population
Management

Knipling (1960, 1972) used simple population
models to show that small fractions of an
insect pest population left uncontrolled can
rapidly nullify the benefits of strongly sup-
pressing the main pest population in a large
area. One of these models compares the
dynamics of an hypothetical insect pest popu-
lation that has a fivefold natural rate of
increase per year in an area, and where each
year 99 percent of the population is destroyed
on 90% of the host resources (but no control is
conducted on the remaining 10%) with an area
where only 90% of the population is
destroyed on 100% of the total host resources
(Table 1). The model shows that because no
control was exercised on 10% of the host
resources, 100 times more pests were pro-
duced in the first scenario (where 99% kill
was achieved each generation in the large
treated fraction) than in the second scenario
where no refugia were left but the total popu-
lation was subjected to only 90% kill in each
generation.

From this Knipling (1972, 1979) deduced
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the basic principle of total population control:

Uniform suppressive pressure applied against
the total population of the pest over a period of
generations will achieve greater suppression
than a higher level of control on most, but not
all, of the population each generation.

These refugia are permanent and prolific
sources of immigrants and therefore represent
a constant economic threat, requiring applica-
tions in cultivated areas of significant
amounts of insecticides year after year, even
in situations where major pests are managed
under an IPM approach. This failure to
address the total pest population in an area
often compromises the basic goal of IPM, i.e.
the reduction of insecticide use. In contrast the
central paradigm of AW control, variously
also called landscape, large-scale, preventive
or total population management (Pedgley
1993, Ekbom et al. 2000, Carriére et al. 2001,
Smith et al. 2006), recognizes the need to
address the existence of all foci/refugia from
which recruits can invade suppressed or
cleared areas (Byers and Castle 2005, Klassen
2005).

Total population management is also
required to reduce the probability of the devel-
opment of insecticide resistance, or of the
emergence of strains of a pest capable of over-

Table 1. Relative number of insects developing each generation in two hypothetical population
management systems. Each of the two populations has an initial population size of one million
insects and a fivefold increase in reproducing insects is assumed with each generation (after

Knipling 1979).

Number of insects in an area with

Generation |
population

99 percentage control on 90 percentage of the target

90 percentage control on 100 per-
centage of the target population

treated area (90%)

untreated area (10%)

treated area (100%)

1 900 000 90007/ 100 000 1000 000 100 000/
2 45000 450 500 000 500 000 50000
3 2250 22 2 500 000 250 000 25000
4 110 12 500 000 125 000

Total insects in 4th generation: 12500 110 125000

Inumber of insects surviving treatment
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coming host resistance. In particular, AW pest
management strategies, guided by the effec-
tive use of geographic information systems
(GIS) technology, can be applied to achieve
effective resistance management (Carriére et
al. 2001, Sexson and Wyman 2005, Wu, this
volume). Nevertheless, there is a potential
danger in AW population suppression, since
continuous and thorough suppression applied
on an AW basis will select genes in the pest’s
gene pool that enable the pest to overcome the
survival threatening control agent. For exam-
ple, in the absence of refugia, as part of a
resistance management programme, repeated
AW applications of an insecticide will select
for resistance to that insecticide, repeated AW
use of baits will select for avoidance behav-
iour, and repeated AW planting of the same
resistant crop variety will select genes for
overcoming the crop’s host resistance.

3.3.  Origins (AW)
Approaches

of Area-Wide

The AW approach is not new but evolved cen-
turies ago. Reduced cost, increased effective-
ness and greater physical protection were gener-
ally the underlying reasons for the development
of AW services. In earlier times, essential items
such as the water supply, fuel, lighting, and
sewage disposal were provided on an individual
basis and each extended family satisfied these
needs independently of its neighbours. This was
an uncoordinated approach with the result that
these individual services often proved to be not
only unreliable, but also inefficient and could
only be obtained at great individual expense.
The desire for more effective and efficient
delivery of these essential services transformed
them from “individual” to “area-wide” and led
eventually to the creation of public or private
companies that supplied clean water and elec-
tricity, and that took responsibility for the col-
lection of the garbage and disposal of sewage.
Likewise, originally each head of the clan took
responsibility for the physical protection of his
kin. Soon feudal societies developed in which
some individuals and later institutions special-
ized to provide protection for much larger

groups. Eventually, police forces, state and
national armies emerged that were able to deal
with larger-scale military threats. The AW
approach for these services made them more
effective and less costly because the providers
could use technically more advanced methods
that were not available to the individual
(Lindquist 2000). Today, AW services (e.g. mail
service, retailing, ambulance, fire protection,
public health, high-speed transport, telephone,
internet services, etc.) are much more wide-
spread than ever before.

3.4. Area-Wide Approaches Applied to
Insect Pest Control

Applied to insect pests, AW approaches have
their ancient roots in coping with vector-borne
diseases and locust plagues (Klassen 2000,
2005). In the 14th century, the systematic use
of quarantines in some European city-states
contained bubonic plague transmitted by the
oriental rat flea Xenopsylla cheopsis
(Rothschild) and this approach was gradually
adopted throughout Europe. The late 19th cen-
tury included AW approaches such as the
development of classical biological control
and the use of pest-resistant plants (for exam-
ple the grafting of all European grapes on
phylloxera-resistant American rootstocks in
the 1870s).

A campaign to eradicate the invasive gypsy
moth Lymantria dispar (L.) from 1890 to
1901 in Massachusetts mainly using a mod-
estly efficient phytotoxin, was quite success-
ful initially but had to be abandoned after pub-
lic opposition to the spraying. Since then, the
objective of this AW campaign has reverted to
limiting or retarding the spread of this pest
(Sharov et al. 2002).

In 1906, a massive effort in the southern
USA was initiated to eradicate two Boophilus
cattle tick species that transmit cattle tick
fever (Klassen 1989). A strategy of starving
the ticks by making most pastures cattle free,
combined with an arsenic-dipping programme
and restricting cattle movement to tick-free
counties was rigorously implemented for 37
years. In 1943, the ticks had been eliminated
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from the USA at a total cost that was equiva-
lent to the yearly losses before the programme
was initiated. To date, the southern USA has
remained free of these ticks, as the result of an
effective quarantine programme.

In 1911 the Government of Portugal decid-
ed to eradicate the tsetse fly Glossina palpalis
palpalis Robineau-Desvoidy and trypanoso-
mosis from the Island of Principe off the west
coast of equatorial Africa. The suppressive
system consisted of sticky black cloths worn
by workers, treatment of people with the try-
panocidal arsenical, atoxyl, clearing of vege-
tation, corralling of domestic livestock and
eradication of feral pigs. The campaign was
concluded in 1914 (McKelvey 1973): it was
the first successful tsetse eradication pro-
gramme.

After the World Health Assembly urged
the World Health Organization (WHO) to
organize the eradication of malaria in 1955,
enormous progress was made in the following
15 years, and malaria was declared eradicated
in 37 countries (Spielman et al. 1993). Social
pressure to devolve more control to the local
level and the banning of DDT resulted in the
disintegration of the programme. To date,
more than 400 million malaria cases are
reported annually worldwide and more than
one million people, mainly children in Africa,
succumb to the disease every year (Marshall
2000).

In the 1950s and 1960s, a significant AW
campaign was implemented against the intro-
duced Khapra beetle Trogoderma granarium
Everts which had become established in the
south-western USA and northern Mexico. A
major quarantine and treatment effort, which
involved the fumigation of all warehouses,
seed storage facilities, ships and other trans-
port facilities, was initiated cooperatively by
all states in these regions. Funding for this AW
programme was shared between the federal
and state governments and the private sector.
By 1966 all known populations of the pest had
been eradicated. Another introduction of this
pest was eliminated between 1980 and 1983
in the north-eastern USA (Klassen 1989).

In 1973, the exotic cassava mealybug
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Phenacoccus manihoti Matile-Ferero was
observed attacking cassava around Kinshasa
(Democratic Republic of Congo, formerly
Zaire) and Brazzaville (Republic of Congo)
and in subsequent years it dispersed through-
out sub-Saharan Africa, causing starvation of
more than 200 million  people
(Neuenschwander et al. 1988). The
International Center for Tropical Agriculture,
Cali, Colombia, identified a suitable para-
sitoid Epidinocarsis lopezi DeSantis in
Paraguay, which was brought to Africa by the
International Institute for Tropical Agriculture
in Ibadan, Nigeria. The parasitoid was suc-
cessfully mass-reared and released in 38
African countries. This is an outstanding
accomplishment in classical Dbiological
control, and it continues to keep the mealybug
at bay.

Cereal aphids have become a major threat
to production of sorghum, wheat and barley in
central-western North America following the
emergence of virulent biotypes of the green
bug Schizaphis graminum (Rondani) during
the 1960s, the establishment of the Russian
wheat aphid Diuraphis noxia (Kurdjumov) in
1986, and the subsequent emergence of new
biotypes of the latter species. These pests have
been causing annual losses in grain produc-
tion in excess of USD 250 million, and have
caused large and unsustainable increases in
the use of insecticides on these low profit mar-
gin crops. Therefore, a very large classical
biological control programme involving the
introduction of parasitoids from Eurasia was
inititated (Brewer and Elliott 2004). However,
an analysis of the wheat agroecosystem has
revealed the presence and economic impact of
many species of indigenous natural enemies,
and it has been difficult to demonstrate any
contribution from imported exotic species. As
in the above mentioned problem of the brown
planthopper on rice, understanding the com-
munity structure of the agroecosystem, initial-
ly intended as a side product of the classical
biological control campaign, turned out to be
the crucial foundation of the AW-IPM pro-
gramme. Many other examples of successful
or unsuccessful AW programmes to suppress
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or eradicate insect pest populations are listed
in Klassen (1989, 2005).

3.5. Public Participation, Public Good,
and Free Riders

As discussed above and by Vreysen et al. (this
volume), AW programmes are not always suc-
cessful. Social concern over methods, too
many free riders, or insufficient compliance
by all stakeholders have in several cases
severely hampered success (Klassen 2000),
emphasizing the need for attention not only to
ecological, environmental, and economic, but
also to social and managerial dimensions.

3.5.1. Public Participation

Public participation or “ownership” by the
general public of AW programmes is crucial
for their success. Yet often such support is
weak, and special public information efforts
are needed to convince the stakeholders of the
wider benefits. Mumford (2000) summarizes
this aspect well:

The main area in which problems lie with area-
wide pest control appears to be in the mecha-
nisms for public participation. Reports over
many years cite technical, economic and envi-
ronmental success with the concept, but there is
still indifference, reluctance and antagonism.

... these attitudes may be the result of a lack of
opportunity for involvement and ownerships of
programmes, which may be seen as being
imposed from above/outside, managed by tech-
nocrats or otherwise not arising from or meeting
the needs of the people directly concerned. None
of these issues should be insurmountable, but it
is worth noting that area-wide pest management
is an activity in which social participation and
attention to the ‘“reasonable person” is as
important as technical proficiency.

Outrage factors pose a great threat to AW
programmes. Once a large segment of the
public has become outraged, it is almost
impossible to lead them back to an attitude of
trust and support (Sandman 1987). People in
significant numbers have expressed outrage
against AW programmes conducted for the
benefit of agriculture or public health in urban
settings, and such instances are likely to
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increase because of the recent surge in fre-
quency of establishment of invasive alien
pests near international airports, seaports and
elsewhere in metropolitan areas. Protesters in
urban communities fearful of mandatory pes-
ticide applications attempted to halt the cam-
paigns to eradicate the Mediterranean fruit fly
Ceratitis capitata (Wiedemann) in the Los
Angeles Basin by the State of California and
the United States Department of Agriculture
(USDA) during the 1980s (Lorraine and
Chambers 1989). During the recent campaign
to eradicate citrus canker from Florida (1995-
2006), protesters in urban communities in
south-eastern Florida, outraged by the entry of
inspectors and workers into backyards of
homes without search warrants and the
destruction of apparently healthy citrus trees,
delayed programme implementation from
2001 to 2004 by challenging its legality in
court. In 2004 three hurricanes spread the
canker bacterium from infected trees left
untouched during the three-year litigation so
widely that the programme was judged to be
not feasible, and it was terminated in 2006
after the expenditure of ca USD 875 million
(Bouffard 2006). In India a WHO programme
to eradicate Aedes aegypti (L.), the vector of
yellow fever and dengue, was terminated dur-
ing the 1970s because journalists incited irra-
tional fear of the sterilized male mosquitoes
(Nature 1975). Clearly potential outrage fac-
tors need to be identified during the planning
stages of AW programmes, and a well funded
public information programme must be
launched at the outset of each programme.
Public information specialists must be trained
to be up front, open and honest about all
issues which may be perceived negatively
especially by urban stakeholders.

3.5.2. Public Good

Public health, a clean environment, ecosystem
services, roads, public education, a whole-
some food supply, etc., have all been labelled
as public goods (Johnson 2005). The applica-
tion of IPM in agriculture and human health
gives rise to positive externalities for the com-
mon or public good, resulting in benefits such
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as reduced risks to humans and the environ-
ment. In contrast a negative externality arises
when a farmer, through injudicious pesticide
use, pollutes the environment and harms his
neighbours. In the case of mobile pests, dam-
age is a function of the total pest population in
the entire area. Pest control by any farmer
results, therefore, in pest suppression and less
damage for the neighbours as well, although
only the one farmer incurs the cost of the con-
trol. This spill-over benefit for the other farm-
ers in the vicinity is a positive externality,
which unfortunately encourages free riders
and is often not conducive for a collaborative
programme against the pest within a commu-
nity or at larger scales (Yu and Leung 2006).

3.5.3. Free Riders

Free riders are individuals choosing to benefit
from a public good or a positive externality
without contributing to the costs of producing
the benefits (Johnson 2005), and they repre-
sent a problem for IPM implementation
against mobile pests. Farmer associations or
“community [PM”, effectively promoted by
FAO through IPM farmer field schools in
developing countries (van den Berg 2004),
can help address this problem. Actually com-
munity IPM is more than pest management
and offers an entry point to improve the farm-
ing system as a whole, developing the
enhanced management skills necessary for
sustainable environment-friendly agricultural
and rural development (Dilts 2001).
Nevertheless, the cultural and socio-economic
background of stakeholders significantly
affects the collaboration rate in community-
based projects (Smith et al. 2006, Stonehouse
et al. 2007).

Non-collaborators represent a major weak-
ness when operating programmes at a larger
scale (for example regional public health vac-
cination campaigns, or global rinderpest or
polio eradication). A few free riders or
“refuseniks” can negate many positive
impacts of AW programmes. Since externali-
ties may affect a large number of stakeholders,
obtaining full participation and dealing with
sceptical, negligent, or even antagonistic third
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parties is an unavoidable and difficult chal-
lenge. In addition, merely because a good is
said to be public, such as an unpolluted or dis-
ease-free environment, does not automatically
imply that all people value it equally.
Nevertheless, often a public good cannot be
provided, or provided to an adequate extent,
without strong support for a mechanism of
collective action.

3.5.4. Subsidies, Government Provision, and
Legal Authority

State subsidies, or complete government pro-
vision, and/or regulation or even legal author-
ity for enforcement by authorities can at least
partially overcome this type of market failure.
All of these solutions represent an “involun-
tary” provision through taxation to partially or
fully fund the public good. With benefits at
least as large for society as for growers and
other IPM practitioners who carry the finan-
cial burden of implementation, a strong case
has been made for financial incentives as a
stimulus to entice more participation and
expansion of IPM adoption (Brewer et al.
2004). Since benefits to society of AW inter-
ventions tend to be unusually large, the alloca-
tion of public funds to many of such pro-
grammes in public health and agriculture
appears to be strongly justified, and indeed,
many AW pest control programmes are par-
tially funded by the state (Bassi et al., this vol-
ume). The establishment and enforcement of
legal rules by authority (Klassen 2000), for
example, the removal of mosquito breeding
sites, the implementation of quarantines, or
the removal of wild hosts in the surroundings
of crops (Kovaleski and Mumford, this vol-
ume) is greatly facilitated by establishing such
“official” AW pest management activities.

3.6. Linking Area-Wide Approaches with
IPM (AW-IPM)

The concept of AW pest control, developed by
USDA under the direction of E. F. Knipling,
has been closely identified with the pro-
gramme to eradicate the New World screw-
worm Cochliomyia hominivorax (Coquerel),
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which started in Florida in 1957 and reached
Panama in 2001 (Klassen and Curtis 2005).
During these same decades many academic
institutions developed and promoted the IPM
paradigm. For several decades IPM and AW
pest control were seen as competing para-
digms with different objectives and approach-
es (Perkins 1982), and each competing against
the other with its own core organizational
base, i.e., state universities (IPM) versus fed-
eral research and regulatory agencies (AW).

3.6.1. Suppression versus Eradication

While under IPM suppression, pests can be
tolerated at certain levels as part of healthy
agroecosystems in which all components have
a functioning role, IPM practitioners per-
ceived AW pest control as targeting only erad-
ication, an end point to which some had strong
philosophical objections. Practitioners of AW
control were accused of only wanting to erad-
icate pest populations based entirely on the
initial promise of synthetic insecticides and
that they were unwilling to manage and other-
wise learn to live with pests. However in real-
ity, Knipling (1966, 1969, 1972) had early on
included suppression in AW control of key
pests, although the possibility of eradication
of selected populations of major pest species,
if practical and economically and environ-
mentally advantageous, was preferable
(Kogan 1998). For example, since about 1960
Knipling worked toward the eradication of
boll weevil Anthonomus grandis Boheman in
the USA, but in this he was effectively
opposed for decades by IPM practitioners.
Eradication of this key invasive pest on cot-
ton, which was finally initiated in the 1980s
and is now nearing completion (El-Lissy and
Grefenstette, this volume), was foreseen to
significantly and permanently reduce insecti-
cide use and provide major environmental and
economic benefits. It was also foreseen that
removal of the pest would cause much cotton
production to shift from the central part of the
cotton belt to the south-eastern USA, where in
the absence of this pest cotton production is
the most profitable. Currently none of the sev-
eral ongoing AW control programmes are
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intended to eradicate the target plant pest or
pest complex; instead they are designed to
manage selected pests across an expansive
geographic landscape (Pedgley 1993, Coop et
al. 2000, Hendrichs et al. 2005, Sexson and
Wyman 2005, Carriére et al. 2006, Abeku
2007).

In recent years organizations concerned
with the preservation of biodiversity and con-
servation of natural ecosystems have become
alarmed that their investments in conservation
are at serious risk of being undone by invasive
alien species (Sklad et al. 2003). Moreover,
conservation scientists have found eradication
to be essential for the restoration of certain
natural ecosystems badly damaged by inva-
sive species, and attitudes toward eradication
are being revisited (Myers et al. 2000, Clout
and Veitch 2002, Simberloff 2002, Pérez
Sandi Cuen and Zimmermann 2005).

3.6.2. Area-Wide Integration

While the integration of compatible control
tactics was seen as the cornerstone of the [IPM
concept, adherents of the IPM school did not
perceive such integration to be integral to AW
pest control systems, even though most AW
suppression or eradication campaigns
employed simultaneously several control tac-
tics to achieve their goal. However, the inte-
gration of all available weapons is a funda-
mental requirement for the success of both
field-by-field and AW-IPM. For example the
New World screwworm eradication pro-
gramme relied not only on the release of ster-
ile insects, but integrated their use into a sys-
tem including quarantines to prevent spread
and reinvasion, closely scheduled examina-
tion of all livestock, collection and identifica-
tion of specimens from wounds, diligent treat-
ment of all wounds, navels and other sites of
oviposition of the parasite, scheduling of cul-
tural practices related to livestock manage-
ment such as branding, castration and dehorn-
ing only when the parasite was least prevalent,
and extensive public information activities to
obtain transparency and secure the collabora-
tion of all stakeholders. Clearly, the New
World screwworm eradication programme
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targeted both the adult and immature stages of
the parasite. Indeed Knipling (1979) proposed
integrating control tactics that address imma-
ture stages (for example natural enemies) with
those that target the adult stage (sterile insects,
mating disruption), or those that are very
effective against high population densities
(use of bio-pesticides and baits) with those
that are effective against low population den-
sities (mating disruption systems, sterile
insects, parasitoids, etc.).

3.6.3. Top-Down Approach

While for IPM a bottom-up approach at the
farmer and community level was the opera-
tional mode, AW control was seen as needing
a top-down approach, centrally managed by
an organization, and with a mandatory com-
ponent to insure full participation of stake-
holders within a region. Even though AW pro-
grammes are usually, but not always, central-
ly managed, they cannot afford to ignore the
concerns of farmers and communities. Indeed
AW programmes cannot succeed unless they
secure the active enthusiastic participation of
all stakeholders, especially that of farmers and
rural communities to achieve their goals. And
where such a programme involves urban com-
munities, it is even more important to assure
that the urban people understand the impor-
tance of the programme and are willing to tol-
erate and contribute to its costs.

While not all AW-IPM programmes
include mandatory components to insure
stakeholder participation, a regulatory frame-
work undoubtedly facilitates programme
effectiveness. Some regulations established
by regulatory authorities with stakeholder
input are critical to success of certain AW pro-
grammes. These may include mandatory crop
destruction by a certain date to prevent over-
wintering of the pest, mandatory seeding or
planting dates to provide for suicidal emer-
gence of the pest, access to private property
by inspectors, etc. Since such regulations may
be difficult to enforce, it is important that at
the outset a referendum is held to determine if
at least two-thirds of the stakeholders would
willingly comply. On the other hand special
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regulations are not needed to assure the suc-
cess of many AW programmes, and in such
instances it would be most unwise to impose
them.

3.6.4. What is Area-Wide?

The term area-wide, coined for total popula-
tion management is widely entrenched, even
though it can be misleading (and has been at
least partially responsible for misunderstand-
ing the concept), since the concept deals pri-
marily with a total population in a delimited
area, the influence of migration/dispersal on
its dynamics, and its ecological relationships
within its ecosystem. Including the distribu-
tion of the pest population in space and avail-
ability in time appears to be the logical next
step in the ongoing evolution of IPM from
originally managing a single pest in a field, to
multiple pests in a field, to a larger scale that
includes multiple fields and multiple crops.
Actually large geographic areas are not a pre-
requisite for the AW approach, because
addressing pest populations within a closed
greenhouse, for example, also involves man-
aging them at the population level, where their
temporal dynamics and spatial distribution are
known (Casey et al. 2007).

3.6.5. Merging of IPM and AW Control

Over time, as described above, the two
schools have gradually converged and the dif-
ferences between them have turned out to be
less critical than originally perceived
(Coppedge 1994, Kogan 1994, 1995, Parry
1995, Kogan 1998, Coop et al. 2000, Tan
2000, Faust 2001, Yu and Leung 2006). AW-
IPM is a very broad and flexible concept and
is increasingly accepted for those situations of
mobile pests where management at a larger
scale is advantageous to maximize the AW,
not necessarily local, efficacy of management
tactics (Cronin et al. 1999). At the same time
grower education, for example through the
FAO-organized IPM farmer field schools, is
also leading to some concerted action to scale
up the IPM movement at the community level
(Dilts 2001, Pontius et al. 2002). Rice farmers
are gradually moving from field-by-field to
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AW-IPM implementation by coordinating at
the village, subdistrict, and in some cases
even district levels (Matteson 2000).

The interaction of AW application of tac-
tics and coordination of activities among
stakeholders is also not straightforward.
While synchronous AW application of control
measures is generally more efficient to pre-
clude pest population refugia (Byers and
Castle 2005), in other situations AW spatial
asynchrony is deliberately adopted over broad
geographic regions. For example, spatial
asynchrony of control measures has a greater
effective suppressive effect on the total pest
population in the rice agroecosystem, because
it favours earlier migration of natural enemies
into the rice fields (Ives and Settle 1997).

3.6.6. Situations Advantageous for Area-Wide
Control

Economics undoubtedly plays a major role in
the initial grower decision to participate in
AW-IPM (Sexson and Wyman 2005), and
deteriorating market conditions may cause the
grower to neglect or even abandon a crop in a
field or an orchard. Farmers who cultivate
crops with a high economic value and low
pest tolerance risk suffer greater losses than
farmers who cultivate crops with a low eco-
nomic value and high pest tolerance (Yu and
Leung 2006). In the latter situation there are
fewer incentives for farmers to cooperate
through an AW approach, whereas in the first
case the economic advantages of participation
are much greater (Stonehouse et al. 2007).
This is particularly so for crops such as veg-
etables and fruit, or for some livestock or
human diseases, where the acceptable thresh-
olds are so low that the presence of even a few
pest or vector individuals often triggers the
need for remedial applications.

Using a mathematical model, Yu and
Leung (2006) derived several favourable and
unfavourable conditions for implementing
AW-IPM. In their view, AW-IPM is more like-
ly to succeed where the number of farmers is
small, and the cultivated crops are similar
(low farm heterogeneity). The stability of the
cooperation among the farmers is enhanced

by short detection times and high discount
rates. The model likewise demonstrates that a
one-off suppression of the pest under the lead-
ership of a third party facilitates the coopera-
tion of heterogeneous groups of farmers in
AW-IPM.

4. Area-Wide Control of Insect
Pests: from Research to Field
Implementation

Operational AW-IPM programmes are com-
plex, long-term and proceed from basic
research, through methods development, fea-
sibility studies, commercialization and regula-
tion, to field pilot studies, which could even-
tually culminate into an operational pro-
gramme. The various components of this
development process are briefly documented
and discussed.

4.1. Basic Research

AW-IPM is a science-based activity and,
hence, relies on knowledge generated in basic
science to provide new tools and technologies.
The link between basic science and AW-IPM
programmes is often seen as tenuous, as much
time and applied research is required to turn a
basic invention into a product for use in a field
programme. One example of this process has
been the basic genetic research conducted
over ten years that culminated in the develop-
ment of genetic sexing strains for the
Mediterranean fruit fly. Genetic sexing has
revolutionized the use of the sterile insect
technique against this pest. Unfortunately this
technology cannot be transferred directly to
other species, although it could be created in
many pest species with somewhat less effort
than was required in the Mediterranean fruit
fly. Moreover, genetic transformation of
insect pests may lead to the development of
generic sexing systems. Many of the proposed
uses of genetic transformation aim to replace
or complement existing technologies, and,
therefore, do not represent completely new
concepts. As such, genetic sexing, insect
marking, and sterilization are all proposed as
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targets for genetic transformation. In a few
pest species all these goals have been
achieved at the laboratory scale, but the larger
challenge of scaling up and validating these
systems at meaningful levels for AW-IPM
programmes remains to be done.

Genetic transformation was first developed
to study gene function in Drosophila
melanogaster Meigen and then roughly ten
years of effort were required to simulate this
accomplishment in the first major pest
species, the Mediterranean fruit fly. Now, it is
possible, through the development of better
vector systems and transformation markers, to
genetically engineer most pest species, includ-
ing several dipteran and lepidopteran pests
(Atkinson, this volume). Lepidoptera have a
different sex determination system than
Diptera and this difference could be exploited
to produce a genetic sexing strain with non-
transgenic males for release (Marec et al., this
volume). The identification of specific chro-
mosome markers (Makee and Tafesh, this vol-
ume) will aid this approach.

Each AW-IPM programme requires a regu-
latory framework tailored to its specific needs.
However none of the currently existing regu-
latory frameworks provides for the deploy-
ment of any genetically transformed product.
This issue was discussed in Rome at a meet-
ing on risk assessment, which provided some
guidance on deploying transgenic arthropods
(IAEA 2006). Currently, the North American
Plant Protection Organization (NAPPO) is
developing a regional standard (RSPM) to
facilitate the importation and confined release
of transgenic arthropods (NAPPO 2007).
Strategies to facilitate the acceptance of
deploying transgenic insects in AW-IPM pro-
grammes are being developed (Handler et al.,
this volume).

Characterization of pest populations to be
targeted by an AW-IPM programme is an
essential first step in mounting an AW-IPM
programme. To this end advances in DNA
analysis are providing increasingly sophisti-
cated tools to assess the genetic variability of
different field populations of a pest species
including the degree of isolation between
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them (Torres et al., this volume). However,
these studies do not provide information on
the presence or absence of behavioural mating
barriers between various field populations or
between released sterile insects and target
populations. The existence of behavioural bar-
riers to mating must be determined through
the conduct of mating compatibility studies;
and these should be conducted under semi-
natural conditions (Cayol et al. 2002, Vera et
al. 2006).

The quality of performance in the field of
insects released in AW-IPM programmes is of
paramount importance. Therefore, great dili-
gence is exercised in the mass-rearing and
handling of predators and parasitoids in aug-
mentative biocontrol programmes and of ster-
ile males released in SIT programmes. Thus it
is important to note that dietary, hormonal,
and semiochemical treatment of sterile males
prior to release (Teal et al., this volume) can
greatly increase their effectiveness. Similar
conclusions were reached with respect to
predators reared for release in augmentative
biocontrol programmes (Thompson 1999).

Likewise, new techniques that allow the
storage of insects for varying lengths of time
and at various stages could be very beneficial
to AW-IPM programmes. Maintenance of cer-
tain strains of the pest insect that have partic-
ular characteristics is labour intensive, expen-
sive and tends to expand as new strains are
developed. Strains also need to be maintained
over long periods of time even though they
may only be used for limited periods. In addi-
tion, storage of insects can alleviate potential
hazards of the rearing process such as strain
deterioration, disease outbreaks, labour
unrest, or mechanical failure. Cryopreser-
vation is considered to be a possible solution,
and recent advances have made this technolo-
gy available for some pest insects such as
transgenic New World screwworm (Leopold,
this volume).

Population suppression in AW-IPM pro-
grammes can be achieved by reducing the
reproductive potential of the target population
using either natural or artificially induced
sterility. Four decades ago, cytoplasmic
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incompatibility was used to demonstrate pop-
ulation suppression in isolated populations of
Culex pipiens L. (Laven 1967), and since then
scientific knowledge about its causative agent
Wolbachia pipientis Hertig has dramatically
increased (Werren 1997). Wolbachia is a bac-
terial symbiont known to be widespread in
many arthropod species, including some pop-
ulations of tsetse, where its presence does not
seem to cause cytoplasmic incompatibility.
Other symbionts play a role in insect fitness
and a better understanding of the symbiont-
host interaction can have important benefits
for mass-rearing and field deployment of ster-
ile insects. Tsetse flies carry obligate sym-
bionts that synthesize essential amino acids
and vitamins that are not present in their diet
of vertebrate blood (Aksoy and Weiss, this
volume), and it may be possible to develop
tsetse strains refractory to the trypanosome
parasite, which would remove a potential
health hazard in a sterile release programme.
For other insect pests, such as the
Mediterranean fruit fly, Wolbachia is natural-
ly absent, but strains have now been artificial-
ly infected to generate cytoplasmic incompat-
ibility (Bourtzis, this volume).

New developments in science and techni-
cal innovations are the lifeblood of evolving
AW-IPM programmes. Technology stagnation
leads to lost opportunities, non-competitive
strategies, lowered programme morale and
funding fatigue. However, scientific and tech-
nological advances need to be adapted and tai-
lored to meet important needs of specific AW-
IPM programmes. It is therefore no coinci-
dence that the most successful AW-IPM pro-
grammes are associated with a distinct but
separate entity responsible for research,
and/or methods development and improve-
ment.

4.2. Modelling and Methods Development

Knowing where pest populations are in time
and space is indispensable information needed
to effectively plan, implement and evaluate
AW-IPM programmes. Mathematical models
and spatial analytical tools (remote sensing
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(RS), GIS and global positioning systems
(GPS)) are increasingly used (FAO/IAEA
2006, Abeku 2007) to provide guidance for
decision making in AW-IPM programmes, for
risk mapping and assessing the potential of
alternative tactics and for identifying syner-
gistic interactions between their components.

Simple, easy to understand mathematical
models were used by E. F. Knipling to demon-
strate the essential theoretical underpinning of
AW pest suppression and management using a
wide range of control tactics (Knipling 1966,
1979). Since then, a number of more sophisti-
cated models have been developed that exam-
ine factors such as residual fertility, competi-
tive ability, mating patterns, immigration, etc.
(Barclay 2005). In AW-IPM programmes
which include the release of insects, optimal
release strategies constitute a key component,
which has serious economic implications and
which often influences success or failure.
Release strategies are influenced by the criti-
cal overflooding ratio, i.e. the number of ster-
ile insects that have to be released to induce a
downward trend in the target population, and
the dispersal potential of the released insects.
New population models that deal with inherit-
ed sterility in Lepidoptera demonstrate the
benefits of releasing sterile insects in as close
proximity as possible to the wild insects, and
if the spatial distribution of the target popula-
tion is not known, many small releases regu-
larly spaced are more likely to achieve the
goals of the programme than large, less fre-
quent and widely spaced releases (Kean et al.,
this volume). Recent one-dimensional random
walk models of the dispersal of West African
riverine tsetse show the importance of habitat
topography on dispersal and the effects of
using either complete or partial release-recap-
ture data sets in the model (Bouyer et al., this
volume).

Many models have been developed to
address the issue of risk. They are well
advanced for several major insect vectors of
disease. Although the first mathematical
“model” describing the role played by an
insect vector in disease epidemiology was
published almost one century ago by Sir
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Ronald Ross (Ross 1911), the use of these
spatial tools has not been widespread, but that
situation is rapidly changing. Although the
quantity and quality of geographical data
input in these spatial models has dramatically
increased, ground-truthing and correlating
entomological data with climatic, biological
and topographical variables is still lacking for
many ecological situations. Models can be
also be used as a forecasting tool to aid farm-
ers in initiating control actions, and these can
be based on climate (e.g. the model for myia-
sis risk in the UK (Wall and Pitts, this vol-
ume)), or on insect density (e.g. AW-IPM in
commercial wheat storage (Flinn et al., this
volume)).

The term autodissemination is used to
describe the release of beneficial organisms
for the additional purpose of carrying other
control agents into a field population.
Electrostatic powders have been developed
which adhere to insect cuticle. These powders
could be used to coat the insect cuticle with
bioactive entities such as pheromones or
microorganisms. Preliminary data indicate
that this mechanism has potential for use in a
“lure-and-kill” strategy against fruit flies, or
for use in mating disruption in Lepidoptera
(autoconfusion). The latter system could be
made more cost-effective by replacing the
sterile male moths by “cheaper” sterile insects
(e.g. sterilized Mediterranean fruit flies) in
those environments where they could survive
(Howse et al., this volume). More detailed and
extensive studies are needed to validate the
potential of this approach.

An independent applied research or meth-
ods development group to solve problems and
fine-tune technologies is an important compo-
nent of operational AW-IPM programmes. For
example, significant progress has been made
in improving the accuracy and quality of
release technologies for sterile Mediterranean
fruit flies in terms of (1) aircraft navigation
based on GPS-guided systems that also con-
trol and monitor fly release rate, climatic con-
ditions, aircraft altitude, speed, track, etc., and
(2) use of cryogenics for chilled adult release
technology in aircraft. These two sets of
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improvements have enhanced both the distri-
bution of the released insects and their quality,
respectively (Tween and Rendén, this vol-
ume).

4.3. Feasibility Studies

The next critical step in the decision-making
process towards the development of an AW-
IPM programme is a feasibility study.
Feasibility studies have components ranging
from the collection of entomological (Vreysen
2005), and other baseline data, benefit/cost
analyses (FAO/IAEA 2007), the consideration
of ways to eliminate or mitigate factors with
outrage-inducing potential, and securing gov-
ernment and other stakeholder commitment to
an assessment of available and required
resources and infrastructure. Limited pilot
field tests to evaluate and validate new tech-
nologies could likewise be included in this
phase as they are small, both in scale and in
cost, and do not have the primary goal of pop-
ulation control.

Often major outbreaks of pest populations
are difficult to combat, as they require timely
detection, rapid mobilization of resources, the
development and implementation of a plan of
action, and the erection of the necessary polit-
ical and regulatory framework in which to
operate. Locust problems in Africa and Asia
exemplify these difficulties, and after cen-
turies of struggle against these plagues, a very
large number of countries over huge areas of
land are still vulnerable to depredation by
locusts. It is recognized that the solution to the
problem lies in a preventive or pro-active
approach where control techniques are
applied to prevent the development of damag-
ing swarms (van Huis, this volume). In spite
of the availability of better bio-pesticides,
more sophisticated forecasting and early
warning systems, focusing only on the reces-
sion areas will be far from easy in view of the
vastness of the regions involved and the lack
of basic infrastructure in many affected coun-
tries. The control of the enormous outbreaks
of forest pests, such as the mountain pine bee-
tle Dendroctonus ponderosae Hopkins in
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North America, face similar difficulties,
although in this case more resources are avail-
able (Carrol, this volume).

Development of complex integrated
approaches required for multiple pest agro-
ecosystems, such as those in cotton and rice, is
difficult, but much can be achieved by design-
ing or selecting cultural practices that take
crop phenology and the life-history traits of
the pests into account (Zhu et al., this volume,
Mukhitdinov, this volume). Synchronous or
asynchronous planting or harvesting dates,
crop rotation and the use of alternative hosts
can be very effective when applied in a sys-
tematic fashion. In such multipest systems the
conservation of natural enemies is of great
significance (Stewart et al. 2007), while
species-specific control tactics such as mating
disruption or sterile insects may not have a
role.

The elimination of the tsetse fly Glossina
austeni Newstead population from Unguja
Island, Zanzibar, United Republic of
Tanzania, raised expectations for ambitious
tsetse eradication projects in many parts of
mainland Africa. This development has been
encouraged and supported by the African
Union’s Pan  African  Tsetse and
Trypanosomiasis Eradication Campaign
(PATTEC 2000), which has secured substan-
tial financial support of the African
Development Bank. The transition from an
isolated relatively small island to much larger
target areas with different tsetse species,
topographies and socio-economic dimensions
clearly entailed the need for extensive feasi-
bility studies in order to ensure future success.
The two most advanced programmes are
located at the latitudinal limits of the tsetse
distribution in Africa, i.e. KwaZulu-Natal,
South Africa in the south (Kappmeier et al.,
this volume) and the Southern Rift Valley,
Ethiopia in the north (Alemu et al., this vol-
ume). Feasibility studies in both these areas
have indicated the logistical limitations of
conventional community-based tsetse sup-
pression methods for such extensive areas,
such as insecticide-impregnated targets, traps
or the use of insecticides as a pour-on formu-
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lation on livestock. AW suppression using the
sequential aerosol technique (SAT) guided by
a GPS-based navigation system, which has
been applied with great success against the
savannah tsetse species Glossina morsitans
centralis Machado in Botswana (Kigori et al.
2006), will be needed. Although this pro-
gramme indicated no significant negative
long-term effects on biodiversity and non-tar-
get species, the presence of national parks in
target areas will require appropriate environ-
mental impact studies and full and timely con-
sultation with all the relevant stakeholders.

The mosquito vector of malaria Anopheles
arabiensis Patton is complicit in many deaths,
much illness and economic stagnation; and
the feasibility of eradicating or strongly sup-
pressing it at its natural limits along the Nile
in Northern State, Sudan is being assessed
(Malcolm et al., this volume). In this study
extensive larval surveys and other GIS-aided
baseline data are being collected systematical-
ly (Cox, this volume). These data will serve as
the foundation of future population suppres-
sion or eradication campaigns.

Many highly destructive invasive species
are Lepidoptera, which pose a greater threat to
agricultural production worldwide than any
other Order of arthropods. The false codling
moth Thaumatotibia leucotreta (Meyrick) and
the cactus moth Cactoblastis cactorum Berg
have been targeted for extensive feasibility
studies for AW-IPM programmes. The false
codling moth is a major pest of many crops
including citrus, cotton, maize, etc., and it has
acquired resistance to many insecticides. At
present, this dangerous pest is still restricted
to the African continent. The development of
an AW-IPM programme against the false
codling moth in South Africa, that includes
the use of sterile insects, could also be of great
benefit in the event of an outbreak of this
major pest on other continents (Carpenter et
al., this volume). The cactus moth was origi-
nally a textbook example of an effective bio-
logical control agent when it was imported
from its native range in Argentina to control
introduced Opuntia spp. cactus species in
Australia. Subsequently the cactus moth was
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introduced for the same purpose on Nevis in
the Caribbean, and by 1989 it had spread to
neighbouring islands and to southern Florida
(Pérez Sandi Cuen and Zimmermann 2005).
This invasive species quickly dispersed north-
ward in Florida to Alabama and is threatening
south-western USA’s and Mexico’s fragile
ecosystems that are based on the many species
of indigenous cacti (K. Bloem et al., this vol-
ume). The transboundary nature of many
invasive pests requires international co-opera-
tion. Thus a bi-national Mexico-USA pro-
gramme has been initiated to stop the west-
ward spread of the cactus moth (Hernandez et
al., this volume).

The importance of comprehensive baseline
data collection, benefit/cost analyses and
other assessments as part of detailed feasibili-
ty studies cannot be overstated. Such sound
information is essential not only for identify-
ing the most appropriate strategy and technol-
ogy, and for designing the technical aspects of
a programme, but also for fund raising and
obtaining the commitment of all stakeholders.
In some instances large-scale AW-pro-
grammes have suffered because they were
mounted before all the essential information
had been collected (Vreysen et al., this vol-
ume).

4.4. Commercialization and Regulation

Regulation and commercialization of new
technologies and services can be seen as two
sides of the same coin in that commercializa-
tion can only flourish within a strong regula-
tory framework and commercial interests are
sometimes pivotal in the push to develop reg-
ulatory frameworks. Regulatory frameworks
are also instrumental in facilitating interna-
tional trade in agricultural products. Moreover
AW-IPM programmes combined with systems
approaches that mitigate the risk of introduc-
ing exotic pests provide very powerful tools
when incorporated into these frameworks
(Griffin 2000). Safeguarding against invasive
alien species is most effective when pest free
products are shipped from the exporting coun-
try to the port of entry of the importing coun-
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try. The World Trade Organization recognizes
the International Plant Protection Convention
(IPPC) as the international standard setting
body for phytosanitary issues, and an increas-
ing number of IPPC’s International Standards
for Phytosanitary Measures (ISPMs) recog-
nize the power of AW-IPM programmes in
establishing low-prevalence and pest free
areas (Devorshak, this volume). The posthar-
vest use of ionizing radiation as a component
of a systems approach to phytosanitation has
been approved and articulated in ISPM-18
(FAO 2003b). Generic doses of ionizing radi-
ation required to destroy many groups of
insect pest are being developed (Follett, this
volume).

Many components of AW-IPM pro-
grammes are very amenable to commercial-
ization, e.g. pheromones, bio-pesticides,
attractants, aircraft services, traps, field moni-
toring, etc., since all of these technologies and
services are already being provided by com-
mercial firms to various IPM programs. They
can be purchased and applied only when need-
ed by individual farmers, but also by associa-
tions of farmers, organizations or govern-
ments. Living organisms such as parasitoids,
sterile insects and other beneficial organisms
present more of a challenge for commercial-
ization. As in every type of endeavour, com-
mercialization of any new process will
involve the development of a business plan
which takes into account current practices,
protection of intellectual property, markets,
benefit/cost analysis, etc. (Quinlan et al., this
volume). Based on this type of analysis there
is now a thriving industry producing and mar-
keting biological control agents (Evans 2004).
Interestingly, it has proven much more diffi-
cult to privatize sterile insect production even
though there appears to be a substantial mar-
ket. This is related to the sterile insects them-
selves and how they have to be used, and to
questions of competition between public and
private rearing facilities (Bassi et al., this vol-
ume). Historically most mass-rearing facili-
ties in SIT programmes have been govern-
ment funded and government operated, and
this situation still prevails widely. The govern-
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ment-operated mass-rearing programmes, to
some extent, constitute production subsidies
that distort the market and make it very diffi-
cult for the private sector to compete. Despite
all the difficulties, real or imagined, there are
now at least three commercial organizations at
various stages of producing or selling sterile
insects for operational programmes (Barnes,
this volume, Bassi et al., this volume). Quality
assurance will be a key issue in the sustain-
ability of a commercial enterprise selling ster-
ile insects. For fruit flies, a quality control
manual (FAO/IAEA/USDA 2003) is avail-
able, which is currently used by producers and
consumers alike. In order to command respect
for the high quality of their product, some pro-
duction facilities have acquired ISO certifica-
tion (Lopez-Rueda et al. 2004, Caceres et al.
2007).

4.5. Pilot Programmes

Pilot programmes assess the effectiveness of
the different control technologies and of the
overall system on a scale that is relevant to
decision making for any future operational
AW-IPM programme. Pilot programmes also
identify weaknesses in programme manage-
ment, public acceptance, and public education
needs. For example, pilot trials of AW
approaches against pests of annual crops,
which integrated cultural practices, have
proven very effective in identifying weak-
nesses pertaining to the above-mentioned
technical, managerial and social dimensions
(Abel et al., this volume) or for such major
pests as fire ants (Vander Meer et al., this vol-
ume).

Invasive species are an increasing problem
in terms of agriculture, natural ecosystems
and human health. In Europe the introduced
mosquito Aedes albopictus (Skiise), a vector
of dengue and yellow fever, is causing much
concern (Bellini et al., this volume). The red
palm weevil Rhynchophorus ferrugineus
Olivier (Krishnakumar and Maheswari, this
volume), a devastating pest of palm trees, is
spreading at alarming rates in many parts of
the Mediterranean and the Middle East. Initial
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pilot trials have given encouraging indications
of the potential of an AW-IPM approach to
control these two pests in areas with limited
outbreaks. However, in each of these cases,
the control system requires further develop-
ment.

A number of pilot mass-rearing facilities
are being constructed, but these enterprises
are faced with the urgent needs to train staff
and to validate technologies on a larger scale
before investing in industrial-type facilities
(M’Saad-Guerfali et al., this volume).
Multipurpose rearing facilities, which can
simultaneously serve the needs of different
programmes, have long been considered to
have advantages over facilities custom-built
for one species. For some pest species, e.g.
fruit flies, this can be readily accomplished.
For example the fruit fly programme in
Thailand rears and sterilizes Bactrocera cor-
recta Bezzi and Bactrocera dorsalis Hendel in
the same facility (Orankanok et al., this vol-
ume). In Brazil, where mass-rearing of fruit
flies recently began, a facility is planned that
will also rear parasitoids of fruit flies and pos-
sibly a moth species (Malavasi et al., this vol-
ume).

Pilot trials are essentially an upscaling and
refocusing of R and D, using the data made
available from the feasibility studies to
expand activities into field situations. They
are a step of fundamental importance in pro-
gressing carefully towards the establishment
of operational AW-IPM programmes.

4.6. Operational AW-IPM Programmes

The sets of tactics and strategies that have
been fully tested and validated in pilot trials
can be developed into full-scale operational
programmes. However, in contrast to pilot tri-
als, operational programmes leave very little
margin for error in view of the large commit-
ments of resources, their dependence on the
strong support of rural and urban
stakeholders, and their dependence on a help-
ful regulatory and political climate. It will
always be very challenging to modify or to
introduce a major new technology in a suc-
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cessful programme. Therefore, most success-
ful AW-IPM programmes operate without an
integral R and D component; instead they usu-
ally have an associated methods development
programme, which develops and validates
new technical improvements.

As indicated above, AW-IPM programmes
have many facets pertaining to economics and
food security, the environment and sustain-
ability, transboundary and trade problems, and
either population suppression or eradication,
as well as sociological and political compo-
nents (Pimentel, this volume). This philoso-
phy has been effectively marshalled in the
development of AW-IPM for the major pests
of cotton (Henneberry, this volume, Wu, this
volume). This very important fibre crop is
grown on four continents and consumes up to
25% of all insecticides used in agriculture. In
combination with the more traditional pest
control approaches, the development and mar-
keting of Bt-cotton has had a major impact on
the economics of cotton production, on reduc-
ing insecticide use, and on farmers’ ability to
manage the suite of cotton pests. This type of
biotechnological development can greatly
facilitate the adoption of AW-IPM pro-
grammes; but it does require that susceptibili-
ty to the Br-toxin is maintained in the pest
population through the use of refugia planted
either with cotton lacking the Bit-toxin or
another crop that is highly susceptible to the
species of Lepidoptera that attack cotton.

Probably the largest ongoing AW pro-
gramme is the one focused on eradicating the
boll weevil from the USA. This programme,
based on some effective pilot trials in Virginia
and North Carolina, started in 1983 and has
since eradicated this pest from about 5.3 mil-
lion hectares of cotton. This remarkable
achievement is based on the systematic use of
effective monitoring and detection tools
together with relatively few control tech-
niques. The goal, to rid the USA of the pest by
2008, appears achievable, and is resulting in
very significant reductions of insecticide use
on cotton (El-Lissy and Grefenstette, this vol-
ume).

The traditional approach of controlling the
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Formosan subterranean termite Coptotermes
formosanus Shiraki in the French Quarter of
New Orleans aimed to protect individual
buildings by applying highly toxic liquids
around each one, independent of actions to
protect neighbouring structures. This was
highly ineffective as it hardly affected the size
of the termite population in the area. A radical
change in the control strategy was taken in
1998 when the programme adopted an AW-
IPM approach that aimed at termite popula-
tion suppression with the aid of advanced ter-
mite detection technologies and the use of
other termite suppression technologies (Lax et
al., this volume). The application of termite
suppression control tactics on a population
level, rather than focusing on the protection of
individual buildings, has drastically increased
the effectiveness of termite control (Smith et
al. 2006).

Although lepidopteran pests are among the
most destructive pests of agriculture, few AW-
IPM programmes have been mounted against
them. The overwhelming majority of lepi-
dopteran pests are still controlled on a field-
by-field basis. One of the exceptions is the
programme against the codling moth Cydia
pomonella (L.) in British Columbia, Canada.
There, the coding moth is being effectively
managed with an AW programme, which has
integrated the release of sterile moths with
insecticide applications, sanitation procedures
and mating disruption in certain areas.
Originally this programme was designed to
eradicate the codling moth from the fruit pro-
ducing interior valleys of British Columbia,
but in the absence of the political will needed
to establish quarantines to maintain a pest free
area, and coupled with excellent success in
eliminating almost all damage from the pest,
the goal of the programme has been changed
to on-going population suppression (Bloem et
al., this volume). In spite of internal political
and funding problems, the programme is a
major success and is supported strongly by the
growers and the local urban communities. A
number of other successful AW codling moth
programmes are mainly based on the use of
mating disruption (Coop et al. 2000). Another
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programme in Brazil targets the eradication of
isolated populations of codling moth in four
urban settings in the southern part of the coun-
try (Kovaleski and Mumford, this volume).
Other operational AW-IPM programmes
against lepidopteran pests include the success-
ful elimination of the invasive Australian
painted apple moth 7eia anartoides Walker in
New Zealand (Suckling et al., this volume),
and the effective prevention of establishment
of the pink bollworm Pectinophora gossypiel-
la (Saunders) migrants in the non-infested
cotton-producing central valley of California,
after this invasive pest had become estab-
lished in the early 1960s in northwestern
Mexico and southern California (Henneberry,
this volume).

Ongoing operational AW-IPM pro-
grammes reflect the emphasis given to the
total population suppression approach in the
different geographical areas of the world. The
Americas have actively embraced AW-IPM
largely to facilitate expansion of agricultural
trade. This applies especially to fruit fly pests.
The success of these programmes has not
been due only to the efficiency of the tech-
nologies used, but, also, to effective manage-
ment structures and aggressive support by
producers, exporters, and regulatory and polit-
ical authorities, who are convinced of the
value of the AW approach. This is attested by
the many operational AW-IPM programmes
against fruit fly pests in Central America and
Mexico (Reyes et al., this volume, Montoya et
al., this volume), South America (Gonzalez
and Troncoso, this volume, Guillén and
Sanchez, this volume), the USA (Mau et al.,
this volume) and Australia (Jessup et al., this
volume). Most of these programmes, only
some of which integrate sterile insects, are
long established, and have brought great ben-
efits to the agricultural community. They are
sustainable, expanding and technically inno-
vative. In contrast, and with some recent
exceptions, such as the citrus industry in
southern Spain, Europe has not shown much
enthusiasm to adopt the AW approach despite
Europe’s pressing need to improve the protec-
tion of its environment and to make its agri-
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culture more competitive.

Success in an AW programme, however,
cannot be taken for granted. For example the
eradication programme for the tropical bont
tick Amblyomma variegatum F., vector of
heartwater fever and the cause of der-
matophilus, in the Caribbean (Pegram et al.,
this volume) has not proceeded according to
plan. Started in 1994, the programme relied on
a strategy of using periodically scheduled
pour-on acaricide applications by the farmers,
coupled with an intensive public relations
campaign. Initially the programme was suc-
cessful and the parasite was removed rapidly
from Puerto Rico, where cattle are managed in
fenced pastures. It proceeded more slowly on
most other islands, since a majority of the
livestock owners are landless, and they attend
to their free-roaming animals only when time
permits. Nevertheless, various islands were
certified provisionally tick free by 2003, but
some of them have been re-infested and the
tick has continued spreading to additional
islands. The setbacks in the programme seem
related to the inability to diligently treat free-
roaming unmanaged livestock on a fixed
schedule, funding shortfalls and unwilling-
ness of donors to delegate management of
funds to the programme, the arrival in the
Caribbean region of the cattle egret Bubulcus
ibis L. which can carry the tick on flights
between islands, etc. It is possible that in the
future the programme may change its focus
from eradication to suppression, and that the
tropical bont tick will continue to spread with-
in the greater Caribbean region and to the
Americas.

Most operational AW-IPM programmes,
especially those integrating the release of
insects, are complex and management inten-
sive. Success depends on continuous and pos-
itive interactions between all essential stake-
holders. Aside from a series of managerial
prerequisites, a number of technical require-
ments need to be in place before success can
be obtained. A common denominator of all
successful AW-IPM programmes, irrespective
of the combination of tactics used, or the
degree of centralized coordination, is an effec-
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tive management structure together with part-
nerships appropriate to the geographic scale
and transboundary nature of the target pest
populations. Vreysen et al. (this volume) pro-
vide a realistic overview of the constraints,
misconceptions, pitfalls and opportunities
associated with AW-IPM programmes; and
this chapter is highly recommended reading
for political leaders, managers and institutions
contemplating AW-IPM programmes.

5. Conclusions

Interest in AW-IPM programmes and the num-
ber implemented have grown substantially in
the last ten or 15 years, yet they are still the
exception rather than the rule in the many cir-
cumstances where they would be appropriate
and highly advantageous. However, social,
political, and economic factors must come
together with science before an AW suppres-
sion or eradication programme can be devel-
oped and implemented (Faust 2001).
Furthermore, the arduous journey from
research results to feasibility studies, to pilot
testing, to eventual successful field operations
requires close collaboration between
researchers, extension specialists, community
leaders, and the agriculture, natural resources
and public health communities.

Technical challenges include (1) determin-
ing the key insect pest species, (2) defining
the geographic areas, (3) obtaining the exten-
sive biological and ecological baseline data
needed to understand the target pest popula-
tion dynamics, ecological relationships and
distributions in space and in time, (4) deter-
mining gene flow between reproducing pest
individuals in the target population and neigh-
bouring populations, (5) developing and inte-
grating appropriate and compatible control
tactics (Thomas 1999), (6) ensuring that they
are applicable for AW use (some tools that are
effective at the local level, for example mass-
trapping, become logistically impractical at a
larger scale), and (7) developing strategies for
effective implementation (modified after
Lindquist 2001).

Managerial challenges include (1) obtain-
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ing the commitment of all private and public
stakeholders to support, participate in and
finance the AW programme, (2) carrying out
appropriate feasibility studies, (3) identifying
factors likely to induce outrage and ways of
mitigating them, (4) developing a profession-
al business plan for the programme, (5) estab-
lishing an effective and dedicated organiza-
tion with full time staff to coordinate and
implement the programme, (6) implementing
a training programme; (7) establishing com-
munication mechanisms among all rural and
urban stakeholders, (8) establishing a system
of programme evaluation, and (9) obtaining
research support for the programme (modified
after Lindquist 2001).

The future prospects for AW-IPM are
encouraging, although this approach may not
be applicable to all mobile pests or to all agri-
cultural or human health situations. AW-IPM
tends to be best suited for crops of high eco-
nomic value, for some key livestock pests,
and major human disease vectors. AW-IPM
tends to be most easily implemented in rural
arecas where the number of farmers is small,
the agroecological heterogeneity is low, and
where the management of few mobile key
pests at larger scales is more effective and
shows clear advantages over the uncoordinat-
ed field-by-field approach. However much
thought and political support needs to be
given to combating invasive alien pests of
agriculture in urban settings, where they tend
to establish initially as a consequence of trade,
tourism and smuggling (FAO 2005). It is
absolutely essential to proactively win, and
then retain, the goodwill of urban dwellers
who will be directly affected by programme
operations.

Economics plays a major role in grower
decisions to participate in AW-IPM pro-
grammes. The potential for economic growth
can motivate growers and communities to
become educated in the AW approach. Such
local leaders may take concerted action to
achieve coordination of pest control actions at
the village, subdistrict, and district levels, and,
thereby, scale up IPM from independent field-
by-field efforts to AW implementation.
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Therefore, adoption of an AW approach can
be a gradual process, a continuum starting at
the field and community levels, and if social,
political, and economic factors are favourable,
eventually moving to larger geographical
scales. Increasingly, the goal of AW-IPM pro-
grammes is pest population suppression with
eradication held in abeyance for very special
situations related to facilitate international
trade, or to eliminate populations of major dis-
ease vectors, or recent introductions of very
destructive invasive pests. Eradication is the
strategy of choice, provided it is achievable
and decisively advantageous environmentally
and economically (Fraser et al. 2005).

6. References

Abeku, T. A. 2007. Response to malaria epi-
demics in Africa. Emerging infectious dis-
eases (serial on the Internet) May 2007.
http://www.cdc.gov/EID/content/13/5/681.
htm

Alexandratos, N. 1999. World food and agri-
culture: outlook for the medium and longer
term. Proceedings of the National Academy
of Sciences USA 96: 5908-5914.

Bajwa, W. 1., and M. Kogan. 1996.
Compendium of IPM definitions (electronic
database). Integrated Plant Protection Center,
Corvallis, Oregon, USA. http://www.ippc.
orst.edu/IPMdefinitions

Barclay, H. J. 2005. Mathematical models for
the use of sterile insects, pp. 147-174. In
Dyck, V. A., J. Hendrichs, and A. S.
Robinson (eds.), Sterile insect technique.
Principles and practice in area-wide integrat-
ed pest management. Springer, Dordrecht,
The Netherlands.

Barfield, C. S., and M. E. Swisher. 1994.
Integrated pest management: ready for
export? Historical context and international-
ization of IPM. Food Reviews International
10: 215-267.

Bartlett, A. 2005. Farmer field schools to pro-
mote integrated pest management in Asia: the
FAO experience. Case study presented to the
workshop on scaling up case studies in agri-
culture, International Rice Research Institute,

27

16-18 August 2005, Bangkok, Thailand.
http://www.communityipm.org/docs/Bartlett
-FFS Case for IRRI workshop 2005.pdf

Bautista, R. M., and A. Valdés (eds.). 1993.
The bias against agriculture: trade and
macroeconomic policies in developing coun-
tries. ICS Press for International Center for
Economic Growth and International Food
Policy Research Institute, San Francisco,
California, USA.

Benbrook, C. M., E. Groth III, J. M.
Halloran, M. K. Hansen, and S.
Marquardt. 1996. Pest management at the
crossroads. Consumers Union of the United
States, Inc., Yonkers, New York, USA.

Borlaug, N. E. 1997. Feeding a world of 10 bil-
lion: the miracle ahead. Lecture 315t May
1997. The Norman Borlaug Institute for
Training and Research in Plant Science.
http://www.nbipsr.org/nb_lect.html

Bottrell, D. G. 1979. Integrated pest manage-
ment. Council on Environmental Quality, US
Government Printing Office, Washington,
DC., USA.

Bouffard, K. 2006. Canker eradication era
ends. The Ledger, 6 October 2006, Florida,
USA. www.theledger.com

Brader, L. 1979. Integrated pest control in the
developing world. Annual Review of
Entomology 24: 225-254.

Braun, J. von, R. F. Hopkins, D. Puetz, and R.
Pandya-Lorch. 1993. Aid to agriculture:
reversing the decline. Food policy report.
International Food Policy Research Institute,
Washington, DC., USA.

Brewer, M. J., and N. C. Elliott. 2004.
Biological control of cereal aphids in North
America and mediating effects of host plant
and habitat manipulations. Annual Review of
Entomology 49: 219-242.

Brewer, M. J., R. J. Hoard, J. N. Landis, and
L. E. Elworth. 2004. The case and oppor-
tunity for public-supported financial incen-
tives to implement integrated pest manage-
ment. Journal of Economic Entomology 97:
1782-1789.

Byers, J. A, and S. J. Castle. 2005. Areawide
models comparing synchronous versus asyn-
chronous treatments for control of dispersing



28

insect pests. Journal of Economic
Entomology 98: 1763-1773.

Caceres, C., D. McInnis, T. Shelly, E. Jang, A.
Robinson, and J. Hendrichs. 2007.
Quality management systems for fruit fly
(Diptera: Tephritidae) sterile insect tech-
nique. Florida Entomologist 90: 1-9.

Carriére, Y., T. J. Dennehy, B. Pedersen, S.
Haller, C. Ellers-Kirk, L. Antilla, Y. Liu, E.
Willot, and B. Tabashnik. 2001. Large-
scale management of insect resistance to
transgenic cotton in Arizona: can transgenic
insecticidal crops be sustained? Journal of
Economic Entomology 94: 315-325.

Carriére, Y., P. C. Ellsworth, P. Dutileul, C.
Ellers-Kirk, V. Barklay, and L. Antilla.
2006. A GIS-based approach for area-wide
pest management: the scales of Lygus hespe-
rus movements to cotton from alfalfa, weeds,
and cotton. Entomologia Experimentalis et
Applicata 118: 203-210.

Carson, R. 1962. Silent spring. Houghton
Mifflin Company, Boston, USA.

Casey, C., J. Newman, K. Robb, S. Tjosvold,
J. D. MacDonald, and M. Parella. 2007.
IPM program successful in California green-
house cut roses. California Agriculture 61:
71-78.

Cayol, J. P, P. Coronado, and M. Taher.
2002. Sexual compatibility in medfly
(Diptera: Tephritidae) from different origins.
Florida Entomologist 85: 51-57.

Clout, M. N., and C. R. Veitch. 2002. Turning
the tide of biological invasion: the potential
for eradicating invasive species, pp. 1-3. In
Veitch, C. R., and M. N. Clout (eds.),
Proceedings: International Conference on
Eradication of Island Invasives. Occasional
Paper of the IUCN Species Survival
Commission No. 27. School of Geography
and Environmental Science, University of
Auckland (Tamaki Campus), Auckland, New
Zealand.

Coop, L., M. Kogan, and W. Bajwa. 2000.
Area-wide programme for suppression of
codling moth: summary of the effect of 5
years of control. Extending the principles and
lessons learned outside the project and to
other commodities, pp. 176-183. In

J. HENDRICHS ET AL.

Proceedings: 95" Annual Meeting of the
Washington State Horticultural Association,
8-10 December 2000, Wenatchee, WA.,
USA.

Coppedge, J. R. 1994. Forum: IPPM - inte-
grating the best of current knowledge, pp. 2.
In Agricultural Research, July 1994. USDA,
Washington, DC., USA.

Cronin, J. T., P. Turchin, J. L. Hayes, and C.
A. Steiner. 1999. Area-wide efficacy of a
localized forest pest management practice.
Environmental Entomology 28: 496-504.

DeBach, P., and D. Rosen. 1991. Biological
control by natural enemies, 2nd edition.
Cambridge University Press, Cambridge,
UK.

Delgado, C., M. Rosegrant, H. Steinfeld, S.
Ehui, and C. Courbois. 1999. Livestock to
2020, the next food revolution. Food, agri-
culture and the environment discussion paper
28. International Food Policy Research
Institute, Washington, DC., USA.

Dilts, R. 2001. From farmers’ field schools to
community IPM. Scaling up the IPM move-
ment. Leisa Magazine, October 2001: 18-21.

Ehler, L. E., and D. G. Bottrell. 2000. The del-
icate balance: environment, economics,
development. The illusion of integrated pest
management. Issues in Science and
Technology, Spring 2000: 1-6.

Ekbom, B., M. E. Irwin, and Y. Roberts
(eds.). 2000. Interchanges of insects
between agricultural and surrounding land-
scapes. Kluwer Academic Publishers,
Dordrecht, The Netherlands.

Evans, J. 2004. Biopesticide, biocontrol and
semiochemical markets. DS246 Agrow
Reports. PJB Publications Ltd., Surrey, UK.

(FAO) Food and Agriculture Organization of
the United Nations. 1966. Proceedings of
the FAO Symposium on Integrated Pest
Control, 11-15 October 1965, FAO, Rome,
Italy. Part 1, 2, and Part 3. FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 1975. Pest control
problems (preharvest) causing major losses
in world food supplies. AGP, Pest/PH75/
B31, FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of



AREA-WIDE INTEGRATED PEST MANAGEMENT

the United Nations. 1996. Food, agricul-
ture and food security: developments since
the World Food Conference and prospects.
Technical background document no. 1 for the
World Food Summit. FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 2001. Economic
impacts of transboundary plant pests and ani-
mal diseases. Part III — The state of food and
agriculture 2001. FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 2003a. International
code of conduct on the distribution and use of
pesticides (revised version). FAO, Rome,
Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 2003b. International
standards for phytosanitary measures.
Guidelines for the use of irradiation as a phy-
tosanitary measure, Publication No. 18.
Secretariat of the International Plant
Protection Convention, FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 2005. Identification of
risks and management of invasive alien
species using the IPPC framework.
Proceedings: Workshop 22-26 September
2003, Braunschweig, Germany. Secretariat
of the International Plant Protection
Convention, FAO, Rome, Italy.

(FAO) Food and Agriculture Organization of
the United Nations. 2006. The state of food
insecurity in the world 2006. FAO, Rome,
Italy.

(FAO/TAEA) Food and Agriculture
Organization of the United Nations/
International Atomic Energy Agency.
2006. Using GPS instruments and GIS tech-
niques in data management for insect pest
control programmes. Tutorial CD. IAEA,
Vienna, Austria.

(FAO/TIAEA) Food and Agriculture
Organization of the United Nations/
International Atomic Energy Agency.
2007. Cost-benefit analysis model: a tool for
area-wide fruit fly management. Interactive
CD. IAEA, Vienna, Austria.

(FAO/IAEA/USDA) Food and Agriculture
Organization of the United Nations/

29

International Atomic Energy Agency/
United States Department of Agriculture.
2003. FAO/TAEA/USDA manual for prod-
uct quality control and shipping procedures
for sterile mass-reared tephritid fruit flies.
Version 5.0. IAEA, Vienna, Austria.
http://www.iaea.org/programmes/nafa/d4/in
dex.html

Faust, R. 2001. Forum on invasive species and
area-wide pest management: what we have
learned, pp. 2. In Agricultural Research,
November 2001. USDA, Washington, DC.,
USA.

Fraser, R. W,, D. C. Cook, J. D. Mumford, A.
Wilby, and J. K. Waage. 2005. Managing
outbreaks of invasive species: eradication vs.
suppression. International Journal of Pest
Management 52: 261-268.

Griffin, R. L. 2000. Trade issues and area-wide
pest management, pp. 49-53. In Tan, K. H.
(ed.), Proceedings: Area-Wide Control of
Fruit Flies and Other Insect Pests.
International Conference on Area-Wide
Control of Insect Pests, and the 5th
International Symposium on Fruit Flies of
Economic Importance, 28 May-5 June 1998,
Penang, Malaysia. Penerbit Universiti Sains
Malaysia, Pulau Pinang, Malaysia.

Hendrichs, J., M. J. B. Vreysen, W. R.
Enkerlin, and J. P. Cayol. 2005. Strategic
options in using sterile insects for area-wide
integrated pest management, pp. 563-600. In
Dyck, V. A., J. Hendrichs, and A. S.
Robinson (eds.), Sterile insect technique.
Principles and practice in area-wide integrat-
ed pest management. Springer, Dordrecht,
The Netherlands.

(IAEA) International Atomic Energy Agency.
2006. Status and risk assessment of the use
of transgenic arthropods in plant protection.
Joint FAO/IAEA Programme of Nuclear
Techniques in Food and Agriculture. IAEA-
TECDOC-1483, IAEA, Vienna, Austria.

Ives, A. R, and W. H. Settle. 1997.
Metapopulation dynamics and pest control in
agricultural systems. American Naturalist
149: 220-246.

Johnson, P. M. 2005. A glossary of political
economy terms. Department of Political



30

Science, Auburn University, Auburn, AL.,
USA. http://www.auburn.edu/~johnspm/
gloss

Kigori, P. M., S. Modod, and S. J. Torr. 2006.
The use of aerial spraying to eliminate tsetse
from the Okavango Delta of Botswana. Acta
Tropica 99: 184-199.

Klassen, W. 1989. Eradication of introduced
arthropod pests: theory and historical prac-
tice. Miscellaneous Publications of the
Entomological Society of America. Number
73. Lanham, Maryland, USA.

Klassen, W. 2000. Area-wide approaches to
insect pest management: history and lessons,
pp. 21-38. In Tan, K. H. (ed.), Proceedings:
Area-Wide Control of Fruit Flies and Other
Insect Pests. International Conference on
Area-Wide Control of Insect Pests, and the
5th International Symposium on Fruit Flies of
Economic Importance, 28 May-5 June 1998,
Penang, Malaysia. Penerbit Universiti Sains
Malaysia, Pulau Pinang, Malaysia.

Klassen, W. 2005. Area-wide integrated pest
management and the sterile insect technique,
pp. 39-68. In Dyck, V. A., J. Hendrichs, and
A. S. Robinson (eds.), Sterile insect tech-
nique. Principles and practice in area-wide
integrated pest management. Springer,
Dordrecht, The Netherlands.

Klassen, W., and C. F. Curtis. 2005. History
of the sterile insect technique, pp. 3-36. In
Dyck, V. A., J. Hendrichs, and A. S.
Robinson (eds.), Sterile insect technique.
Principles and practice in area-wide integrat-
ed pest management. Springer, Dordrecht,
The Netherlands.

Knipling, E. F. 1960. Use of insects for their
own destruction. Journal of Economic
Entomology 55: 782-786.

Knipling, E. F. 1966. Some basic principles in
insect population suppression. Bulletin of the
Entomological Society of America 12: 7-15.

Knipling, E. F. 1969. Concept and value of
eradication or continuous suppression of
insect populations, pp. 19-32. In
Proceedings: Sterile Male Technique for
Eradication or Control of Harmful Insects.
Proceedings of a Panel on Application of the
Sterile Male Technique for the Eradication or

J. HENDRICHS ET AL.

Control of Harmful Species of Insects. Joint
FAO/IAEA Division, 27-31 May 1968,
Vienna, Austria. IAEA, Vienna, Austria.

Knipling, E. F. 1972. Entomology and the
management of man’s environment. Journal
of the Australian Entomological Society 11:
153-167.

Khnipling, E. F. 1979. The basic principles of
insect population suppression and manage-
ment. Agriculture Handbook Number 512.
SEA, USDA, Washington, DC., USA.

Knipling, E. F. 1992. Brief'talk on the occasion
of receiving the World Food Prize on 12
October 1992 at Des Moines, Iowa, USA.
Unpublished document.

Kogan, M. (ed.). 1994. Arcawide management
of the codling moth: implementation of a
comprehensive IPM program for pome fruit
crops in the Western US. Integrated Plant
Protection Center, Corvallis, OR., USA.

Kogan, M. 1995. Areawide management of
major pests: is the concept applicable to the
Bemisia complex?, pp. 643-657. In Bemisia
1995: taxonomy, biology, damage control
and management. Intercept Ltd, Andover,
UK.

Kogan, M. 1998. Integrated pest management:
historical perspectives and contemporary
developments.  Annual Review of
Entomology 43: 243-270.

Laven, H. 1967. Eradication of Culex pipiens
fatigans through cytoplasmic
incompatibility. Nature 216: 383-384.

Lewis, W. J., J. C. van Lenteren, S. C. Phatak,
and J. H. Tumlinson. 1997. A total system
approach to sustainable pest management.
Proceedings National Academy of Sciences
94: 12243-12248.

Lindquist, D. A. 2000. Pest management
strategies: area-wide and conventional, pp.
13-19. In Tan, K. H. (ed.), Proceedings:
Area-Wide Control of Fruit Flies and Other
Insect Pests. International Conference on
Area-Wide Control of Insect Pests, and the
5th International Symposium on Fruit Flies of
Economic Importance, 28 May-5 June 1998,
Penang, Malaysia. Penerbit Universiti Sains
Malaysia, Pulau Pinang, Malaysia.

Lindquist, D. A. 2001. The advantages of area-



AREA-WIDE INTEGRATED PEST MANAGEMENT

wide insect control, pp. 55-61. In
Proceedings: Sterile Insect Technique as an
Environmentally Friendly and Effective
Insect Control System. Seminar Organized
by the Regiao Autonoma de Madeira
Governo Regional and the European Union,
12-13 November 1999, Funchal, Madeira,
Portugal. Madeira Regional Direction of
Agriculture, Madeira, Portugal.

Loépez-Rueda, V., N. C. Rodiles-Cruz, and M.
Garcia-Hernandez. 2004. Environmental
protection system for fruit fly mass-rearing
facilities, pp. 399-404. In Barnes, B. N. (ed.),
Proceedings, Symposium: 6th International
Symposium on Fruit Flies of Economic
Importance, 6-10 May 2002, Stellenbosch,
South Africa. Isteg Scientific Publications,
Irene, South Africa.

Lorraine, H., and D. L. Chambers. 1989.
Eradication of exotic species: recent experi-
ences in California, pp. 399-410. In
Robinson, A. S., and G. Hooper (eds.), World
crop pests 3B. Fruit flies: their biology, natu-
ral enemies and control. Elsevier, New York,
NY., USA.

Marshall, E. 2000. A renewed assault on an old
and deadly foe. Science 290: 428-430.

Matteson, P. C. 2000. Insect pest management
in tropical Asian irrigated rice. Annual
Review of Entomology 45: 549-574.

McKelvey, J. J. 1973. Man against tsetse.
Cornell University Press. Ithaca, USA and
London, UK.

Morse, S., and W. Buhler. 1997. Integrated
pest management: ideals and realities in
developing countries. Lynne Riener
Publishers, Boulder, CO., USA.

Mumford, J. 2000. Economics of area-wide
pest control, pp. 39-47. In Tan, K. H. (ed.),
Proceedings: Area-Wide Control of Fruit
Flies and Other Insect Pests. International
Conference on Area-Wide Control of Insect
Pests, and the 5t International Symposium
on Fruit Flies of Economic Importance, 28
May-5 June 1998, Penang, Malaysia.
Penerbit Universiti Sains Malaysia, Pulau
Pinang, Malaysia.

Myers, J. H., D. Simberloff, A. M. Kuris, and
J. R. Carey. 2000. Eradication revisited:

31

dealing with exotic species. Trends in
Ecology and Evolution 15: 316-320.

(NAPPO) North American Plant Protection
Organization. 2007. Draft regional standard
for phytosanitary measures. Importation and
confined release of transgenic arthropods in
NAPPO member countries, RSPM No. 27.
The Secretariat of the North American Plant
Protection Organization, Ottawa, Canada.

Nature. 1975. Oh, New Delhi; oh, Geneva.
[editorial] Nature 256: 355-357.

Neuenschwander, P., H. R. Herren, 1. Harpaz,
D. Badulescu, and A. E. Akingbohungbe.
1988. Biological control of the cassava
mealybug, Phenacoccus manihoti, by the
exotic parasitoid Epidinocarsis lopezi in
Africa. Philosophical Transactions of the
Royal Society of London, Series B,
Biological Sciences 318: 319-333.

Oerke, E. C., H. W. Dehne, F. Schohnbeck,
and A. Weber. 1995. Crop production and
crop protection: estimated losses in major
food and cash crops. Elsevier, Amsterdam,
The Netherlands.

Parry, R. M. 1995. Forum: food security — new
tools, new teamwork, pp. 2. In Agricultural
Research, July 1995. USDA, Washington,
DC., USA.

(PATTEC) Pan African Tsetse and
Trypanosomiasis Eradication Campaign.
2000. A continental plan of action for the
eradication of tsetse and trypanosomosis.
http://www.africa-union.org/Structure
_of the Commission/depPattec.htm

Pedgley, D. E. 1993. Managing migratory
insect pests — a review. International Journal
of Pest Management 39: 3-12.

Pérez Sandi Cuen, M., and H. G
Zimmermann. 2005. Mitigating the poten-
tial impacts and threats of the cactus moth,
Cactoblastis  cactorum  (Lepidoptera:
Pyralidae), to native and cultivated cactus in
the Caribbean and Mexico. Proceedings of
the Caribbean Food Crops Society. 41: 176-
186.

Perkins, J. 1982. Insects, experts, and the
insecticide crisis: the quest for new pest man-
agement strategies. Plenum Press, New York,
USA.



32

Pontius, J., R. Dilts, and A. Bartlett (eds.).
2002. From farmer field schools to commu-
nity IPM: ten years of IPM training in Asia.
FAO Regional Office, Bangkok, Thailand.

Repetto, R., and S. S. Baliga. 1996. Pesticides
and the immune system: the public health
risks.  World  Resources Institute,
Washington, DC., USA.

Ross, R. 1911. The prevention of malaria, 2nd
edition. John Murray, London, UK.

Sandman, P. M. 1987. Apathy versus hysteria:
public perceptions of risk, pp. 219-231. In
Batra, L. R., and W. Klassen (eds.), Public
perceptions of biotechnology. Agricultural
Research Institute, Bethesda, MD., USA.

Settle, W. H., H. Ariawan, E. T. Astuti, W.
Cahyana, A. L. Hakim, D. Hindayana, A.
S. Lestari, and P. Sartanto. 1996.
Managing tropical rice pests through conser-
vation of generalist natural enemies and
alternative prey. Ecology 77: 1975-1988.

Sexson, D. L., and J. A. Wyman. 2005. Effect
of crop rotation distance on populations of
Colorado potato beetle (Coleoptera:
Chrysomelidae): development of area-wide
Colorado potato beetle pest management
strategies. Journal of Economic Entomology
98: 716-724.

Sharov, A. A., D. Leonhard, A. M. Liebhold,
E. A. Roberts, and W. Dickerson. 2002. A
national program to slow the spread of the
gypsy moth. Journal of Forestry 100: 30-35.

Simberloff, D. 2002. Today Tiritiri, tomorrow
the world! Are we aiming too low in inva-
sives control?, pp. 4-12. In Veitch, C. R., and
M. N. Clout (eds.), Proceedings: Internation-
al Conference on Eradication of Island
Invasives. Occasional Paper of the IUCN
Species Survival Commission No. 27.
School of Geography and Environmental
Science, University of Auckland (Tamaki
Campus), Auckland, New Zealand.

Sklad, E. A., A. M. Bartuska, J. M. Randall,
B. A. Rice, M. Tu, and D. R. Gordon.
2003. The nature conservancy’s conserva-
tion accomplishments at risk — Abating the
threat of invasive species. Proceedings of the
Caribbean Food Crops Society 39: 95-100.

Smith, J., N. Su, and R. Escobar. 2006. An

J. HENDRICHS ET AL.

areawide population management project for
the invasive eastern subterranean termite
(Isoptera: Rhinotermitidae) in a low-income
community in Santiago, Chile. American
Entomologist 52: 253-260.

Spielman, A., U. Kitron, and R. J. Pollack.
1993. Time limitation and the role of
research in the worldwide attempt to eradi-
cate malaria. Journal of Medical Entomology
30: 6-19.

Stern, V. M., R. F. Smith, R. Van den Bosch,
and K. S. Hagen. 1959. The integrated con-
trol concept. Hilgardia 29: 131-154.

Stewart, A. J. A., T. R. New, and O. T. Lewis
(eds.). 2007. Insect conservation biology.
CABI, Wallingford, UK.

Stonehouse, J. M., J. D. Mumford, A.
Verghese, R. P. Shukla, S. Satpathy, H. S.
Singh, T. Jiji, J. Thomas, Z. P. Patel, R. C.
Jhala, R. K. Patel, A. Manzar, T. M.
Shivalingaswamy, A. K. Mohanta, B. Nair,
C. V. Vidya, V. S. Jagadale, D. B. Sisodiya,
and B. K. Joshi. 2007. Village-level area-
wide fruit fly suppression in India: bait appli-
cation and male annihilation at village level
and farm level. Crop Protection 26: 788-793.

Tan, K. H. (ed.). 2000. Area wide control of
fruit flies and other insect pests. Proceedings:
International Conference on Area-Wide
Control of Insect Pests, and the 5th
International Symposium on Fruit Flies of
Economic Importance, 28 May-5 June 1998,
Penang, Malaysia. Penerbit Universiti Sains
Malaysia, Pulau Pinang, Malaysia.Penerbit
Universiti Sains Malaysia, Pulau Pinang,
Malaysia.

Thomas, M. B. 1999. Ecological approaches
and the development of “truly integrated”
pest management. Proceedings National
Academy of Sciences 96: 5944-5951.

Thompson, S. N. 1999. Nutrition and culture
of entomophagous insects. Annual Review
of Entomology 44: 561-592.

Trewavas, A. J. 2001. The population/biodi-
versity paradox. Agricultural efficiency to
save wilderness. Plant Physiology 125: 174-
179.

van den Berg, H. 2004. IPM farmer field
schools, a synthesis of 25 impact evaluations.



AREA-WIDE INTEGRATED PEST MANAGEMENT

Report for the Global IPM Facility.
Wageningen University, Wageningen, The
Netherlands.

Vandeman, A., J. Fernandez-Cornejo, S.
Jans, and B. H. Lin. 1994. Adoption of
integrated pest management in US agricul-
ture. Agricultural Information Bulletin No.
707, Economic Research  Service,
Washington, DC., USA.

Vera, M. T., C. Caceres, V. Wornoayporn, A.
Islam, A. S. Robinson, M. H. de la Vega, J.
Hendrichs, and J. P. Cayol. 2006. Mating
incompatibility among populations of the
South American fruit fly Anastrepha frater-
culus (Diptera: Tephritidae). Annals of the
Entomological Society of America 99: 387-
397.

Vreysen, M. J. B. 2005. Monitoring sterile and
wild insects in area-wide integrated pest
management programmes, pp. 325-361. In
Dyck, V. A., J. Hendrichs, and A. S.

33

Robinson (eds.), Sterile insect technique.
Principles and practice in area-wide integrat-
ed pest management. Springer, Dordrecht,
The Netherlands.

Werren, J. H. 1997. Biology of Wolbachia.
Annual Review of Entomology 42: 587-609.

Wood, B. J. 2002. Pest control in Malaysia’s
perennial crops: a half century perspective
tracking the pathway to integrated pest man-
agement. Integrated Pest Management
Reviews 7: 173-190.

Yu, R., and P. Leung. 2006. Optimal pest man-
agement: a reproductive pollutant perspec-
tive. International Journal of Pest
Management 52: 155-166.

Yudelman, M., A. Ratta, and D. Nygaard.
1998. Pest management and food produc-
tion, looking to the future. Food, agriculture
and the environment discussion paper 25.
International Food Policy Research Institute.
Washington, DC., USA.






Area-Wide Pest Management:
Environmental, Economic, and Food Issues

D. PIMENTEL

Cornell University, College of Agriculture and Life Sciences,
Department of Entomology, Comstock Hall, Ithaca, NY 14853-2601,
US4

ABSTRACT Insect pests destroy approximately 14% of all potential food production despite the year-
ly application of more than 3000 million kilograms of pesticides. This contributes to rising human malnu-
trition which in 2004 was estimated by the World Health Organization to have reached 3700 million - the
largest number in history. Several major insect pests of crops and livestock are effectively controlled using
area-wide pest management practices. As an example, the New World screwworm fly Cochliomyia
hominivorax (Coquerel) that attacks livestock, especially cattle, was successfully eradicated by releasing
radiation-sterilized screwworm flies over large areas. Area-wide insecticide treatments in the USA have
also proved effective in the control of the boll weevil, while timed crop-planting over wide areas enables
crops like wheat to evade major pests and has also been proven highly successful against rice pests in the
USA and Asia. Yet, when the basic ecology of the insect pests and crops are ignored, major crop losses can
occur, as illustrated by the manipulation of corn production in the USA. Damages caused by invading
insect pests that attack established crop, forest, and natural ecosystems continue to be challenges to pest
management specialists. Approximately 40% of the insect and mite pests of crops grown in the USA are
introduced species and they cause about USD 100 000 million in damage and control costs each year. The
most recent introductions include the long-horned beetle Anoplophora glabripennis (Motschulsky) and the
emerald ash borer Agrilus planipennis Fairmaire that were both accidentally introduced from Asia. Area-
wide strategies to control these destructive forest pests are being implemented.

KEY WORDS insecticides, invasive species, economics, area-wide programmes, wheat, cotton, New
World screwworm

1. Introduction (WHO), more than 3700 million people were

malnourished in 2004 (WHO 2004). This is

Meeting the food supply needs of an ever-
increasing world population is both critical
and at the same time stressing the natural
resources needed for crop production. This
paper examines the extent of crop and live-
stock damage caused by insect pests and how
these losses affect human food supplies. It
also reviews successful area-wide pest control
programmes and assesses the impacts of inva-
sive insect pest species on control projects
needed to reduce crop losses.

2. Status of Food Security

According to the World Health Organization

the largest number and proportion of malnour-
ished people ever reported! In assessing mal-
nutrition, WHO includes deficiencies of calo-
ries, protein, iron, iodine, and shortages of
vitamins A, B, C, and D in its evaluation
(Sommer and West 1996, Tomashek et al.
2001). The current world hunger and short-
ages of nutrients for so many people alerts us
to the growing insecurity of world food sup-
plies and the vulnerability of human health
and productivity.

The report of the Food and Agriculture
Organization of the United Nations (FAO),
confirms that available food per capita has
been declining since 1984, based on available

35
M.J.B. Vreysen, A.S. Robinson and J. Hendrichs (eds.), Area-Wide Control of Insect Pests, 35-47.

© 2007 I4EA.



36

cereal grains (FAO 2003). This is alarming
because cereal grains make up about 80% of
the world’s food supply (Pimentel and
Pimentel 1996). Although grain yields per
hectare in both developed and developing
countries are increasing, the rate of increase is
slowing. For example, according to the United
States Department of Agriculture (USDA),
grain yields in the USA increased by about
3% per year between 1950 and 1980, but since
then the annual rate of increase for corn and
other major grains has been only about 1%
(USDA 1980, 2004). Meanwhile, according to
the Population Reference Bureau (PRB), the
human population has increased to 6500 mil-
lion and continues to expand by around 70
million per year, placing ever-increasing
demands on agricultural production (FAO
2003, PRB 2004). Many countries have popu-
lations that are expanding at a rate of about
1.3%. Others like China, with a population of
1300 million and a government policy of per-
mitting only one child per couple, has a popu-
lation that is increasing at a rate of 0.6% or
eight million per year (PRB 2004). The US
population also is growing rapidly. It current-
ly stands at nearly 300 million, having dou-
bled during the past 60 years, and based on a
current growth rate of about 1.1%, it is pro-
jected to double to 600 million in less than 70
years (USCB 2004), i.e. it is growing at a per
capita rate that is nearly twice that of China
(PRB 2004).

3. Food Losses to Pests

Worldwide there are an estimated 70 000 pest
species destroying agricultural crops and live-
stock. While approximately 10 000 of these
are insects and mites, 50000 are plant
pathogens and 10 000 species are weeds; less
than 10% of the total identified pest species
are generally considered as major pests.

The species present vary both geographi-
cally and with each crop type. Approximately
99% of the crops grown in a country are intro-
duced plant species (Pimentel et al. 2000).
Frequently the insect and mite species are spe-
cific to a particular region and many have

D. PIMENTEL

moved from feeding on native vegetation to
feeding on crops that were introduced into the
region (Hokkanen and Pimentel 1989).
Indeed, usually insects moving to feed on a
crop are new associations with their host
plants and some become major pests
(Pimentel 1988).

Despite the annual investment of USD
35 000 million for the application of three mil-
lion metric tons of pesticides (Table 1), plus
the use of various biological and other non-
chemical controls worldwide, more than 40%
of world crop production valued at USD
750 000 million is destroyed by pests (Oerke et
al. 1994). Considering all pests, insects cause
an estimated 14% of crop losses, plant
pathogens 13%, and weeds 13%. In total, the
value of such losses is estimated to be USD
300 000 million per year.

In the USA, the proportion of annual crop
production lost by pests is estimated to be sim-
ilar to world pest losses or about 37% (13% to
insects, 12% to plant pathogens, and 12% to
weeds) (Pimentel et al. 1991). Since total crop
production in the USA is valued at about USD
160 000 million/year (USDA 2004), pests are
destroying an estimated USD 60000
million/year in this country despite all efforts
to control them with pesticides plus a wide
array of non-chemical controls. Currently, the
USA invests about USD 8000 million in pesti-
cide applications which saves about USD
30 000 million per year in crops while the use
of non-chemical controls like natural enemies
also helps to save crops valued at an estimated
USD 30 000 million per year (Pimentel 1997).
In general, there is a USD three to four return
per USD invested in pest control (Pimentel
1997).

The share of crops lost to insects in the
USA has nearly doubled from 7% in 1945 to
13% at present (Pimentel et al. 1993), despite
a more than ten-fold increase in both the
amount and selective toxicity of synthetic
insecticides applied. This is mainly because
various changes have occurred in agricultural
production technology. However, there have
also been significant improvements in terms
of increased target selectivity and decreased
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residue levels.

Without pesticides and non-chemical con-
trols, the losses of crops due to pests would
be even more severe than occurs at present.
Oerke et al. (1994) estimated that without
human-directed pest controls, world crop
losses would increase to 70% and to USD
525000 million annually, reducing world
food supplies and increasing malnutrition
dramatically (WHO 2004).

Added to the damage that pests inflict dur-
ing the growing season are the substantial
losses that occur during the lengthy time
many food crops are stored prior to their use.
Worldwide, an estimated additional 25% of
harvested crops are lost to other pests during
the postharvest period. This means that, in
total, pests are causing a 52% loss of all crops
despite all pest control technologies used.

4. Area-Wide Integrated Pest
Management (AW-1PM)
Programmes

Depending on the specifics of geographic
region, the crop and animal pest problem, and
the technologies available, some pests can be
more effectively controlled by area-wide con-
trol strategies than by specific farm-by-farm
control programmes.

4.1. New World Screwworm and the
Sterile Insect Technique

The United States Animal and Plant Health
Inspection Service (APHIS) estimates that the
New World screwworm  Cochliomyia
hominivorax (Coquerel) caused more than
USD 750 million in damage to livestock in the
USA each year (APHIS 2004). In addition to
cattle, other livestock, whitetail deer and other
wildlife, are susceptible to New World screw-
worm infestations. The female New World
screwworm lays its eggs in wounds, and the
larvae bore deeply into the wound on warm-
blooded animals and feed on the living tissue.
In addition, facultative larvae of other fly
species which feed on dead tissue are fre-
quently present in the wounds along with the
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Table 1. Estimated annual pesticide use from
1995 to 20051,

Pesticide use
(106 metric tons)

Country/region

United States 0.5
Canada 0.2
Europe 1.0
Other, developed 0.5
Asia, developing 0.3
China 0.2
Latin America 0.2
Africa 0.1
Total 3.0

ISource: D. Pimentel, unpublished

New World screwworm larvae, intensifying
the damage (Spradbery 2002). Eventually the
infected animal dies prematurely.

In 1957, an area-wide integrated pest man-
agement (AW-IPM) programme was initiated
in Florida, by integrating the release of insects
sterilized using ionizing radiation with popu-
lation reduction methods such as insecticidal
wound treatment (Meyer 1994, Spradbery
2002), and in due course this programme
unfolded in phases to eradicate the New
World screwworm from the USA in 1982,
then Mexico in 2001 and finally all of Central
America and Panama in 2004 (Wyss 2000,
APHIS 2004). For the programmes in the
USA and Mexico, up to 500 million sterile
screwworm flies could be produced per week
in a rearing facility at Tuxtla Gutiérrez,
Chiapas, Mexico, and then released in the des-
ignated areas.

Another successful New World screw-
worm eradication programme was implement-
ed in the Libyan Arab Jamahiriya in 1990-
1992 (FAO 1992, Lindquist et al. 1993) by the
Government of Libya and FAO. This danger-
ous pest had become established for the first
time outside of the Western Hemisphere in an
area of 26 500 square kilometres along the
Mediterranean Sea with several million head
of sheep and numerous camels. The pest was
discovered attacking large mammals in the
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Tripoli Zoo as well as humans, many of whom
were treated in hospitals. Apparently the pest
had been imported with a consignment of
sheep air-freighted from a country in South
America. The infestation was contained by
establishing quarantine checkpoints along all
routes leading out of the infested area, treating
all wounds of animals every two to three
weeks with an insecticide, and then releasing
sterile flies. Forty million sterile flies were
flown on a weekly basis from the rearing
facility in Mexico and released from small air-
craft over a total of 41 000 square kilometres
in Libya and Tunisia (Lindquist et al. 1993).

4.2. Synchronized Crop Rotations and
Conservation of Natural Enemies for
Control of Rice Pests

In the past, rice was normally grown all year-
round in Indonesia, and during 1970-1980
there was a gradual build-up of pest popula-
tions, especially of the brown plant hopper
Nilaparvata lugens (Stél). Rice yields
declined despite the heavy use of insecticides
that started in 1980 (Oka 1991, 1995) because
these chemicals destroyed beneficial parasites
and predators that helped control the brown
plant hopper. By 1985 uncontrollable out-
breaks of the pest were common, rice yields
fell dramatically, and as many as 80000
hectares of rice had to be abandoned (Oka
1988, 1991, 1997, Resosudarmo 2001,
Phanthong and Patterson 2005). The loss of
rice in just a two-year period totalled USD
1500 million (Oka 1991, 1995).

Eventually, a control programme for
Indonesian rice was developed. The first step
was to ban 57 of the 64 pesticides in use for
Indonesian crops (Oka 1991, Poapungsakorn
et al. 1997, Resosudermo 2001). Also, exten-
sion agents were trained to identify and pro-
tect beneficial parasites and predators, the
overall goal being to treat with insecticides
only when necessary since generally brown
plant hoppers are effectively controlled by
indigenous spiders and other predators
(Heinrichs 1991, Oka 1991). Moreover, since
insecticides have a greater impact on preda-
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tors than on the pest, brown plant hopper pop-
ulations are able to resurge after being
sprayed. In the past farmers induced resur-
gence of plant hopper populations by begin-
ning to spray 40 days after transplanting the
rice. However, cage studies showed that
smallholders who delayed spraying until 65
days after transplanting saved two insecticide
applications and realized a yield increase
worth USD 588/hectare (Reichelderfer et al.
1984).

Along with the insecticide management
programme for the brown plant hopper, an
innovative rice culture programme was imple-
mented. Instead of growing rice year-round,
production was restricted to a specified nine-
month period of the year, leaving three
months when no rice was produced. This
three-month gap resulted in brown plant hop-
per populations declining to extremely low
levels before the new rice crop was planted
again (Oka 1991, Matteson 2000, van den
Berg et al. 2004). This strategy also enabled
beneficial predator and parasite populations to
increase and help reduce the number of brown
plant hoppers. As the numbers of the plant
hoppers decreased, the amount of insecticide
applied also declined. Equally important,
insecticide resistance in the brown plant hop-
per population also declined. Thus, if and
when the brown plant hopper populations
reached outbreak levels, insecticides were
more effective.

Within five years, total pesticide use fell by
65% and rice yields increased by 12% (Oka
1991, 1995, Resosudermo 2001). These
changes in rice production practices in
Indonesia based on the ecology of a major rice
pest were successfully adapted to an AW-IPM
programme.

4.3. Boll Weevil Area-Wide Eradication

For decades, the boll weevil caused more than
USD 350 million each year in damages and
control costs to cotton crops in the USA
(Chenault 2005). However, an area-wide erad-
ication programme was started in 1978 with
joint funding from USDA/APHIS (30%) and



AW-IPM AND ENVIRONMENTAL, ECONOMIC, AND FOOD ISSUES

cotton growers (70%). This programme has
proven highly successful (ACRPC 2005, El-
Lissy, this volume).

The programme, using annual spraying
with malathion and pheromone traps to delim-
it infestations started in a large region cover-
ing about 1.1 million hectares of Virginia,
North Carolina, South Carolina, Georgia, and
Alabama. Insecticides were applied late in the
growing season against weevils still reproduc-
ing and those entering diapause, with as many
as 15 insecticide applications per year being
made against dense persistent populations.
Planting by all growers was synchronized and
delayed, short-season varieties were grown,
harvested as soon as possible, and stalks were
destroyed immediately after harvest.
Eradication was usually accomplished by the
end of the third growing season (Dickerson et
al. 2001). About nine years were required to
complete this segment of boll weevil eradica-
tion (NCC 2005). The second area to be treat-
ed included California, Arizona, and New
Mexico where the treatment continued from
1983 until 1987 to ensure eradication. The
third area treated included the large cotton
areas in Alabama and Tennessee and treat-
ment lasted from 1993 until 1994 when the
boll weevil was eliminated. The final pro-
gramme started in 1996 in Mississippi,
Arkansas, Oklahoma, Missouri, and Texas
(NCC 2005), and is continuing to date. Texas
is requiring a major effort because the area is
extremely large (5.8 million hectares) and
grows more cotton than any other state. Once
this project is completed, a barrier will be
established and maintained between Mexico
and Texas. Concerted efforts will have to con-
tinue to deal with any infestation caused by
boll weevils getting carried by wind or other-
wise into parts of the vast cotton-growing
regions of the USA.

Several factors contributed to the success-
ful area-wide control of the boll weevil.
Systematic area-wide treatment prevented the
possibility of isolated populations of boll wee-
vils surviving in the areas under eradication.
Furthermore, malathion is highly effective
against the boll weevil and the pest did not
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evolve resistance to the pesticide. This lack of
resistance in the boll weevil contrasts to the
housefly Musca domestica L. and several
other species of insects that have evolved high
levels of resistance to insecticides within
about eight generations (Pimentel and Bellotti
1976).

4.4. Hessian Fly Control

Wheat was brought to the USA in the late
1600s and is now grown on 30 million
hectares. The Hessian fly Mayetiola destruc-
tor (Say) was first found on Long Island, New
York, in 1799, probably having been inadver-
tently introduced on straw by troops engaged
in the American War of Independence
(Metcalf et al. 1962). Soon the fly established
itself and became a major wheat pest (Pauly
2002, Davis et al. 2004).

In the USA, wheat production includes
spring and autumn plantings. Similarly, there
are autumn and spring generations of the
Hessian fly. Winter wheat, which is planted in
September, coincides with the late August
emergence of the Hessian fly. The emergence
of the Hessian fly is triggered by rains coming
in mid to late August. One of the effective
controls is an area-wide “fly-free date” which
is determined by extension entomologists in
each major wheat-growing region (Foster and
Hein 1998, PSU 2005).

After the flies emerge and die, the farmers
then plant their winter wheat. The prime chal-
lenge is to plant the wheat early enough that
the wheat germinates and starts to grow
before the growing season ends due to the
increasingly cold temperatures.

Another generation of the Hessian fly
emerges in spring. Again extension entomolo-
gists observe the emergence of the fly, usually
about April, and a designated fly-free date is
established for farmers to plant spring wheat.
Again timing is crucial, as late planting in the
spring may reduce yields (Foster and Hein
1998).

A second strategy is to plant Hessian fly-
resistant varieties of wheat (Gallun et al.
1975, ACES 2005). Because Hessian flies



40

develop resistance to the resistant wheat vari-
eties in four or five generations, a new geno-
type of resistant wheat must be planted in the
region every five years.

Although several parasitic wasps attack the
Hessian fly and help reduce its numbers, they
cannot be relied on to provide effective con-
trol. Also, the extensive use of insecticides is
not recommended because they are costly.

Numerous other area-wide environmental
controls are available for farmers to imple-
ment, including burying all wheat stubble
after harvesting and destroying any volunteer
plants that grow. However, the most econom-
ical and effective controls for the Hessian fly
are establishing area-wide “fly-free dates”
combined with the planting of Hessian fly-
resistant wheat varieties.

4.5. Wheat Aphid Control

The Russian wheat aphid Diuraphis noxia
(Kurdj.) and the green bug Schizaphis
graminum (Rodani) are major pests in the
wheat-growing region of Oklahoma in the
USA (Wright 2005). The Russian wheat aphid
invaded Texas in 1986, spread rapidly across
the Great Plains, and proved difficult to sup-
press. The green bug, native to Europe, was
first reported in Virginia in 1882 and because
of its capacity to disperse and its great prolifi-
cacy it has become a key pest of wheat,
sorghum and barley. Both species have a con-
siderable capacity to develop new biotypes
that can overcome resistant cultivars of wheat
(Porter et al. 1997, Burd et al. 1998).

To help control these pests, the USDA des-
ignated a six-state area in the region around
Oklahoma for their area-wide control. First,
an effective educational programme was start-
ed to provide farmers with detailed informa-
tion concerning the ecology of the pests. The
control programme includes the planting of
aphid-resistant varieties and applying insecti-
cides only when treatment is required.

Both types of area-wide control have been
successful in preventing Russian wheat aphid
and green bug populations from reaching the
high levels of infestations that cause major
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economic losses to the wheat crop.

4.6. Area-Wide Control of Corn Pests:
Past and Present

Not all pest control projects (even those
including area-wide management) are suc-
cessful, one example being with corn in the
USA when several changes occurred in corn
production following the passage of the 1950
Farm Bill by the United States Congress.

The 1950 Farm Bill legislation provided
commodity price support for corn, wheat,
peanuts, cotton, and several other crops
(NAS 1989). However, the bill stipulated that
only a single crop could be grown if the
farmer was to receive commodity price sup-
port, forcing many farmers to raise only one
crop and abandon crop rotations. This change
in corn production was followed by
increased insect, plant pathogen, and weed
problems for corn and other crops, plus
greater use of pesticides and fertilizers (NAS
1989).

In 1945, no pesticides were used in corn
production (Pimentel et al. 1991, Pimentel
1997). Today, corn receives significantly
more insecticide and more herbicide than any
other crop grown in the USA (USDA 2004).
Specifically, corn production now uses a
thousand-fold more insecticide than in 1945,
while at the same time crop losses to insects
have increased nearly four-fold from 3.5 to
12% today (Pimentel 1997). The main reason
for the increased crop losses due to insects is
that now only half of the corn area is grown
in rotation, the other half being grown as
corn-on-corn (USDA 2004). This continuous
corn production has increased insect pest
problems, primarily the corn rootworm com-
plex (northern corn rootworm Diabrotica
barberi Smith and Lawrence, western corn
rootworm Diabrotica virgifera LeConte,
Mexican rootworm Diabrotica virgifera zea
Krysan and Smith, and southern corn root-
worm Diabrotica undecimpunctata howardi
(Barber)), as well as other insect pests, all of
which require insecticide treatments. The
corn rootworm complex is among the most
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economically and environmentally damaging
insect pest problem of corn production sys-
tems in the USA. Annually, crop losses and
control costs attributed to the corn rootworm
complex approach USD one billion (Gray
1999, Tollefson and Levine 1999) and ten
million hectares of corn are treated with soil
insecticides to protect the crop from larval
feeding damage.

The changes in agricultural technology of
corn production fostered by the 1950 Farm
Bill have had numerous other negative
impacts including: increased insecticide and
herbicide use causing chemical pollution of
ground and surface waters; increased soil
erosion and soil infertility; increased use of
nitrogen fertilizer caused in part by leaching
in rapid water run-off from the corn fields
and resulting in increased pollution of water-
ways as far downstream as the Gulf of
Mexico; increased dependence on fossil
energy; and increased water, air, and soil pol-
Iution from animal wastes as a result of live-
stock once produced on grain-farms being
transferred to large livestock feeding units.

The rotation of corn with soybeans,
wheat, and other non-corn crops reduces sev-
eral insect pests of corn, including: the corn
rootworm complex, corn root aphid
Anuraphis maidiradicis (Forbes), corn leaf
aphid Rhopalosiphum maidis (Fitch), and fall
armyworm Spodoptera frugiperda (J. E.
Smith) (Wright 2005). Corn rotation with
other non-host crops also helps reduce plant
pathogens and weed pest pressure. With
reduced pest problems because of crop rota-
tions, corn yields increased about 8%; which
compares favourably with the ineffective
results of recommended insecticide treat-
ments (Pimentel et al. 1993).

Populations of the European corn borer
Ostrinia nubilalis (Hiibner) are not reduced
significantly by rotations because this
species can fly long distances. When the
European corn borer arrived in New England
in 1917 from southern Europe, it caused
complete crop loss in early-planted sweet
corn. Between 1948 and 1958, this invasive
species became widely established west of
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the Mississippi River and caused enormous
losses of corn (Metcalf et al. 1962). A major
effort led by the USDA failed to eradicate the
pest (Klassen 1989), while the numerous
species of natural enemies of the pest intro-
duced from abroad have provided only mar-
ginal control (Bradley 1952). However, the
assiduous effort to develop resistant hybrid
corn has gradually but decisively reduced the
destructiveness of this pest (Brindley and
Dicke 1963, Brindley et al. 1975, Gallun et
al. 1975). Currently only about 10% of the
corn area is treated with insecticides for the
corn borer. One difficulty in treating for the
corn borer is that the treatment has to be per-
fectly timed to kill the larvae just after they
hatch and before they bore into the corn.
Once inside the corn, the young larvae are
not susceptible to insecticide treatments.

Recent changes in corn rootworm popula-
tion behaviour are now severely hindering
the utility of traditional corn rootworm man-
agement approaches. These include
increased incidence of extended diapause in
northern corn rootworm populations (eggs
remain dormant for an entire year), insecti-
cide resistance in Nebraska western corn
rootworm populations, and western corn
rootworm adaptation to crop rotation strate-
gies in lllinois, Indiana, and Ohio. As a
result, there is a need to develop an area-wide
approach to protect corn production across
the country.

In order to determine whether rootworm
populations could be strongly suppressed and
the use of soil insecticides reduced by using
the adult rootworm attractant, cucurbitacin,
in an aerially applied bait, a pilot area-wide
programme was conducted from 1997
through 2001 by the USDA in cooperation
with five Land Grant universities in corn-
producing states (Chandler 1998, 2003,
Parimi et al. 2003, Chandler 2005).
Individual fields were aerially sprayed with
the baited insecticides when the number of
corn rootworms captured in yellow sticky
traps reached a set threshold. Suppressing
adult rootworms minimized the number of
eggs laid and resulted in fewer larvae avail-
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able to damage corn roots in the following
growing season.

5. Challenges of Insect Invaders

Worldwide, the movement of exotic insects,
mite species and plant species from one
ecosystem to another is a continuing problem
for all agriculturists dealing with pest control
(Pimentel et al. 2000). Borders are becoming
increasingly irrelevant in the context of inter-
national travel and trade, and this facilitates
the movement of invasive species (National
Plant Board 1999). Technological advances in
transportation in recent decades also actually
facilitate both the survival and successful col-
onization of invasive species. The volume of
air cargo of perishable agricultural commodi-
ties such as cut flowers, fruits and vegetables
as well as the rate of arrival of damaging
species at ports of entry in the USA is dou-
bling every five to six years (Zadig 1999,
Klassen et al. 2002). Frank and McCoy (1992)
found an average rate of establishment of
exotic arthropods species in Florida of 14.2
per year, and Thomas (2000) listed 150 exotic
arthropod species that had been established in
Florida from 1986 through 2000.

As noted by Evans (2004) there is growing
concern with regard to the level of resources
that countries now have to put aside to address
this growing problem. For example, the aver-
age annual spending of APHIS on its emer-
gency programmes for the period 1989-2002
rose exponentially from about USD 6.4 mil-
lion in 1989 to USD 334.8 million in 2001,
which is not sustainable. Also, new technolo-
gies needed to combat invasive species cannot
be developed with sufficient rapidity to meet
this challenge.

The damage caused by invading insect
pests that attack established crop, forest, and
natural ecosystems is enormous (Pimentel
2002). For example, approximately 40% of
insect and mite pests of crops in the USA are
introduced species. Yearly they cause about
USD 10 000 million in crop damage and con-
trol costs. The most recent introductions
include the long-horned beetle Anoplophora

D. PIMENTEL

glabripennis (Motschulsky) and the emerald
ash borer Agrilus planipennis Fairmaire that
were both accidentally introduced from Asia.
The long-horned beetle is now destroying
maple trees, while the emerald ash borer is
killing ash trees in the same region (Hoebeke
2004). Area-wide strategies to control these
destructive pests are being implemented
because they are major threats to valuable tree
species in the North American forest ecosys-
tems.

Although port-of-entry inspection is
important, it must be greatly augmented with
a risk-based management strategy that
requires mitigation of pest risk at origin, i.e.,
where the commodity to be imported is being
produced. Risk mitigation conducted at origin
assures that clean products arrive at the port of
entry (McDonell 2004). An important
approach to offshore mitigation is the creation
of pest free areas. Indeed countries, which
export raw agricultural commodities, can
effectively remove the threat of exotic pests to
the importing country by creating and main-
taining pest free areas of production (Malavasi
et al. 1994). According to the FAO, a pest free
area is:

An area in which a specific pest does not occur
as demonstrated by scientific evidence and in
which, where appropriate, this condition is
being officially maintained (FAO 2005b).

There are two officially recognized situa-
tions where a pest free area can be applied: (1)
large geographic areas, such as the entire
country of Chile that is certified free of fruit
flies of economic importance and where this
condition is officially maintained (FAO 1996),
and (2) pest free places of production or pro-
duction sites (a defined portion of a place of
production) in which a specific pest does not
occur and in which this condition is officially
maintained. In contrast with the pest free area,
in this case, the condition is maintained for a
defined period and the area is managed as a
separate unit (FAO 1999). To facilitate this
approach the Secretariat of the International
Plant Protection Convention has developed
International Standards for the establishment
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and maintenance of pest free areas.

Requirements to establish pest free fields
of crop production include a sensitive detec-
tion programme, suppression of the quaran-
tine-significant pest to non-detectable levels,
strict control of the fields, and safeguards to
prevent infestation during packing and transit
to the port of export (Riherd 1993, Malavasi et
al. 1994). Florida is able to export grapefruit
to Japan by creating pest free grapefruit
groves in about 22 counties. Regulatory
experts from Japan inspect the entire process
of production, packing and transit. By 1980,
Chile had succeeded in eliminating the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann) and since then Chilean fruits in
huge volumes have entered the markets in the
USA without the need for any quarantine
treatments. Likewise the Mexican States of
Baja California, Chihuahua and Sonora have
been freed of all economically-important
species of fruit flies, so that citrus, stone
fruits, apples and vegetables are being export-
ed from these states without any postharvest
treatment.

6. Conclusions

Balancing the production of an adequate food
supply against the basic needs of humans to
sustain their nutritional needs will become
more difficult in the coming decades.
Fortunately the development of successful
pest control operations is improving, especial-
ly those based on area-wide interventions. Yet,
with all control projects, the basic ecology of
the pests, the role of biological control and the
safe use of insecticides must be major factors
in the development of all pest management
programmes. Insect control tactics applied on
an area-wide basis have a number of advan-
tages (Klassen 2005), including the use of
approaches that may prevent or retard the
development of insecticide resistance. In addi-
tion, area-wide approaches offer the potential
to take advantage of methods friendly to the
environment (SIT, parasitoids, semiochemi-
cals, mating inhibitors, etc.) which cannot be
applied on a farm-by-farm basis and which all
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contribute to the reduction of the use of broad-
spectrum insecticides.
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ABSTRACT The mass-release of sterile insects (the sterile insect technique (SIT)) is a highly effec-
tive component of area-wide methods of pest control with no environmental impact. The SIT relies on the
sterilization of large numbers of insects, usually by irradiation. The SIT has been used successfully against
several pest insects. However, modern biotechnology could potentially provide several improvements.
These include: (1) improving the identification of released individuals, (2) removing the need for radiation-
sterilization, (3) reducing the hazard posed by non-irradiated accidental releases from the mass-rearing
facility, and (4) providing automated sex-separation prior to release (genetic sexing). None of these are
necessarily unattainable by classical methods. However, the use of recombinant DNA methods may allow
these benefits to be obtained in a shorter period and to be transferred more readily from one species to
another than are the products of classical genetics. The potential of these methods, and the progress

towards realizing this potential, is discussed.

KEY WORDS genetic sexing, transformation, genetic sterility, marking, stability, fitness

1. Introduction

The sterile insect technique (SIT) has been
used successfully against several insect
species (Lindquist et al. 1992, Krafsur 1998,
Tan 2000, Wyss 2000, Koyama et al. 2004,
and other papers in this volume). However,
modern biotechnology could potentially pro-
vide several improvements in the operation or
security of a pest control programme integrat-
ing the SIT (Heinrich and Scott 2000, Thomas
et al. 2000, Alphey 2002, Handler 2002,
Benedict and Robinson 2003, Horn and
Wimmer 2003, Gould and Schliekelman
2004). These include: (1) improving the iden-
tification of released individuals by providing
a genetic marker allowing easy discrimination
between wild-type and released insects, (2)
removing the need for radiation-sterilization
by providing some sort of “genetic steriliza-
tion”, (3) reducing the hazard posed by non-
irradiated accidental releases from the mass-

rearing facility by arranging that the insects
need an artificially-provided condition, for
example a dietary supplement, in order to sur-
vive or reproduce, and (4) providing automat-
ed sex separation prior to release to eliminate
females from the released population (genetic
sexing). None of these is necessarily unattain-
able by classical methods. However, the use
of recombinant DNA methods may allow
these benefits to be obtained in a shorter peri-
od and to be transferred more readily from one
pest species to another than are the products of
classical genetics.

2. Genetic Markers

It is essential to be able to detect the presence
of wild insects, even in the presence of over-
whelming numbers of released sterile insects.
This requires that the released insects be
marked in some way to distinguish them from
wild insects. This has been done by adding a
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dye to their food, or dusting the pupae or adult
insects with a fluorescent dye (Hagler and
Jackson 2001). Provision of a suitable genetic
marker in the strain would obviate the need
for such a dye. This would reduce the amount
of handling required, and the possibilities for
human error. A candidate marker, Sergeant
(Sr2) has recently been described for the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann), which has a dominant effect on
adult cuticle pigmentation (Niyazi et al.
2005). This mutation is also a recessive lethal.
This would normally prevent the production
of a true-breeding strain, but this problem can
be avoided in this case due to the unusual
genetics of Mediterranean fruit fly genetic
sexing strains constructed at the FAO/IAEA
Agriculture and Biotechnology Laboratory,
Seibersdorf, Austria (Robinson 2002, Niyazi
et al. 2005).

An alternative would be to provide a dom-
inant marker by transgenesis, for example a
gene expressing a fluorescent protein. Such
systems have been widely used in Drosophila
and pest insects, including several tephritids,
mosquitoes and moths (Berghammer et al.
1999, Catteruccia et al. 2000, Peloquin et al.
2000, Pinkerton et al. 2000, Tamura et al.
2000, Handler and Harrell 2001, Horn et al.
2002, Perera et al. 2002, Allen et al. 2004a). In
contrast to classical mutagenesis, dominant
markers can readily be generated by this
method and these markers are not associated
with recessive lethality. It is clear that such
markers can be provided in most species of
interest for the SIT. Two recent papers
(Catteruccia et al. 2003, Irvin et al. 2004) have
shown that specific strains carrying such
markers showed a severe reduction in fitness
relative to the untransformed progenitor
strain. However, in these cases the loss of fit-
ness appears to have been due to inbreeding
depression; when this was avoided, no such
loss of fitness was observed (Allen et al.
2004b, Moreira et al. 2004).

An additional possibility would be to label
sperm. It would be desirable to be able to
determine whether a trapped female had
mated a wild or a sterile male before she was
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captured. Different programmatic responses
might be desirable for each of these possibili-
ties, so accurate diagnosis is important.
However, a quicker and more convenient
option would be simply to look at the sperm,
if a suitable fluorescent marker could be pro-
vided. Such marked sperm have been pro-
duced in Drosophila and used to monitor
sperm storage and competition in laboratory
experiments (Civetta 1999). This has also
recently been achieved in the mosquito
Anopheles stephensi Liston (Catteruccia et al.
2005), using a P2-tubulin promoter from
Anopheles gambiae Giles to give expression
in the male germ-line. These authors further
demonstrated that automated sex separation
could be achieved using the sex-limited
expression of a fluorescent protein in the lar-
val testis and a Complex Object Parametric
Analyser and Sorter (COPAS) — a sorter based
on fluorescence.

3. Genetic Sterilization

Ionizing radiation damages insects and can
thereby have a significant negative impact on
their subsequent performance (Shelly et al.
1994, Lance et al. 2000, Barry et al. 2003,
Kraaijeveld and Chapman 2004), and there-
fore on the cost and effectiveness of the ster-
ile insect release, although the exact magni-
tude of this effect is still controversial
(Robinson et al. 2004). Irradiated male
Mediterranean fruit flies compete less well for
mates, and are less effective at inducing
female refractoriness to remating (Kraaijeveld
and Chapman 2004). In some cases, irradiated
insects also have a reduced lifespan after
release relative to wild insects. This further
reduces their effectiveness. However this
reduction in lifespan is probably not entirely
due to radiation, other possible contributory
factors being damage due to handling and dis-
tribution, and the conditions and genetic pres-
sures of mass-rearing.

Radiation works in this context by induc-
ing random dominant lethal mutations in the
gametes of irradiated insects. Progeny from
such gametes therefore die, typically early in
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embryogenesis. It should be possible, in prin-
ciple, to remove the need for irradiation by
using engineered dominant lethals instead
(Fryxell and Miller 1995, Alphey 2002,
Alphey and Andreasen 2002). Strains with the
necessary properties were constructed in
Drosophila some years ago (Heinrich and
Scott 2000, Thomas et al. 2000, Horn and
Wimmer 2003). Much more recently, the con-
struction of potentially suitable strains of
Mediterranean fruit fly has been described
(Gong et al. 2005). These, the first such
strains described for any pest insect, contain a
novel, single-component, repressible, domi-
nant, lethal gene which gives up to 99.8%
mortality in heterozygotes not provided with
dietary tetracycline. Penetrance of lethality
and effect on adult male lifespan varied, as
expected, from one insertion line to another —
this is the well-known phenomenon of posi-
tion effect. However, the best line showed
99.8% lethality in the absence of tetracycline,
no effect on adult male lifespan even in the
absence of tetracycline, and no detectable
negative effect on male mating competitive-
ness. The effect on female refractoriness to
remating was not measured.

Along with the major benefit of eliminat-
ing the requirement for irradiation, and there-
by the expense, security issues, and damage to
the insects associated with this, there are some
potential drawbacks with this approach, and
with the particular strains described by Gong
and colleagues (2005). Mass-release of genet-
ically engineered insects, even of this particu-
larly benign type, will face regulatory hurdles
that have not been imposed on the use of irra-
diation and the products of classical genetics.
The present strains require the addition of
tetracycline, or a suitable analogue, to the lar-
val diet. Such antibiotics are not normally
used in Mediterranean fruit fly mass-rearing,
but chlortetracycline is a component of the
standard diet used for mass-rearing pink boll-
worm. It is also a component of the liquid
diets being developed for Mediterranean fruit
fly mass-rearing by the United States
Department of Agriculture’s Agricultural
Research Service (USDA-ARS), so the use of
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tetracyclines seems not to be an insuperable
problem. Another issue is the use of trans-
posons as gene vectors. Consideration of the
mechanisms and rates of horizontal gene
transfer, and of its consequences in this con-
text, clearly lead the writer to conclude that
this is not a serious issue for non-autonomous
transposons that contain no sequences likely
to give a selective advantage to the recipient,
and no functional selfish DNA or gene-drive
systems.

However, some commentators believe oth-
erwise, and this will doubtless be one of sev-
eral issues that regulatory authorities will
need to consider. In any case, this is not an
insuperable issue, as systems are being devel-
oped to stabilize transposable elements after
insertion (Handler et al. 2004, Dafa’alla et al.
2006, Handler, this volume). The strains
described by Gong et al. (2005) have a larval
lethal phase, rather than the (preferred)
embryonic lethality caused by irradiation.
This could be a problem for some bisexual
releases; in such cases efforts would need to
be made to develop a transgene system with
an earlier lethal phase (Horn and Wimmer
2003), or a genetic sexing system.

Perhaps the only non-trivial drawback of
repressible lethals as a replacement for radia-
tion sterilization is the question of resistance
management. Though heritable resistance to
the SIT is possible, for example by assortative
mating, in which the wild females preferen-
tially mate wild males rather than sterile
males, in the 50-year history of the SIT there
has been very little evidence of this (but see
Koyama et al. 2004 for one clear example).
The use of engineered repressible lethals
would open up another possible form of
resistance, namely “biochemical” resistance
to the lethal effector molecule of the engi-
neered system. This is essentially impossible
for radiation-based SIT, as the random nature
of the radiation damage means that every
sperm is damaged in a different way, and it
seems inconceivable that the wild population
could evolve a mechanism to overcome this
random damage. Whether such resistance
could arise in practice, and over what
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timescale, is entirely a matter of speculation at
present. This possibility of resistance is not a
new issue, and applies equally to the other
major pest control methods of chemical pesti-
cides and genetically engineered insecticidal
crops. In each case, the evolution and spread
of resistance can be managed or mitigated by
various methods, including “stacking” effec-
tor molecules, etc. These methods can also be
applied to the use of engineered repressible
lethals.

Although only published so far for the
Mediterranean fruit fly, similar systems are
under development in the author’s laboratory
for several other pest species. In this context,
it is important to note that the constructs of
Gong et al. (2005) contained no Mediter-
ranean fruit fly DNA, and might therefore be
expected to work in a range of species with lit-
tle or no modification.

4. Reduced Escape Hazard

Insect pest control programmes with an SIT
component mass-rear the pest insect on a mas-
sive scale. Until these insects have been irra-
diated, any escape would be unwelcome, and
potentially catastrophic. In fact, SIT applica-
tions have an excellent safety record in this
respect, but non-irradiated releases have
indeed occasionally happened, for example of
New World screwworm in Mexico and
Panama in 2003 (del Valle 2003). However,
all accidental outbreaks were quickly elimi-
nated by the release of additional sterile
insects. Natural disasters (e.g. hurricanes or
earthquakes), accidents or sabotage could also
have very severe consequences. The use of
genetic sexing strains for Mediterranean fruit
fly SIT, such as the strains based on the tem-
perature sensitive lethal (ts/) mutation miti-
gates these consequences as colony females
are temperature sensitive. However, the engi-
neered repressible lethal strains described
above have the potential to provide a more
satisfactory solution. These insects, or their
progeny, will die unless they are artificially
provided with an antidote to the lethal genetic
system. This neatly overcomes the escape
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hazard, as such strains can neither establish in
the wild on their own, nor form viable hybrids
with any pre-existing wild pest population.

For this application, one would envision
introducing an engineered repressible lethal
genetic system into a strain currently used for
the SIT, either a sexing strain or wild type,
depending on what is available in the species
of interest. It would also be simple to arrange
that the engineered lethal system is associated
with a useful genetic marker. This strain
would then be used exactly as at present, but
with the advantages of the genetic marker and
of a dramatically reduced escape hazard.

The question of resistance, discussed
above, does not apply to this approach as radi-
ation would still be the primary basis of steril-
ity, with the engineered system being a back-
up. This principle could still allow the use of
a reduced radiation dose, relying on the engi-
neered system to kill the few insects that
would otherwise have been produced.

5. Genetic Sexing

For many insects, it would be highly preferable
to eliminate females from the release popula-
tion. This is for several reasons: (1) the females
of some species are damaging while the males
are not, (2) released males may court co-
released sterile females, if present, rather than
seeking out wild females, (3) the presence of
females may require the use of a higher radia-
tion dose than would be optimal for males, and
(4) even if the females are merely neutral to the
programme, they consume diet and add to dis-
tribution costs. Highly effective genetic sexing
strains have been produced for various species,
based on translocation of a dominant selectable
marker to the Y chromosome (Whitten 1969,
Whitten and Foster 1975, Seawright et al.
1978, Robinson 1989, Hendrichs et al. 1995,
Franz et al. 1997, Robinson et al. 1999,
Robinson 2002). Unfortunately, these chromo-
some aberrations that are an integral part of
selection systems tend to reduce the rearing
productivity of the flies that carry them. In
Mediterranean fruit flies, these aberrations are
also unstable (Franz et al. 1994, Kerremans



ENGINEERING INSECTS FOR THE SIT

and Franz, 1995) but adequate strain quality
can be maintained during large scale mass-
rearing through the use of a filter rearing sys-
tem (Fisher and Caceres 2000). Furthermore,
each of these sexing strains must be developed
anew for each new species — genetic tools
developed in one species by classical mutage-
nesis cannot be transferred to another species.

Recombinant DNA methods offer the
prospect of simpler systems for genetic sexing,
in which a repressible or inducible female-spe-
cific lethal is used. Such constructs could be
introduced into an otherwise wild-type genetic
background. Changing from permissive to
repressive conditions in the last generation of
mass-rearing would provide a single-sex popu-
lation for release. For this purpose, the repres-
sive condition could be high or low tempera-
ture (as for the present #s/ strains), presence or
absence of a dietary chemical, or any other
convenient environmental parameter that can
be tied to a change in gene expression or func-
tion. Such systems have been demonstrated in
Drosophila (Heinrich and Scott 2000, Thomas
et al. 2000), in Mediterranean fruit fly (Fu et al.
2007), and work is in progress to develop them
for pest insects.

The tsl-based genetic sexing strains (e.g.
VIENNA 8) developed at the FAO/IAEA
Agriculture and Biotechnology Laboratory for
the Mediterranean fruit fly, are extremely
effective, despite some modest drawbacks. The
greatest advantage of transgene-based sexing
systems, relative to current practice, may there-
fore be seen in other pest insects, for which no
such system is presently available.
Development of a sexing system would have
significant benefits for several species, includ-
ing the New World screwworm Cochliomyia
hominivorax (Coquerel), various fruit flies
(e.g. the Mexican fruit fly Anastrepha ludens
(Loew)), and anopheline mosquitoes, and has
also been advocated for some moth species
(Marec et al. 2005).

6. Disadvantages of
Recombinant DNA Methods

Apart from the specific issues discussed
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above (use of tetracycline, possibility of
resistance to a dominant lethal-based genetic
sterilization method), two more general issues
have been raised as possible limitations to the
use of recombinant DNA methods for the pur-
poses described above. These are fitness and
stability.

6.1. Fitness

Two recent papers (Catteruccia et al. 2003,
Irvin et al. 2004) have appeared to imply that
all transgenic mosquitoes will have severely
reduced fitness or mating competitiveness,
compromising any genetic control strategy
based on such insects. In fact these studies
used a small number of highly inbred lines,
and much of the fitness cost may be attributed
to this inbreeding. Furthermore, even if these
lines were shown to have low fitness, it does
not follow that this will be true for all trans-
genic strains. A more recent study that avoid-
ed inbreeding found no significant deleterious
effect in insects expressing a synthetic peptide
as well as a fluorescent marker protein
(Moreira et al. 2004). This is consistent with a
much larger study of transgenic Drosophila,
which found only modest effects on fitness in
many strains (Lyman et al. 1996).

6.2. Stability

This relates to the use of non-autonomous
transposable elements as transformation vec-
tors. There is some debate over the stability
and environmental safety of current transfor-
mation technology, which is based on the use
of these transposons. The writer does not
agree that the use of large non-autonomous
transposons automatically results in an unac-
ceptable risk. This is particularly clear when,
as in the applications described above, the
transposon contains no components that might
confer a selectable advantage on a recipient,
i.e. no insecticide or antibiotic resistance
genes. Compared to the use of genetically-
modified crops that (1) generally incorporate
antibiotic resistance, herbicide tolerance
and/or insect toxicity (from Bacillus
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thuringiensis (de Barjac)), (2) liberate pollen
into the environment, and (3) can hybridize
with wild relatives far more readily (e.g.
canola), the issue does not seem daunting.
Furthermore, technical progress in this area
may overcome or bypass this difficulty. There
are several published methods, or obvious
variants thereof, that would do this, though
demonstrated only in Drosophila so far (Rong
and Golic 2000, Groth et al. 2004, Handler et
al. 2004, Horn and Handler 2005, Oberstein et
al. 2005, Wimmer 2005), apart from the phage
$HC31 system, which was also shown to work
efficiently in a mosquito (Nimmo et al. 2006).
More generally, no strain or genetic construct
is truly stable. All are subject to random muta-
tion. This will lead, at a very low frequency of
perhaps 10-7-10-8 per insect generation, to the
production of defective versions of the trans-
genic strain, particularly ones that have lost
the intended function. The presence of such
defective versions arising in the release gener-
ation should be entirely inconsequential, as
they would be vastly outnumbered by correct-
ly functioning insects. If the original trans-
gene system was mildly deleterious, rever-
tants arising within the breeding population of
the mass-rearing facility might have a modest
selective advantage over the original trans-
genic strain. In this case the defective version
would tend to spread through the breeding
population, which would be highly undesir-
able. However, this is not a new problem. The
current translocation-based Mediterranean
fruit fly sexing strains are also unstable. Since
the males are semi-sterile and the females
weakened by the recessive mutations they
carry, breakdown products, or wild-type chro-
mosomes introduced into the facility from
outside, will spread rapidly through the mass-
rearing population. This problem was over-
come by introducing an elegant filter rearing
system, in which a relatively small population
is carefully maintained and monitored to
ensure its genetic quality (Fisher and Caceres
2000). Samples from this colony are taken,
expanded for several generations and then
released; no insects from this much larger
population are used for subsequent breeding.
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This system is likely to be required for large-
scale rearing of any non wild-type strain,
whether produced by classical or molecular
genetics. It should be more than capable of
handling the level of instability that might be
expected from a typical transgenic strain,
although actual mass-rearing will be required
to address this experimentally.

7. Combining the Benefits of
Recombinant DNA Methods

The various improvements to the SIT dis-
cussed above could be provided independent-
ly, but it would be more efficient to combine
them. For example, while there may be sever-
al ways to construct a genetic sexing strain,
the use of a repressible system, where the
repressor is not found in the natural environ-
ment of the insect, would have the additional
advantage that escaped females, or female
progeny, would die in the wild. The escape
hazard would thereby be greatly reduced,
which would not typically be true of inducible
lethal systems, although they might give
strains that were perfectly adequate for the
purpose of genetic sexing. Furthermore, such
a strain might also be used to remove the need
for irradiation. Elimination of all female prog-
eny will generally be as effective as killing all
the progeny. Indeed it may be significantly
better, particularly if several unlinked female-
lethal constructs are combined in the same
strain (Schlickelman and Gould 2000,
Thomas et al. 2000).

It therefore seems likely that it will be pos-
sible in the near future to combine all of the
above advantages — genetic marker, genetic
sterilization, reduced escape hazard, and
genetic sexing — into a single compact con-
struct or genetic system. The construction of
an effective non-sex-specific lethal system in
Mediterranean fruit fly (Gong et al. 2005) is a
major step towards this goal.

8. Conclusions

Recombinant DNA methods show great
potential for improving SIT. Each of the
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improvements discussed above, incorporated
singly or in combination into a field pro-
gramme, could provide substantial benefits
(Simmons et al., this volume), and future
advances in molecular biology and genetics
are likely to allow further improvements as
yet unheralded. Strains with sufficient poten-
tial to warrant incorporation into a field pro-
gramme are already available, though some
field-testing is urgently required to confirm
this potential. The first few strains may well
not perform in the field exactly as they do in
the laboratory, and some modification of both
strains and testing methods may be required.
Even if the strains themselves are found not to
need any further refinement, some adjust-
ments may be necessary in the mass-rearing
methods to incorporate these new genetic
strains, as was required during the change to
the current Mediterranean fruit fly sexing
strains.

A more serious limitation to progress is the
lack of a well-developed regulatory process to
oversee the introduction of transgenic strains
into field use. It is essential that the field use
of recombinant DNA methods is subjected to
appropriate expert assessment. Developments
in the laboratory have not yet been matched
by parallel developments in the regulatory
process. However, some progress has been
made, particularly in the USA. It is essential
that countries that have an interest in the SIT
urgently clarify and update their regulatory
procedures, so that the potential of this new
approach can be realized in the field.
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ABSTRACT Transposable elements remain the only way to introduce genes into insects so that they
are stably inherited through successive generations. Progress in the transformation of non-drosophilid
insect species, such as mosquitoes and true fruit flies, has resulted mainly from the identification and uti-
lization of new insect transposable elements. The 44T superfamily of transposable elements consists of
members from plants, fungi and animals and includes the active insect transposable elements hobo, Hermes
and Herves from Drosophila melanogaster (Meigen), Musca domestica (L.) and Anopheles gambiae Giles,
respectively. These three elements offer a unique system for study since they are all active yet show, at
some levels, significant sequence divergence. The central premise of the authors' research is that the suc-
cess with which transposable elements can be used as genetic tools in insects, particularly in field applica-
tions, is dependent on knowledge of how they work in the cell nucleus. To this end a structure:function
analysis of these three transposable elements has been undertaken, as well as, in the case of Herves, an
analysis of its distribution in field populations of 4. gambiae in regions of Africa. Also discussed are the
possible roles that host factors may play in Hermes and Herves element transposition and the implication
that these might have for the use of transposable elements in genetic control programmes. Attempts to gen-
erate and test hyperactive forms of the Hermes element transposase are also discussed.

KEY WORDS transposable elements, transformation, Hermes, Herves, hobo, hAT elements, host fac-
tors

1. Genetics and Insect Pest translocations to control the populations of

Control

The use of ionizing radiation to induce muta-
tions, many of which produce chromosomal
rearrangements, has provided a ready source
of variation that has led to some of the pio-
neering developments in animal genetics. It
also led to an appreciation that chromosomal
rearrangements such as translocations could
be employed in the control of insect pest
species. Whitten (1985) provides an illustra-
tive examination of this subject and cites
Serebrovsky’s 1940 manuscript as the
moment at which the use of chromosomal

pest species was first canvassed. In a subse-
quent manuscript, Serebrovsky (1941)
described further elaborate genetic systems
such as genetic sexing strategies and further
translocation-based systems that became bul-
warks of some of the approaches to genetic
control that are used today. Later, and quite
independently in the USA, Bushland and
Hopkins (1951) responding to a suggestion by
Knipling, and later Knipling (1955) proposed
the use of ionizing radiation to sterilize insect
pests. The subsequent deployment of the ster-
ile insect technique (SIT) for the elimination
of New World screwworm Cochliomyia
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hominivorax (Coquerel) populations over sev-
eral decades and the many attempts to repeat
this successful paradigm in other pest species
is well documented (Dyck et al. 2005).

The principle of the SIT proposed by
Knipling, Bushland and Hopkins, and the
methods of pest insect control proposed by
Serebrovsky achieve their goals of pest insect
control through very different approaches. As
Whitten (1985) explained, there is no underly-
ing genetic theory to the SIT, rather large
numbers of insects are exposed to sufficient
levels of ionizing radiation to render them
sterile and they are then released into the field,
once again in large numbers. The increase in
genetic load leads to population suppression
and even elimination. The types of mutations
and chromosomal damage induced in the
gametes of these insects are irrelevant; all that
matters is that it occurs at a frequency that
meets the quality control standards of the
released insects. The methods described by
Serebrovsky (1941) are rooted in genetic the-
ory. The types of induced chromosomal
rearrangements, their stability over time and
their mode of transmission through genera-
tions in the laboratory and in the field, form
the basis of the genetic control programme. In
Serebrovsky’s approach, knowledge of cyto-
genetics was critical.

In the 60 years since these pioneers pro-
posed these approaches to genetic control,
genetics has undergone perhaps three revolu-
tions. One was the discovery of the structure
of DNA, the second was the development of
recombinant DNA techniques, and the third is
the birth, still in progress, of genomics. All of
these have impacted human welfare and all
will have similar effects on how the future
genetic control of pest insects is achieved. In
the SIT today, convergence of Bushland’s,
Hopkins’, Knipling’s and Serebrovsky’s
strategies are seen in genetic sexing strains
developed at the FAO/IAEA Agriculture and
Biotechnology Laboratory, Austria for use in
area-wide integrated pest management (AW-
IPM) programmes using the SIT for the con-
trol of the Mediterranean fruit fly Ceratitis
capitata (Wiedemann). These strains contain a
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sex-linked chromosomal translocation which
joins the male-determining Y chromosome to
a locus located near the translocation break-
point that contains the wild-type allele of a
temperature sensitive lethal allele present on
the 5th chromosome. Females are homozy-
gous for the lethal alleles and are killed as
embryos through incubating eggs at the
restrictive temperature.

2. Insect Transgenesis

The development of Drosophila melanogaster
Meigen genetic transformation by Rubin and
Spradling (1982) led to the proposal to use
this technology in pest insects to efficiently
generate new genotypes. This new technology
would augment existing approaches to AW-
IPM and would also lead to new approaches to
insect genetic control in general. In pro-
grammes using the SIT, the traditional and
still current method used to generate new
genetic sexing strains is chemical and/or radi-
ation mutagenesis followed by breeding. If the
desired strain requires a translocation then
both the labour and time required to generate
this strain can be very large. Furthermore,
once obtained, the strain may not exhibit the
performance characteristics required for
effective use of SIT within the overall pro-
gramme. It may be difficult to rear in large
numbers and recombination may separate the
temperature sensitive locus from the male-
determining region of the Y chromosome at a
frequency not commensurate with continual
and repeated mass-rearing.

Insect transformation is achieved through
the use of transposable elements. The attrac-
tion of transposable element-mediated trans-
genesis to those wishing to use genetics in
pest control is that new mutants can be quick-
ly and easily constructed provided that a
transposable element can be found that intro-
duces genes into the target insect species.
Indeed, an insect heterozygous for the new
mutation can be made in one generation and
homozygotes pure breeding for this allele
within a further generation. These can then be
tested for their suitability for use in pro-
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grammes integrating the SIT. A further advan-
tage of transposable element-mediated trans-
formation is that the change to the insect
genome is precise and small and therefore can
be completely characterized by molecular bio-
logical techniques. This is in contrast to the
classical sexing strains, which contain chro-
mosomal rearrangements with changes in
linkage groups and recombination frequencies
of hundreds, if not thousands of genes associ-
ated with the translocation. The product of the
genetic engineering approach is thus very well
defined, yet it is the manner in which the new
genotype is made, and the fact that it typical-
ly contains new DNA from other organisms,
that attracts the ire of critics of this technolo-
gy. That transposable elements — jumping
DNA - are naturally occurring, and can move
between species, is also a point of some con-
cern.

The history of finding transposable ele-
ments that could transform insect species out-
side of the family Drosophilidae is beyond the
scope of this article and has been more than
adequately covered elsewhere (Handler
2000). To summarize a ten-year history from
1985 to 1995: the P element so successfully
used as a gene vector in D. melanogaster was
incapable of performing the same feat in other
insect species at any reasonable frequency.
This led to a search for alternate transposable
elements that had host ranges, which included
pest insect species. These elements were iden-
tified primarily on their mobility in genetic
assays although bioinformatics analysis of
whole genomes now provides an alternate
means by which functional transposable ele-
ments can be identified. The elements identi-
fied through the basis of their mobility are the
Minos element from Drosophila hydei
Sturtevant (Franz and Savakis 1991), the
Mosl (mariner) element from Drosophila
mauritiana Tsacas & David (Medhora et al.
1988), the Hermes element from the house fly
Musca domestica (L.) (Warren et al. 1994),
the piggyBac element from Trichoplusia ni
(Hiibner) (Cary et al. 1989), and the bacterial
Tn5 element. The Herves element from
Anopheles gambiae Giles was identified
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through a bioinformatic analysis of the whole
genome sequence of this species (Arensburger
et al. 2005). The discovery by Savakis and his
colleagues in 1995 that the Minos element
could repeatedly be used to stably transform
C. capitata was a breakthrough in showing
that transformation of pest insects could be
achieved (Loukeris et al. 1995). James soon
showed that repeated transformation of the
mosquito Aedes aegypti (L.) could be
achieved through using the Hermes or Mosl
elements (Coates et al. 1998, Jasinskiene et al.
1998). Currently, piggyBac enjoys the most
use amongst non-drosophilid insect geneti-
cists. It has a wide host range, appears to have
little if any requirement for host factors, and
displays a distribution amongst arthropods
that suggests it has been active through recent
insect evolution.

3. Transposable Elements

The aforementioned transposable elements
are classified as class I elements because they
transpose via a DNA intermediate. They have
a simple structure consisting of two terminal
inverted repeat sequences located at either end
of the transposable element and a gene encod-
ing a transposase located within the element
(Fig. 1). In bacteria, other genes, for example
those encoding antibiotic resistance are also
present on the element. Class II transposable
elements transpose through the recognition of
DNA sequences within and internal to the ter-
minal inverted repeat sequences by the trans-
posase, followed by excision of the element
and its integration to a second site elsewhere
in the genome to create target site duplications
at the site of insertion. If no copy of the ele-
ment remains at the original donor site, trans-
position is non-replicative since the copy
number of the element within the genome
does not increase. If a copy of the element
remains at the donor site then transposition is
replicative since the copy number of the ele-
ment increases with each transposition.

The process of insect transformation is
dependent on the characteristics of the trans-
posable element used. It follows that under-
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Figure 1. The general structure of class Il transposable elements. (TIR: terminal inverted
repeat sequences, TSD: target site duplications).

standing the molecular basis of transposition
for each of these elements will lead to a better
understanding of how they will behave when
introduced into new host species, such as an
insect pest that is the target of a programme
involving the SIT or a vector of disease in
which the aim to is to use the mobility proper-
ties of the transposable element to quickly
move a beneficial transgene through the vec-
tor population. Indeed, it is often the fact that
transposable elements are used to generate
transgenic insects that concerns opponents of
this technology. Concerns about the ability of
these elements to cross species barriers and to
even lead to the extinction of non-target
species are raised as reasons why this technol-
ogy should not be applied to pest insects.
These are coupled with the origin of the ele-
ment itself (which typically comes from
another species), and of the transgene and
genetic marker it carries also being from
another species. Yet it is foreseeable through
the development of pest insect genome proj-
ects that the transgene, genetic marker and
even the element itself may come from the tar-
get pest insect itself, so the issue of foreign
DNA would be rendered mute. In such a case,
it is likely that concerns about the mobility
properties of the transposable element itself
would remain as a possible barrier to the
application of transgenic-based technology in
AW-IPM programmes.

The central tenant of the authors’ research
is that an understanding of transposable ele-
ment behaviour comes from examining, in
detail, the biochemical mechanism of transpo-
sition and how this might be modified when

the element is introduced into a new host
species. Answers to pertinent questions of reg-
ulation, copy number, host range and stability
are inevitable outcomes of this research.
These can then be used to realistically address
two main and opposite prerequisites of trans-
posable elements used in AW-IPM pro-
grammes:

(1) For programmes using the SIT: the
requirement that the element be stably insert-
ed at desired genomic sites that allow desired
levels of expression of the transgene. If the
purpose of the programme is to genetically tag
every insect with a marker gene or sequence,
then it is critical that every insect raised and
released contains this transgene in the identi-
cal genomic location and that expression lev-
els be constant from insect to insect, genera-
tion upon generation. This requires the trans-
posable element containing the transgene to
be genetically stable at a frequency at least
equal to the spontaneous mutation frequency
of the insect. If the purpose of the programme
is the development of genetic sexing strains in
which the female sex is eliminated before
mass-release, the same requirements exist for
stability of the element and consistency of
expression.

(2) For programmes requiring the spread of
a beneficial gene through an insect popula-
tion: the requirement is for this gene to also
remain inserted within the transposable ele-
ment, but for this element to be highly mobile
so that the transgene, and the beneficial
effects arising from its expression are spread
through the pest population as rapidly as pos-
sible.
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These are competing performance charac-
teristics for a transposable element. Both
require the element to remain intact, yet one
demands genomic stability while the other
requires high rates of mobility. It stands to
reason that it is unrealistic to expect that an
unmodified transposable element introduced
into either the same, or a different insect
species could attain both. It is reasonable to
propose that hyperactive forms of an element
can be obtained since there is selection against
increase in transposable element copy number
in natural systems (Pasyukova et al. 2004). A
hyperactive element would damage its host
through mutagenesis and so jeopardize its
own survival. Consequently there is selective
pressure on the element to reduce its transpo-
sition rate to the point where it has little effect
on the host, yet retains its own ability to prop-
agate through the generations.

4. Functional Insect Members
of the hAT Element
Superfamily of Transposable
Elements

The four eukaryote transposable elements
used to transform non-drosophilid species
represent four different families of class II ele-
ments. Transposable elements are assigned to
these families based on differences in their
DNA sequence, differences in the amino acid
sequence of their transposases (which will
determine their confirmation as active
enzymes), and the resulting differences in the
way they excise from, and integrate into,
DNA. The hAT element super family is wide-
spread across eukaryotes with members found
in humans, fish, insects, plants and fungi.
Some members of this family exhibit wide
host ranges. The Ac element of maize is
mobile in other plants while the Hermes ele-
ment of the housefly is mobile in other insect
species. The insect members of this family,
hobo, Hermes and Herves are particularly
interesting since all are active elements and
are mobile in non-host insect species.
Moreover Herves is distantly related to hobo
and Hermes and is more closely related to 24T

65

elements found in plants.

Hermes has been used to genetically trans-
form five insect species, including mosquitoes
and C. capitata, while Herves, a recently dis-
covered element from the mosquito An. gam-
biae, is interesting due to both its ability to
transform Drosophila and the fact that it is
native to a mosquito species that is one of the
key targets of planned genetic control strate-
gies (Arensburger et al. 2005). Hermes
behaves differently in the germ-line and
somatic nuclei of mosquitoes (O’Brochta et
al. 2003). In the former it integrates via a
transposase-dependent mechanism that leads
to integration not only of the element but also
of flanking plasmid DNA. In the latter it inte-
grates through canonical cut-and-paste trans-
position with no flanking DNA participating
in the integration. In higher flies, this mode of
integration is seen in both germ-line and
somatic nuclei suggesting perhaps that host
factors present in the germ-line nuclei of mos-
quitoes may influence the transposition mech-
anism.

These three 24T elements present a unique
opportunity to examine transposition of relat-
ed, but different elements in vivo in insects as
well as in vitro. The authors’ focus has been
on the Hermes element since, of the three, it
displays the widest host range and so has been
developed as a gene vector in insects.

4.1. The Hermes Element

Hermes is 2749 base pairs in length and has
17 base pairs imperfect terminal inverted
repeat sequences (Warren et al. 1994). It
encodes a transpose 612 amino acids in
length. Like other AT elements, Hermes cre-
ates eight base pairs target site duplications at
the integration site and these sites have a loose
consensus sequence of 5° GTnnnnAC 3’.
Hermes was isolated from the housefly
through its ability to recognize and excise the
related hobo element when hobo was present
in plasmids injected into developing housefly
eggs in the absence of hobo transposase
(Atkinson et al. 1993). The Hermes element
was isolated from housefly genomic DNA
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using degenerate primers designed to con-
serve regions between the Ac, Tam3 and hobo
element transposase-encoding sequences.

Hermes can transpose in 12 insect species
(Atkinson et al. 2001). Transposition is meas-
ured through an interplasmid transposition
assay performed in developing embryos or in
cell culture. Since the majority of nuclei in
embryos are somatic, these assays inevitably
measure mobility in somatic nuclei. Upon inte-
gration into the germ-line nuclei in mosqui-
toes, Hermes becomes relatively immobile
(O’Brochta et al. 2003). Transformations of
Ae. aegypti and D. melanogaster with
autonomous Hermes elements show that sub-
sequent germ-line transpositions do not occur
at detectable frequencies (O’Brochta et al.
2003). In contrast, in the same individuals,
somatic transpositions of autonomous Hermes
elements occur quite frequently. These data
suggest that a system repressing Hermes trans-
position in the genome may be operating in
both Drosophila and mosquitoes.

Hermes transposase has been expressed in
both transformed Drosophila S2 cells and in
Escherichia coli (Migula) Castellani and
Chalmers. Purification of polyhistidine-tagged
Hermes transposase from E. coli has enabled
the biochemistry of Hermes transposition to be
investigated (Zhou et al. 2004). This is a com-
pelling question since 24T elements are a dis-
tinct superfamily of transposable elements.
Hermes excises from the donor site through
the creation of double-strand breaks. These are
staggered with the break in the top strand
occurring one base pair into flanking DNA and
the break in the bottom strand occurring at the
junction between Hermes and flanking donor
DNA. Unlike other transposable elements,
hairpin intermediates are formed on the flank-
ing donor DNA rather than on the transposable
element ends. This supports genetic data previ-
ously obtained from the 7am3, Ac and hobo
elements showing that repair of empty donor
sites following transposable element excision
occurred through templated addition of new
DNA based on flanking sequences (Coen et al.
1986, Atkinson et al. 1993, Weil and Kunz
2000). This mechanism of excision prior to
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integration is peculiar to #AT elements and
links them with the process of V(D)J recombi-
nation which is responsible, in large part, for
the diversity displayed by the vertebrate
acquired immune system. This relationship,
which is also reflected in the secondary struc-
tures of the #AT element transposases and the
RAGTI subunit of the enzyme that mediates the
recombination of the immunoglobulin and T-
cell receptor genes supports the hypothesis that
V(D)J recombination and transposable ele-
ments, specifically #4AT elements, are extant
forms of an ancient recombination system,
opening up the possibility of using either of
these systems as a model for the other. For
example, insights into aberrant recombination
of V(D)J regions with other regions of the
genome might be explored through an exami-
nation of hAT element behaviour in more
tractable experimental systems.

ClustalW alignments of the secondary
structures of hAT element transposases show
that they contain four domains: a BED domain
containing the nuclear localization signal of
the transposase, a second, perhaps discrete
DNA binding domain, a catalytic domain, and
an insertion domain (Zhou et al. 2004). The
catalytic domain is shared with the 7n5 trans-
posase, the RAG1 subunit and the HIV inte-
grase. Hermes, hobo and Herves, together with
the other #AT elements, contain the dichlor-
diphenyl-dichlorethylen (DDE) catalytic triad
of acidic amino acids found in the RAGI sub-
unit and the retroviral integrases. Mutations of
each of these to the non-polar amino acid ala-
nine show that each mutation renders the
Hermes transposase incapable of strand break-
age and joining that are part of the mechanism
of excision and integration (Zhou et al. 2004).
These are first strand cleavage in which a nick
is introduced into the strand of DNA one
nucleotide upstream from the Hermes terminal
inverted repeat sequences and second strand
transfer in which the 3> OH group on the sec-
ond strand is joined to the target DNA. These
data suggest that this catalytic triad partici-
pates in the key chemical steps of Hermes
transposition consistent with their role in the
retroviral integrases.
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Secondary structure alignments reveal that,
for all these recombinases, the three members
of this triad are located on an RNaseH-like
fold, which consists of several B sheets
flanked on either side by alpha helices. Unlike
HIV integrase and the RAG1 subunit, the
third member of the catalytic triad in the
Hermes transposase is a large linear distance
from the central aspartate, being separated
from it by the large insertion domain. 75 and
RAG!1 contain a much smaller insertion
domain separating the second and third mem-
bers of the catalytic triad. The crystal structure
of the Hermes transposase has been resolved
and shows that, despite the linear distance of
the final glutamate from the second aspartate,
the insertion domain serves to bring this glu-
tamate back to the active site so that it is spa-
tially close to the other two members of the
catalytic triad (Hickman et al. 2005).
Interestingly, approximately one half of the
insertion domain contains the least conserved
region amongst the insect 24T transposases.
This might mean that this region contributes
little to function of the transposase, or it may
indicate that each region defines a variation of
function unique to each transposase and its
corresponding element.

The C end of the catalytic domain is high-
ly conserved amongst the #AT transposases
and, to a lesser extent, between the AT trans-
posase and Tn5 transposase and the retroviral
integrases. It contains the final member of the
catalytic triad as well as amino acids that are
required, in part, for oligomerization of the
Hermes transposase. The region most respon-
sible for this particular oligomerization is
located on an a helix between amino acids 551
and 562 located only ten residues from the
glutamate at 572 that forms part of the catalyt-
ic triad (Michel et al. 2003). The fact that this
region of the catalytic domain forms part of
the catalytic site and yet is also involved in
forming weak bonds with adjacent Hermes
monomers suggests that it has a dual function
in the transposase.

Other motifs conserved between these
recombinases include a small motif contain-
ing an argine at position 318 and a tryptophan
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at position 319 which might be involved in the
flipping out of adjacent nucleotides which is
required for hairpin formation and a CxxH
motif located downstream from the second
catalytic residue at 248 (Zhou et al. 2004).
The identification of conserved regions
and specific residues of the Hermes trans-
posase, together with the regions of the
Hermes element with which they interact will
be critical in determining how Hermes might
be modified in order to obtain hypo- or hyper-
mobility. Specific amino acids can be altered
and the effects of these changes on mobility of
the element examined in vitro and in vivo in
insects. Expression of the Hermes transposase
both in E. coli and in yeast opens up the pos-
sibility of identifying randomly generated
mutations that might elevate activity in these
model organisms. Identification of the rate
limiting steps in transposition, through under-
standing the chemistry of transposition, will
aid in the identification of Hermes mutants
that would have activity optimized either for
strain stability (hypomobility) or for the rapid
spread of the element through an insect popu-
lation (hypermobility). Several aspects of
Hermes biochemistry would be predicted to
be rate limiting steps of transposition
amenable to manipulation. These are the bind-
ing strength of the transposase for its target
sites located towards the ends of the element
and the catalytic activity of the transposase.
Increasing the binding strength may increase
the rate of transposition by increasing the like-
lihood of strand breakage and transfer occur-
ring following binding of the enzyme. This
could be achieved through either modifying
those regions of the transposase proposed to
bind to the element (domains I and II) or by
changing the nucleotide sequence of the bind-
ing site. To this end, there is preliminary evi-
dence indicating where these binding sites are
located in the Hermes element (T. Laver, R.
Hice and P. Atkinson, unpublished).
Mutations which directly affect the catalytic
properties of the transposase may act to
increase the frequency of first strand cleavage
and perhaps more closely couple this with
second strand transfer. Implicit with this, is
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the rate at which the target DNA is acquired
by the transposase, and whether donor and tar-
get DNAs are acquired more or less simulta-
neously or whether target capture occurs only
after the flanking donor DNA has dissociated
from the transposase. Interestingly, recent
data from the related RAGI1 enzyme suggests
that target DNA capture occurs only after
DNA flanking the donor breakpoint has been
released (Matthews et al. 2004).

Hypomobility of an element once integrat-
ed into a target genome could be achieved
though removing the binding site of the trans-
posase. FRT (FLP recombinase recognition
target) sites located either side of the binding
site could, in the presence of the FLP recom-
binase, recombine to delete this site. The ele-
ment would be rendered immobile, even
should a source of transposase be subsequent-
ly introduced into the strain. The strategy of
modifying the phenotype of Hermes to suit
area-wide control strategies can be achieved
through understanding how the element
undergoes transposition and will be applicable
to other transposable elements, such as
piggyBac, which are also used to genetically
engineer pest insects.

4.2. The hobo Element

The outcome of studies with Hermes can be
extrapolated to the hobo element of D.
melanogaster and the more distantly related
Herves element of An. gambiae. Hobo was the
first of the insect #24T elements to be identi-
fied and is responsible for a dysgenic system
in Drosophila (Yannopoulos et al. 1987). It
has yet to be determined whether hobo is truly
incapable of being used as a transformation
vector in non-drosophilid species. While early
attempts were unsuccessful, these experi-
ments suffered from the lack of a robust
genetic marker such as the green fluorescent
protein. Interplasmid transposition of Aobo
occurs in developing embryos of Australian
sheep blowfly (Lucilia cuprina Wiedemann)
and Queensland fruit fly (Bactrocera tryoni
(Froggatt)), suggesting that transposition
occurs in at least the somatic nuclei of these
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species (O’Brochta et al. 1994).

The hobo transposase is 53% identical to
the Hermes transposase and differs from it in
having an extra 49 amino acids at the amino
terminus of the protein. Removal of this ter-
minus results in a truncated protein that is
more active than the full-length protein, per-
haps suggesting that, as for the Ac
transposase, this amino end suppresses trans-
posase activity (Y.-J.LKim and P. Atkinson,
unpublished). Hobo presents a unique oppor-
tunity for studying insect #AT elements in
vivo. Unlike the Hermes element and the
Herves element (discussed below) in which
all natural host individuals examined so far
contain these elements, D. melanogaster con-
sists of H and E strains, the former containing
hobo elements while the later lacks them. As
for the P element, a reason for the versatility
of the hobo element in Drosophila is that E
strains are used as transformation recipients
leading to efficient transformation. The same
applies for Hermes and Herves mediated
transformation of Drosophila. Understanding
the regulatory mechanisms that act post-inte-
gration of an element is important in deter-
mining the dynamics of these elements in
these species and Drosophila provides an
ideal model for these studies.

4.3. The Herves Element

The Herves element is from the mosquito An.
gambiae and was identified using a bioinfor-
matics screen of the recently completed
genome project of this organism (Arensburger
et al. 2005). Herves is an active transposable
element and can be used to transform
Drosophila at frequencies approaching those
of the P, Hermes and piggyBac elements. That
Herves is active and native to An. gambiae,
the principal vector of malaria in sub-Saharan
Africa makes it an interesting element for
study since it might be developed into an
endogenous gene vector in this important
species.

The Herves transposase is 21% identical to
the Hermes transposase. The Herves terminal
inverted repeat sequences are 11 base pairs
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long and differ in 2/11 positions to those of the
hobo element, and in 2/11 positions to those of
the Hermes element. Herves is a distantly
related element to these other insect 74T ele-
ments and it remains to be determined if there
are subtle differences in its mechanism of exci-
sion and integration relative to these elements.
Such differences would not be expected to be
seen in first strand cleavage or second strand
transfer, rather they might be manifested in tar-
get site selection or in the nucleotides of the
Herves element bound to the transposase.

Herves is most likely active in field popula-
tions of An. gambiae. Analysis of populations
collected from Furvela along the southern
coast of Mozambique revealed that Herves
was present in An. gambiae sensu stricto and
in two other species of the An. gambiae com-
plex, Anopheles merus Donitz and Anopheles
arabiensis Patton (Arensburger et al. 2005,
O’Brochta et al. 2006). Copy numbers varied
from 4.5 to 7.3 elements per genome and the
high degree of insertion-site polymorphism
within populations is consistent with this ele-
ment being recently active.

5. Conclusions

Insect transformation, and technologies that
arise from it, are both dependent on the behav-
iour of transposable elements. Transposable
element behaviour is, in turn, regulated by the
properties of the element itself and by host fac-
tors within the genome. The 24T superfamily
of transposable elements contains three active
members from at least three species of Diptera
and so provides multiple opportunities to
examine the relationship between transposable
element structure and function. Examination
of Hermes illustrates that changes made to the
element and its transposase can be tested both
in vitro and in vivo and may lead to the gener-
ation of new versions of Hermes that possess
performance characteristics required for use in
insect control programmes.
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ABSTRACT Genetically transformed insect pests provide significant opportunities to create strains to
improve the sterile insect technique (SIT) and new strategies based on conditional lethality. A major con-
cern for programmes that rely on the release of transgenic insects is the stability of the transgene, and main-
tenance of consistent expression of genes of interest within the transgene. Transgene instability could influ-
ence the integrity of the transformant strain upon which the effectiveness of the biological control pro-
gramme depends. Loss or intragenomic transgene movement could result in strain attributes important to
the programme being lost or diminished, and the mass-release of such insects could significantly exacer-
bate the insect pest problem. Instability resulting in intragenomic movement may also be a prelude to
intergenomic transgene movement between species resulting in ecological risks. This is a minor concern
for short-term releases where transgenic insects should not survive in the environment beyond one or two
generations, but transgene movement may occur into infectious agents during mass-rearing, and the poten-
tial for movement after release is a possibility for programmes using many millions of insects. Random
genomic insertion is also problematic for transgenic strain development due to genomic position effects
that influence transgene expression, and insertional mutations that negatively affect host fitness and viabil-
ity. New types of vectors are described that allow post-integration immobilization by deleting terminal vec-
tor sequences required for transposition, and genomic targeting by a recombinase-mediated cassette
exchange strategy.

KEY WORDS biological control, transposable elements, transgenic strains, sterile insect technique,
conditional lethality, insect transformation, vector stabilization, vector targeting, recombinase-mediated
cassette exchange

1. Introduction

In recent years the development of transgenic
insect strains has advanced rapidly, with more
than 20 species within four orders of insects
being genetically transformed (Handler
2001). The ability to efficiently introduce
recombinant DNA into insect host genomes
provides significant opportunities to study the
genetic basis of insect biology in a wide range
of species, in ways previously limited to
model insect systems such as Drosophila.
Gene transfer also provides the opportunity to

create transgenic strains that may be used
directly to control the population size or
behaviour of agriculturally and medically
important insects. Transgenic strains may be
created to improve existing biological control
strategies, such as the sterile insect technique
(SIT), or to provide the means for new strate-
gies for biological control based on condition-
al lethality (Alphey 2002, Handler 2002a).
For beneficial insects, their vigour and repro-
ductive capacity may be enhanced, in addition
to their ability to produce and process pro-
teins. In some cases, such as vectors of dis-
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ease, instead of suppressing the population of
pest insects, they may be transformed into
inhospitable hosts for the parasites or
pathogens that they normally transmit (James
2005).

The significant advances in basic and
applied studies that genetically transformed
insects may provide must, however, be
viewed in light of several limitations that are
inherent to the gene transfer vector systems
used to integrate transgenes into the host
genome (Handler 2004). All of the heritable
germ-line transformations in insects have
been achieved with vectors derived from a
type of mobile DNA known as transposable
elements, which include the elements Hermes,
mariner, Minos, and piggyBac. While these
elements provide advantages over other types
of vectors and transformation strategies, a
major consideration is their potential for
remobilization which can compromise the sta-
bility of the transgenic host strain, and thus
adversely affect programme effectiveness.
While the transposase enzyme required for
transposon movement is typically eliminated
after integration, the undetected or unintended
presence of the transposase or related
enzymes within the host can result in vector
remobilization. While generally not consid-
ered to be a problem for small-scale laborato-
ry studies, the rearing and release of many
millions of insects for biological control pro-
grammes increases the probability that such
rare events may occur. Other caveats relate to
the generally random nature of transposon
integration into host genomes. Localized
genomic effects on gene expression can result
in variable transgene expression depending
upon the integration site. Vector integrations
into coding regions or important regulatory
regions can result in mutations having delete-
rious effects on the transformed host’s fitness
and viability. Thus random integrations make
comparative gene expression studies problem-
atic, and greatly reduce the efficiency of cre-
ating optimal strains for applied use.

To address these limitations on transgenic
insects, new vectors have been developed that
can be stabilized subsequent to genomic inte-
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gration, and for which defined integration tar-
get sites may be created within the genome.
These, and similar strategies by other labora-
tories should provide a new generation of vec-
tors that both increase the efficiency of trans-
genic strain development, and at the same
time, increase the effectiveness of transgenic
strains and their ecological safety.

2. Transgenic Insects for
Biological Control

Genetically transformed insect strains have
great potential for improving existing biologi-
cal control programmes for pest species such
as those integrating the SIT, or to develop new
control strategies based on the conditional
regulation of genes that encode lethal prod-
ucts (Handler 2002a). For beneficial insects,
the potential exists to develop transgenic
strains having enhanced immune systems,
increased longevity and reproductive
capacity, or heightened response to odorant
cues elicited by prey insects.

Vectors of disease may also be eliminated
by biological control methods, or potentially,
allowed to exist but made refractory to the
parasites and pathogens that they normally
transmit so that they no longer threaten human
or animal health (James 2005). Several of
these strategies are discussed in more detail in
this volume (Aksoy et al., Alphey et al.,
Bourtzis et al., this volume), but briefly,
lethality induced by transgenic techniques can
improve the SIT by allowing more efficient
genetic sexing by causing lethality specifical-
ly in females, or for male sterilization by
specifically eliminating tissues required for
fertility (Handler 2002a). Alternatively, genes
involved in sexual differentiation, or sex
determination, may be manipulated so that the
sexual phenotype is disrupted or reversed
(Handler 1992, Pane et al. 2005). Most
straightforwardly, transgenic strains marked
with green fluorescent protein (GFP) or red
fluorescent protein (DsRed), initially used to
select transformants, may also be used to
unambiguously identify insects in the field
after release (Horn et al. 2002). This in itself
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would be a major advance over using fluores-
cent powders for marking (Hagler and
Jackson 2001). Novel strategies for biological
control have also been proposed whereby the
offspring of mass-released insects either die or
are sterile (Heinrich and Scott 2000, Thomas
et al. 2000, Horn and Wimmer 2003). A vari-
ety of mutant and normal genes affecting cell
viability are potentially useful for these strate-
gies, including genes involved in programmed
cell death (White et al. 1994), genes encoding
toxin subunits such as diphtheria (Kalb et al.
1993), or mutations that cause a normal gene
product, such as DTS-5 (Saville and Belote
1993) or Notch%0¢!! (Fryxell and Miller
1994), to become toxic at either high or low
temperature, respectively.

A critical component of these strategies is
the regulated expression of the lethal product,
both to maintain breeding populations in facil-
ities and to target the lethal phenotype to a
particular tissue or stage in development. This
can be achieved by making transgene activity
conditional to a particular temperature range,
chemical treatment, or by the interbreeding of
specific genotypes. Such methods have
already been tested in Drosophila, and include
the use of temperature sensitive lethal alleles
or the use of ectopic transcriptional regulators
such as the Gal4/UAS system (Brand et al.
1994) or the Tet-off/on systems (Bello et al.
1998) that respond to dietary tetracycline.

3. Transposon Vectors and
Insect Transformation

To better understand the limitations and risks,
as well as the advantages, associated with
genetically transformed insects, it is helpful to
understand the methods and mechanisms used
to create them. All of the heritable transforma-
tions of insect germ-lines have utilized Class
II transposable elements as vectors that trans-
pose by a DNA-mediated “cut-and-paste”
process (Atkinson et al. 2001). These mobile
genetic elements are typically one to three
kilobases in length and have terminal
sequences that are inverted repeats of one
another. The terminal inverted repeats are usu-
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ally 30 base pairs or less, but some are sever-
al hundred base pairs and some terminal
regions also have subterminal inverted repeat
sequences. The terminal inverted repeats and
adjacent DNA are excised and reinserted
together into a new DNA insertion site as part
of the transposition process. In between the
terminal inverted repeats is a gene for a trans-
posase enzyme that binds to the terminal
sequences to catalyse both the “cut-and-paste”
processes. In this way, most transposons are
self-contained autonomous elements that may
require other host-encoded nuclear proteins.
Importantly, while the terminal inverted
repeats and transposase gene are usually
linked as a cis-acting unit, the terminal invert-
ed repeats and intervening DNA can be mobi-
lized by an unlinked transposase gene acting
in trans. This feature has allowed the develop-
ment of defective non-autonomous vector
plasmids that only include the terminal invert-
ed repeats, marker genes, and genes of interest
with its transposase gene either mutated or
deleted. These vectors can then only be mobi-
lized by a separate source of transposase
helper, provided by a plasmid-encoded gene
lacking terminal inverted repeats, or the trans-
posase RNA or protein. When co-injected into
preblastoderm embryos, the transposase catal-
yses integration of the vector, but does not
integrate itself in the absence of terminal
inverted repeats, and is eventually diluted
with cell division. Once the transposase is
lost, vector integrations into the germ-line
chromosomes should remain stable.

All insect transformations to date have uti-
lized transposon vectors, though the first two
vectors originally discovered and used in
Drosophila melanogaster Meigen, P (Rubin
and Spradling 1982) and hobo (Blackman et
al. 1989), have not been found to be effective
in other species (Handler 2001). Other func-
tional elements that have been used in non-
drosophilids depended on the fortuitous dis-
covery of new transposons, or the directed
search for hobo-related elements in non-
drosophilids. These include the Minos ele-
ment discovered in Drosophila hydei
Sturtevant (Franz and Savakis 1991), which is
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closely related to 7c elements from nema-
todes, and the Mos! mariner element from
Drosophila mauritiana Tsacas & David
(Medhora et al. 1988). Elements from the
hobo, Ac, Tam3 (hAT) family include Hermes,
discovered in the house fly Musca domestica
L. (Warren et al. 1994) and Herves, recently
discovered in Anopheles gambiae Giles
(Arensburger et al. 2005). Hermes is widely
functional, but quite importantly, it has been
shown to functionally interact with hobo
(Sundararajan et al. 1999), providing some of
the strongest experimental evidence to sup-
port the need for methods to stabilize trans-
gene integrations.

The most widely used transposon vector to
date is the piggyBac element discovered in a
baculovirus passed through a cell line of the
cabbage looper Trichoplusia ni (Hiibner)
(Fraser et al. 1983, Cary et al. 1989). A
piggyBac vector was first used to transform
several tephritid species, and use of a lepi-
dopteran transposon in dipteran species por-
tended the broad functionality of this element,
which has been proven by its use in nearly 20
species within four orders of insects (Handler
2002b). Molecular analysis of Bactrocera
dorsalis Hendel transformants, however, indi-
cated the potential for cross-mobilization in
this species since Southern hybridizations
showed genomic sequences in the host strain
that were closely related to piggyBac (Handler
and McCombs 2000). This was confirmed by
polymerase chain reaction (PCR) analysis,
and further studies now show that piggyBac
elements, having greater than 95% nucleotide
identity, exist throughout the B. dorsalis com-
plex and several other closely related species
(G. Zimowska and A. Handler, unpublished).

The finding of a moth transposon in dipter-
an species suggested that piggyBac might also
exist in other moths, and this has been con-
firmed by Southern hybridization and
sequence analysis of elements isolated by
PCR (G Zimowska and A. Handler, unpub-
lished). These species include Helicoverpa
zea (Boddie), Helicoverpa armigera
(Hiibner), and Spodoptera frugiperda (J. E.
Smith), in addition to new elements discov-
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ered in 7. ni. This is a strong indication that
piggyBac has been horizontally transmitted
between distantly related species, and for this
to occur, functional elements must exist in
these species or associated organisms. As with
Hermes, these findings raise the concern for
potential remobilization and instability of
transgenes vectored by the respective trans-
posons. While the existing data raise most
concern for Hermes and piggyBac, both the
Minos (Avancini et al. 1996) and mariner
(Robertson and MacCleod 1993) elements
also exist in broad, potentially functionally
compatible, families of elements, and unless
proven otherwise the concerns for transposon
vector stability must be extended to these, and
possibly all future transposon vectors as well.

4. Methods to Stabilize
Transposon Vectors

While genetically transformed insects present
a wide array of possibilities to create strains
with attributes that can greatly improve exist-
ing biological control methods and the devel-
opment of new strategies for control, the
effective use of such strains will depend on
the reliable expression of the integrated genes
of interest, as well as maintenance of strain
fitness and viability under mass-rearing proto-
cols. It is also critical that the transgene vector
is stably integrated to maintain strain integrity
and to prevent possible interspecies move-
ment of the transgene into unintended hosts,
which is a major concern for ecological safe-
ty. Current knowledge of known transposons,
and especially those used for insect transfor-
mation, makes these concerns of primary
importance.

The major contributing factor to vector
instability is most likely the presence of the
same transposon, or a functionally related sys-
tem, in the host genome or in an associated
infectious or symbiotic organism within the
host. The former possibility can be tested by
direct structural tests using DNA hybridiza-
tion or PCR analyses to detect the same ele-
ment or a related element with a high degree
of sequence identity. If a related system is
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functionally conserved but lacking sufficient
structural identity for easy detection, as would
be the case for hobo and Hermes, functional
assays may be performed. Indeed, transposi-
tion and excision assays that show mobility in
the host in the absence of an exogenous source
of transposase (i.e. by injecting only donor
and target plasmids for transposition, or indi-
cator plasmid for excision) provide the most
straightforward test for cross-mobilization
(Atkinson et al. 1993). However, these assays
are typically performed in cell lines and
embryos, and are probably not sensitive
enough to detect mobility catalysed by a non-
host source of transposase, and especially
from coexisting organisms that proliferate
post-embryogenesis. Given these caveats, it is
highly unlikely that the complete potential for
transgene vector remobilization can be defini-
tively and unambiguously assessed, leaving
open the possibility, regardless of how mini-
mal, that transgenic insertions will not remain
stable. This creates a significant point of con-
cern for the ecological risk assessment that
will be required for a transgenic release certi-
fication. Indeed, addressing the issues of
potential transgene instability and interspecies
movement was a primary concern in response
to the environmental assessment for the
release of a transgenic pink bollworm
Pectinophora gossypiella (Saunders), solicit-
ed by United States Department of
Agriculture’s Animal and Plant Health
Inspection Service-Plant Protection and
Quarantine (USDA-APHIS-PPQ). The inabil-
ity to adequately address these issues had led
us and others to consider development of a
new generation of vectors that can be immobi-
lized, with respect to transposase activity,
after initial genomic integration has been
achieved.

4.1. Vector Immobilization

Immobilization or stabilization of a transpo-
son vector is most straightforwardly achieved
by deleting or rearranging DNA within the
vector that is required for transposition. This
includes the terminal inverted repeats and
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possibly additional adjacent DNA. For most
transposons this includes up to 100 base pairs
of terminal sequence (though longer for ele-
ments such as Minos whose terminal inverted
repeats themselves are 255 base pairs).
Deletion or rearrangement of these sequences
is most simply achieved by introducing short
sequences that specifically recombine with
one another in the presence of an appropriate
enzyme. Two examples of these systems are
the FRT/FLP recombinase system from the
two micron plasmid of yeast (Andrews et al.
1985) and the bacteriophage Cre-loxP system
(Siegal and Hartl 1996). A functional FRT
recombination site consists of two 13 base
pair inverted repeats separated by an eight
base pair spacer that specifically recombine
with one another in the presence of FLP
recombinase. Depending upon their location
and orientation, FRT recombination can result
in chromosomal rearrangements or the target-
ing of a plasmid carrying an FRT to a genom-
ic FRT site (Rong and Golic 2000).
Recombination of FRTs in direct orientation
results in the deletion of the intervening DNA,
while FRTs in the opposite orientation results
in inversions. It should thus be possible to
position FRTs in vectors to create rearrange-
ments within a vector, or between two inde-
pendent vectors after their genomic insertion
by injection of plasmid-encoded FLP recom-
binase (Handler 2004). While theoretically
attractive, use of recombination systems is not
simple. Placement of recombination sites
within the vector may be difficult without
negatively affecting its ability to integrate ini-
tially (due to disruption of the terminal
sequence). Rearrangement between independ-
ent vectors is more plausible, but requires the
vectors to be linked closely on the same chro-
mosome with recombination sites in an indi-
rect orientation, to avoid lethal deletions
resulting from directly oriented sites. With
recombination sites in indirect orientation, an
FRT inversion between distantly integrated
vectors has been achieved in Drosophila
resulting in stabilization of both vectors since
the inversion reconstitutes chimeric vectors,
each having a terminal sequence of the other
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Figure 1. Transgene stabilization by terminal sequence deletion of the pBac{L1-PUbDsRed1-
L2-3xP3-ECFP-R1} vector. The diagram (not to scale) shows relative positions of the pBacLl,
pBacL2 and pBacR1 piggyBac terminal sequences, the PUbDsRed1 and 3xP3-ECFP markers,
and an insertion site for genes of interest. Transposase is provided by either mating to a
piggyBac jumpstarter strain, or by injection of a piggyBac helper plasmid. Integration of the
entire stabilization vector is determined by the presence of both DsRed and ECFP markers, and
terminal sequence deletion is determined by remobilization of the L2-3xP3-ECFP-R1 embed-
ded vector resulting in loss of the ECFP phenotype. The genomic stabilized transgenes include
the pBacL1 terminus, the DsRed marker, and any inserted gene of interest.

(E. Wimmer, personal communication).

This approach has the added advantage of
creating a balancer chromosome (within the
inversion) in which normal recombination is
suppressed in heterozygotes. This is a very
encouraging result using an elegant approach
to achieve vector stabilization, but its success
in Drosophila will be difficult to repeat in
other insects where inserting linked vectors,
and mapping and determining vector orienta-
tion is much more difficult. This will be ame-
liorated to some extent in insects whose
genome has been sequenced. In order to sim-
plify and extend the use of vector stabilization
to many species, another approach has been
taken that results in terminal sequence dele-

tion without the use of recombination sites.

4.2. Vector Stabilization by Terminal
Sequence Deletion

To stabilize transposon vectors subsequent to
genomic integration, a method to delete a termi-
nal vector sequence required for mobility was
first tested in Drosophila by introducing an
internal tandem duplication of the other terminal
sequence, with independent fluorescent protein
markers placed between each set of termini
(Handler et al. 2004) as shown in Fig. 1.
Specifically, the piggyBac vector, pBac{L1-
PUbDsRed1-L2-3xP3-ECFP-R1}, was created
by placing a duplicated 5° terminal piggyBac
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sequence (pBacL2) internal to the flanking 5’
(pBacL1) and 3’ (pBacR1) termini, with inde-
pendent markers placed between each set of ter-
mini. Genes of interest to be stably integrated
would be placed between the duplicated termini.
Transformation with this vector can result in
two types of integration: either the shorter
embedded L2-3xP3-ECFP-R1 sequence may
integrate by itself, or the entire L1-PUbDsRed1-
L2-3xP3-ECFP-R1 vector may integrate.

In general, shorter vectors transpose more
efficiently than longer vectors, and indeed,
transformation with this vector resulted in seven
lines with only the embedded L2-3xP3-ECFP-
R1 vector, and one line with the entire L1-
PUbDsRed1-L2-3xP3-ECFP-R1 vector.
However, after mating the L1-PUbDsRed1-L2-
3xP3-ECFP-R1 strain to a piggyBac trans-
posase jumpstarter strain (having a chromoso-
mal source of the functional transposase gene),
the L2-3xP3-ECFP-R1 vector was remobilized
resulting in progeny having only the L1-
PUbDsRed! transgene sequence genomically
integrated. In the absence of the R1 3’ piggyBac
terminus, it was expected that the remaining
genomically integrated sequence would remain
stable with respect to remobilization by a source
of transposase. This was tested by mating the
stabilized line to the jumpstarter strain, which
showed that no remobilization occurred (by loss
of phenotype) in more than 7000 progeny
assayed. This compared to about 5% remobi-
lization rate in the original L1-PUbDsRed1-L2-
3xP3-ECFP-R1 vector. This showed that the
transgene was stabilized owing to the loss of the
3’ piggyBac terminus. A similar stabilization
vector has been integrated into the Caribbean
fruit fly Anastrepha suspensa (Loew) and the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann) with the embedded vectors remo-
bilized by injection of transposase helper plas-
mid. The testing for stability in resulting proge-
ny of these species is in progress.

S. Vector Targeting
A major difficulty in creating optimal trans-

genic strains for biological control is
decreased fitness and viability due to vector
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integrations disrupting vital gene functions,
and diminished or altered transgene expres-
sion due to genomic position effects. Both
drawbacks can be minimized by having trans-
gene integrations limited to defined genomic
target sites known to be devoid of vital DNA
and subject to minimal position effects. To tar-
get a plasmid donor vector to a specific
genomic locus an FLP recombinase-mediated
cassette exchange (RMCE) system (see Baer
and Bode 2001) was modified for use in
insects, and tested in Drosophila (Horn and
Handler 2005). A recombinase-mediated cas-
sette exchange system is based upon double
recombination between small recombination
sites (such as FRT or loxP) within a genomic
target site, and a plasmid donor sequence as
shown in Fig. 2.

A linotte homing sequence from
Drosophila was added since such sequences
placed within a plasmid vector are known to
target the same endogenous genomic
sequences, and it was reasoned that this might
enhance recombination between the donor
plasmid and the genomic target site. Target
site strains were created by transformation
with a piggyBac vector (pBac{3xP3-FRT-
ECFP-linotte-FRT3}) having two heterospe-
cific FRT recombination sites (FRT and
FRT3) surrounding an enhanced cyan fluores-
cent protein (ECFP) marker coding region and
the linotte homing sequence. Transformant
lines from embryos having an integrated tar-
get vector were then injected with a donor
vector plasmid (pSL-FRT-EYFP-linotte-
FRT3) having corresponding FRT/FRT3 sites
surrounding an enhanced yellow fluorescent
protein (EYFP) marker coding region and
linotte sequences. Recombination between the
target and donor FRT/FRT3 sites was mediat-
ed by co-injection of an FLP recombinase
helper plasmid (pKhsp82-FLP).

Targeting of the genomic acceptor site by
recombination with the donor plasmid was
determined in the progeny of the injected
embryos, with recombinants identified at a
frequency of about 23% by screening for con-
version of the enhanced cyan fluorescent pro-
tein to the enhanced yellow fluorescent pro-
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Figure 2. Genomic targeting by recombinase-mediated cassette exchange (RMCE) and subse-
quent target site vector stabilization by terminal sequence deletion. The genomic target vec-
tor, pBac{3xP3-FRT-ECFP-linotte-FRT3}, is first integrated into a host genome by trans-
posase-mediated germ-line transformation. It is then targeted by recombinase-mediated cas-
sette exchange by co-injection of the donor vector plasmid {pSL-FRT-EYFP-linotte-FRT3},
and the FLP recombinase helper plasmid, pKhsp82-FLP, into target strain embryos (see text
for details of plasmid constructions). Recombinants are identified by the exchange of the
enhanced cyan fluorescent protein (ECFP) marker in the target strain for the DsRed and
enhanced yellow fluorescent protein (EYFP) markers introduced by FRT/FRT3 double-recom-
bination with the donor vector. The genomic target site is subsequently stabilized by trans-
posase-mediated remobilization of the pBacLl terminus from the target vector and a pBacR2
terminus from the donor vector (Fig. 1), which is determined by loss of the DsRed phenotype.
The genomic stabilized transgenes from this strategy include the pBacRI1 terminus, the
enhanced yellow fluorescent protein marker, and any genes of interest (GOI) inserted into the
donor vector.

recombinant vector
—————

.

stabilized transgene vector

tein eye fluorescence marker phenotype.
However, in addition to cassette exchange
products from double reciprocal FRT and
FRT3 crossovers, integration products from
single FRT crossovers were also identified,
but these could be discriminated by separable
fluorescent markers (e.g. a DsRed marker
placed outside the FRTs in the donor plasmid;
not shown in Fig. 2). To stabilize targeted
insertions, a new recombinase-mediated cas-
sette exchange donor vector had a piggyBac
5’-terminus incorporated to allow post-inte-
gration deletion of the piggyBac 3’-terminus
as described above. New transgene vectors

such as these, that allow genomic targeting
and post-integration stabilization, should sig-
nificantly improve the efficient creation and
safety of insects intended for field release.

6. Conclusions

The use of transgenic insect strains to improve
the biological control of insect pests has enor-
mous potential for success, but the develop-
ment and release of such transgenic strains
must be approached with a very high level of
caution. While the actual risk of transgene
remobilization may be very small, the large
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number of insects used for field release pro-
grammes, the inability to retrieve these insects
once released, and the known potential for
remobilization of defective vectors certainly
heightens the real and perceived concerns for
transgenic release. Methods for vector stabi-
lization after initial genomic integration by
recombinase-mediated cassette exchange as
described here, or by intervector recombina-
tion being developed by other laboratories,
should eliminate the major cause of vector
instability resulting from the unintended pres-
ence of transposase. In addition, vectors that
allow genomic targeting should not only
increase the efficiency of creating transgenic
strains for biological control, but should also
enhance the ability to compare and monitor
transgene expression and stability between
strains. This should improve the evaluation of
transgenic strains for ecological safety as part
of risk assessment protocols, and strain effec-
tiveness during development and implementa-
tion. Thus, new vectors that allow both
genomic targeting and subsequent stabiliza-
tion should provide a significant advance in
the development of transgenic insect strains
for biological control.
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ABSTRACT The Mediterranean fruit fly Ceratitis capitata (Wiedemann) is one of the world’s most
destructive insect pests, costing farmers billions of dollars annually. Improved biological strategies are
needed to increase the efficacy of area-wide integrated pest management (AW-IPM) programmes.
Transgenic methodology could enhance and widen the applicability of the sterile insect technique (SIT) as
a component of AW-IPM programmes and a transgenic approach to sterilize insects with an embryonic
lethal transgene combination instead of conventional radiation was successfully tested in Drosophila
melanogaster Meigen. This system is currently being transferred to C. capitata, in order to test its feasibil-
ity in this species and compare its effectiveness to radiation sterilization. Therefore two strategies are being
followed: (1) direct transfer of the constructs used in D. melanogaster and assessment of their functional-
ity in C. capitata, and (2) isolation of genes active during early embryonic development of C. capitata for
use in an embryonic lethality system with endogenous components. If proven functional and effective in
C. capitata, such a system might be transferable to other insect pests.

KEY WORDS Ceratitis capitata, cellularization, cDNA-subtraction, conditional embryonic lethality,
sterile insect technique (SIT), insect transgenesis

1. Introduction

The Mediterranean fruit fly Ceratitis capitata
(Wiedemann) is one of the worlds’ most
important pests of fruits and vegetables,
attacking more than 260 different fruits, veg-
ctables and nuts. The direct damage caused by
feeding larvae and the quarantine status of this
insect have major impacts on many agricultur-
al economies. Biological approaches to insect
pest management offer alternatives to insecti-
cidal control. The sterile insect technique
(SIT) is a powerful component of area-wide

integrated pest management (AW-IPM) pro-
grammes to suppress or eliminate populations
of economically important pest species by the
mass-release of radiation-sterilized insects
(Knipling 1955). However, the use of radia-
tion for sterilizing insects does have some
adverse effects on their competitiveness
which in turn reduces the efficiency of the
technique (Cayol et al. 1999, Calkins and
Parker 2005).

Recently a transgene-based embryonic
sterility system was successfully established
in Drosophila melanogaster Meigen (Horn

85

M.J.B. Vieysen, A.S. Robinson and J. Hendrichs (eds.), Area-Wide Control of Insect Pests, 85-93.

© 2007 IAEA.



86

and Wimmer 2003) and this system may pro-
vide an alternative to the use of radiation in
AW-IPM programmes integrating the SIT.
The aim of the studies reported here was to
establish and evaluate such a system in C.
capitata.

2. Transgene-Based Sterility
System in Drosophila
melanogaster

A novel transgenic approach was developed to
induce sterility without interfering with game-
togenesis or with other larval and adult stages
of the insect life cycle. Sterility is based on the
transmission of a transgene combination that
causes dominant embryo-specific lethality in
subsequent progeny. This dominant lethality
is suppressible by additives in the larval diet,
thereby enabling rearing of such strains. This
should allow the generation of competitive
sterile insects that can transfer competitive
sperm (Horn and Wimmer 2003), carrying the
transgene, to wild females. The embryos pro-
duced by the females will carry the dominant
transgene and, in the absence of the additives,
the embryos will die. For the effector gene
causing organismal lethality, a hyperactive
allele of the pro-apoptotic gene head involu-
tion defective (hid) was chosen, which induces
cell death when expressed ectopically
(Grether et al. 1995). To avoid down regula-
tion of HID by developmental signalling path-
ways, the phosphoacceptor-site mutant allele
hidAlaS (Bergmann et al. 1998) was used. To
limit the effect of the transgenes to the embry-
onic stage, enhancer-promoters of genes that
are expressed at high levels but are specific to
the cellularization stage were used. In D.
melanogaster the genes serendipity o (sry o)
and nullo encode structural components of the
microfilament network that are specifically
required for Dblastoderm cellularization
(Ibnsouda et al. 1993, Postner and Wieschaus
1994). To establish conditional embryonic
lethality, a suppressible binary expression sys-
tem based on the tetracycline controlled trans-
activator tTA (Gossen and Bujard 1992) was
employed. By adding tetracycline to the larval
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diet the transgene activity can be suppressed.
In D. melanogaster, hid4!a5 specifically caus-
es embryonic lethality when driven by tTA
under the control of the enhancer-promoter
from a cellularization gene, and can be sup-
pressed by tetracycline provided maternally to
the egg (Horn and Wimmer 2003). Due to the
inhibition of the tTA-DNA binding by tetracy-
cline, the tTA protein functions as a switch to
discriminate restrictive from permissive con-
ditions. Under restrictive conditions (without
tetracycline) 99.9% of D. melanogaster
embryos that inherited one copy of the trans-
gene combination were killed. Under permis-
sive conditions (with tetracycline), lethality
was suppressed which allowed the continuous
generation of large numbers of transgenic
insects (Fig. 1). Strains homozygous for the
transgene combination can be propagated on
tetracycline-containing food. Males from
these D. melanogaster strains are competitive
in laboratory mating assays and transmit the
transgene combination, which causes domi-
nant embryonic lethality in offspring. Thus the
transgene-based suppressible embryo-specific
lethality system may enable competitive ster-
ile insects to be produced without irradiation
and is therefore of interest for improving con-
ventional SIT and widening its applicability.

3. Transfer of the Transgene
Embryonic Lethality System to
Ceratitis capitata

3.1. Direct Transfer of the Drosophila-
Used Transgenes to Ceratitis capitata

For fast and easy transfer of the embryo-spe-
cific lethality system from the model organ-
ism to the pest species, direct use of the D.
melanogaster transformation constructs in C.
capitata was pursued (Horn and Wimmer
2003). This involved taking the driver con-
struct pBac{3xP3-EYFP;>>s1-tTA>>} (Horn
and Wimmer 2003) and digesting it with
Bglll. The fragment, which contains the ¢74
gene under control of the -276:+45 sry a pro-
moter region, was inserted into the Bg/II site
of the transformation vector pB[PUb-
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Figure 1. Binary expression system for conditional embryonic lethality. Enhancer-promoters
of the cellularization genes (cellu.-E/P) sty o or nullo were selected, which mediate gene
expression exclusively during early embryogenesis. The tetracycline controlled transactivator
(tTA) is based on a bacterial-viral fusion protein and mediates gene expression by binding to
a tTA-response element (TRE). The main advantage of this system is that targeted gene expres-
sion can be controlled by the food supplement tetracycline. (a) Under natural field conditions
there is no tetracycline and the tTA proteins bind to the TRE leading to the expression of
hidAS, which causes lethality. Induction of lethality is limited to the early cellularization stage
of embryogenesis because the genes sty o and nullo, are exclusively expressed at the cellular-
ization stage. (b) Under laboratory rearing conditions the larval diet contains tetracycline,
which binds to tTA. Tetracycline-bound tTA cannot bind to the TRE thereby suppressing hidAlas
expression and allowing all progeny to survive.

DsRedl] (Handler and Harrell 2001). For
germ-line transformation this construct was
injected together with a helper plasmid into
the posterior of early C. capitata embryos,
resulting in four transgenic lines. These are
currently being analysed for transgene-medi-
ated ¢TA expression.

The results will determine: (1) whether the
complex interaction between enhancers and
promoters of stage-specifically expressed
genes (Blackwood and Kadonaga 1998) is the
same or different between D. melanogaster
and C. capitata, and (2) whether a D.
melanogaster promoter can act as an adequate
alternative to an endogenous C. capitata pro-
moter to enable high expression rates to be
obtained.

3.2. Embryonic Cellularization Genes
from Ceratitis capitata

3.2.1. Searching for sry o and nullo by
Degenerate Polymerase Chain Reaction (PCR)
According to fossil records, the phylogenetic
distance between Drosophila spp. and
Ceratitis spp. can be estimated to be around
100 million years (Naumann 1994). Since the
cellularization genes sry a and nullo are fast
evolving even within the Drosophilidae
(Ibnsouda et al. 1993, Hunter et al. 2002), it
might be challenging for the D. melanogaster
constructs to function in a more distantly
related species such as C. capitata. Therefore,
we started to isolate cellularization genes sry
a and nullo in C. capitata.
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To obtain specific DNA sequences of C.
capitata homologues of the genes nullo and
sry o, mRNA from 0-48 hour embryo collec-
tions was isolated and translated into double-
stranded cDNA for later PCRs. Degenerate
primers were designed on the basis of amino
acid sequence comparisons between known
drosophilid nullo and sry o proteins (Ibnsouda
et al. 1998, Hunter et al. 2002) under the fol-
lowing conditions: primer length between 18-
29 base pairs and a maximum of 64 permuta-
tions. Using the cDNA collection and the
degenerate primers, gradient PCRs were car-
ried out (annealing temperature: gradient from
39°C to 50°C) with all suitable primer combi-
nations. If possible, nested PCRs were per-
formed after the primary gradient PCRs for a
more selective amplification and a reduction
of background. As a control, gradient PCRs
were carried out with only one of the degener-
ate primers to check whether these already
lead to non-specific amplifications. The DNA
fragments of possibly interesting bands were
cut out of an agarose gel, purified (QiaEX II
Gel Extraction Kit, Qiagen, Hilden), ligated
into the vector pCRII (TA Cloning Kit Dual
Promoter (pCRII), Invitrogen) and trans-
formed. The DNA clones were sequenced and
analysed by “basic local alignment search
tool” (BLAST) algorithms (Altschul et al.
1997) as well as in situ hybridizations to
whole mount C. capitata embryos.

Unfortunately none of the BLAST hits
matched the nullo or sry a genes from
drosophilids. Also none of the in situ
hybridizations with probes from sequences
with no BLAST hits gave expression patterns
comparable to D. melanogaster nullo or sry a.
Thus the cellularization-specific genes could
not be obtained by this degenerate PCR
approach based on sequence similarities to
drosophilid genes. One reason for this might
be the fast evolution of developmental genes
in drosophilids (Schmid and Tautz 1997).

3.2.2. Cellularization in Ceratitis capitata

Because nullo and sry a homologues from C.
capitata could not be isolated by PCR with
degenerate primers, blastoderm-specifically
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expressed genes were isolated in an independ-
ent experiment. For this purpose, we first
determined the time window of cellularization
in C. capitata and this knowledge was used to
select differentially expressed genes by cDNA
subtractions (3.2.3.).

To determine the time window of cellular-
ization, embryos were fixed at one hour inter-
vals after oviposition followed by immunoflu-
orescence staining of cell membranes and
nuclei. For comparison, the same staining was
done on D. melanogaster whose embryonic
development lasts 22 hours at 25°C and
whose cellularization takes place between 2
hours 10 minutes and 2 hours 40 minutes after
oviposition. In contrast to D. melanogaster,
embryonic development in C. capitata takes
48 hours and cellularization takes place later
and for a longer period from nine to 12 hours
after oviposition (Fig. 2). In C. capitata, the
typical elongation of the nuclei could not be
observed during the slow phase of cellulariza-
tion as described for D. melanogaster (Lecuit
and Wieschaus 2000).

3.2.3. Enrichment of Cellularization-Specific
Gene Transcripts by cDNA-Subtraction
In D. melanogaster cellularization genes are
highly and exclusively expressed during the
superficial cleavage of insect embryos
(Postner and Wieschaus 1994, Lecuit and
Wieschaus 2002). Thus isolating one or more
of these genes and particularly their promoters
in C. capitata would allow a C. capitata-spe-
cific embryonic lethality system to be generat-
ed. With knowledge of the cellularization time
window (3.2.2.) a stage-specific screening
was performed. Since strongly expressed
genes, which exist during all stages of
embryogenesis, would prevent a successful
and effective cDNA screen for cellularization-
specific genes, a cDNA subtraction approach
was used (Diatchenko et al. 1996) for the
selective isolation of genes, which are specif-
ically expressed during C. capitata cellular-
ization.

Using the cDNA transcripts isolated from
the cellularization stage those cDNA tran-
scripts, which are also present in other embry-
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Ceratitis capitata Drosophila melanogaster

Figure 2. Superficial cleavage during insect development. Comparison of the cellularization
of (left side) Ceratitis capitata and (right side) Drosophila melanogaster embryos. The immuno-
fluorescence staining with primary armadillo antibody and secondary Alexa488-marked anti-
body shows the invagination of the cell membrane (bright white stripes between the large gray
nuclei). Nuclei are stained with propidiumiodide (large gray balls). In C. capitata, cellulariza-
tion takes places between nine hours (upper, left panel) and 12 hours (lower, left panel) after
oviposition. In D. melanogaster, cellularization takes places between two hours and ten min-
utes (upper, right panel) and two hours and 40 minutes (lower, right panel) after oviposition.
Panels between represent intermediate stages of cellularization in chronological (vertical)
order.

onic developmental stages, were subtracted. stranded cDNA collection from a double-
Two subtractions were carried out: (1) a [0-6 stranded cDNA collection of a widened “cel-
hours + 15-21 hours] double-stranded ¢cDNA lularization” time window (7.30-12.30 hours).
collection from a double-stranded cDNA col- The second subtraction was performed
lection of cellularization stages (9-12 hours), because only 4% of the isolated genes in the
and (2) a [0-6 hours + 15-48 hours] double- first subtraction were identified as cellulariza-
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Figure 3. Cellularization-specific gene expression patterns 1. Ceratitis capitata gene sequences
subl_68 and subl_478. (a) and (f) preblastodermal embryo without expression, (b) and (g)
strong expression at the onset of cellularization, (c) and (h) very weak expression at the end of
the cellularization, (d) and (i) no expression during gastrulation, (e) and (j) no expression dur-
ing after germ band retraction. Sub2_99 (k) preblastodermal embryo without expression, (1)
strong expression at the onset of cellularization, (m) strong expression restricted to the centre
of the embryo and lacking at the anterior and posterior pole during the slow phase of cellular-
ization, (n) weak expression reduced to three stripes in the centre of the embryo at the fast
phase of cellularization, and (0) no expression during and after germ band elongation.

tion specific by in situ hybridizations and
BLAST searches. In addition many house-
keeping genes had been amplified. The sec-
ond subtraction conditions were improved by
using a widened cellularization time window
to make sure that cellularization sequences,
produced at earlier time points and also
responsible for cellularization, could be iden-
tified. Furthermore, the subtracted cDNA pool
was expanded to 48 hours to improve the
exclusion of non-differentially expressed
genes. This increased the efficiency to ~12%.
PCR products from these subtractions were
agarose gel purified, ligated and transformed
into the vector pCRII (for details see 3.2.1).

Transformants were pre-selected by restric-
tion enzyme digest patterns and their plasmids
then isolated and sequenced. The DNA clones
obtained were analysed by in situ hybridiza-
tions to whole mount C. capitata embryos.
From 720 transformants (subtraction 1
(subl): 550; subtraction 2 (sub2): 170), puta-
tive identical clones were identified by
enzyme restrictions and 106 probably differ-
ent clones sequenced (subl: 45; sub2: 61). Six
of the 106 clones were expressed exclusively
during cellularization of C. capitata (subl:
two; sub2: four; Figs. 3 and 4). Additional
three clones were highly expressed during cel-
lularization, but their expression was not
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Figure 4. Cellularization-specific gene expression patterns 2. Ceratitis capitata gene sequences
sub2_24. (a) preblastodermal embryo without expression, (b) strong expression at the onset of
cellularization, (c) very strong expression during the slow phase of cellularization, (d) reduced
expression during the fast phase of cellularization, (e) no expression during germ band retrac-
tion. sub2 63 (f) preblastodermal embryo without expression, (g) strong expression at the
onset of cellularization, (h) strong expression exclusive of the posterior and anterior pole in
the slow phase of cellularization, (i) weak expression ending up in stripes exclusive of the pos-
terior and anterior pole in the fast phase of cellularization, (j) no expression after germ band
retraction. sub2_65 (k) preblastodermal embryo without expression, (1) strong expression at
the onset of cellularization in the whole embryo, (m) very strong expression exclusive of the
anterior and posterior pole during the slow phase of cellularization, (n) weak expression
reduced to broad stripes at the fast phase of cellularization, and (o) no expression after germ
band retraction.

restricted to this stage (data not shown).
4. Conclusions

A transgene-based embryonic lethality system
established in D. melanogaster is being evalu-
ated following injection of the driver con-
struct of the binary expression system into C.
capitata embryos. It will be interesting to
determine whether the sry a promoter from D.
melanogaster is also active in C. capitata as

well as to what extent and in which stages it
leads to expression.

To search for cellularization-specific genes
in C. capitata by cDNA subtraction, the cellu-
larization time window of C. capitata
embryogenesis was first determined. Six cel-
lularization-specifically expressed candidate
genes were isolated by the cDNA subtraction
screen. Current work involves searching for
the promoter/enhancer regions of these genes
by inverse PCR of genomic DNA for use in a



92

C. capitata specific transgene-based embry-
onic lethality system.

Once the promoters/enhancers are avail-
able, a transgenic sterility system for C. capi-
tata will be constructed and its fitness and
competitiveness compared to flies sterilized
by radiation.

5. Methods

Secondary antibodies (Jackson Immuno-
research) were obtained commercially. The
anti-Armadillo antibody (mAb N2 7Al)
(Peifer et al. 1994) was obtained from the
Developmental Studies Hybridoma Bank
(University of lowa). Antibody stainings were
performed as described by MacDonald and
Struhl (1986). For the cDNA subtraction the
Clontech PCR-Select cDNA Subtraction Kit
(BD Biosciences, Heidelberg) was used. The
RNA probes for in situ hybridization were
made with DIG-RNA-labelling Kit (Roche,
Mannheim) and hybridizations were per-
formed as described in Davis et al. (2001).
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ABSTRACT Sex determination mechanisms, differing in their modality, are widely represented in all
the various animal taxa, even at the intraspecific level. Within the highly diversified class Insecta,
Drosophila has been used to unravel the molecular and genetic mechanistic interactions that are involved
in sex determination. Indeed, the molecularly characterized genes of the Drosophila sex determination
hierarchy X:A > Sx/ > tra > dsx have been fruitful starting points in the cloning of homologous genes from
other insect species. This genetic cascade seems to control sex determination in all Drosophila species. Sex
determination in the tephritid Mediterranean fruit fly Ceratitis capitata (Wiedemann), which diverged from
Drosophila 90-100 million years ago, contrasts to that found in Drosophila. A different primary signal, a
Y-linked male-determining factor (M), still to be molecularly identified, dictates maleness whereas in
Drosophila, the primary signal is the X:A (X chromosome:autosome) balance. However, the Drosophila
sex-determining pathway, apart from the X:A > Sx/ initial regulatory segment, is functionally conserved in
C. capitata. The tra gene (Cctra) of C. capitata, as in Drosophila, is the master gene for femaleness
through its regulation of the dsx gene and it is dispensable for maleness. In contrast to Drosophila howev-
er, where tra is a subordinate target of Sx/, Cctra seems to initiate an autoregulatory mechanism in XX
embryos that provides continuous tra female-specific function and acts as a cellular memory maintaining
the female pathway. Indeed, a transient interference with Cctra expression in XX embryos by RNA inter-
ference (RNAI) treatment can cause complete sexual transformation of both germ-line and soma in adult
flies, resulting in fertile XX pseudomales. The development of new transgenic sexing strains of C. capita-
ta able to produce male-only progeny following heat-shock treatments is now feasible and a concrete pos-
sibility. Evolutionary considerations strongly suggest that this biotechnological strategy to produce male-
only progeny could be developed for many other Tephritidae and other dipteran species where the sterile
insect technique (SIT) is employed within the framework of area-wide integrated pest management pro-
grammes.

KEY WORDS Mediterranean fruit fly, Ceratitis capitata, Tephritidae, SIT, sexing, sex determination,
RNA interference, transgenic, biotechnology, biological control

1. Introduction based on a male-determining factor linked to
the heteromorphic Y chromosome or one of
the homomorphic chromosomes (e.g.,

Calliphoridae, Culicidae, Chironomidae,

Sex determination systems show variability
among animal species, including those that

are closely related (Marin and Baker 1998,
Saccone et al. 2002). The most common, and
presumably the most primitive system, is

Muscidae, Tephritidae). Drosophila melano-
gaster (Meigen) uses a complex genetic
mechanism of X chromosome and autosome
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counting, called the X:A ratio, an otherwise
quite rare sex-determining system (Cline and
Meyer 1996). Sex determination in the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann) contrasts to that found in D.
melanogaster (Fig. la). The two species
belong to the Acalyptratae group and are 90-
100 million years phylogenetically distant
(Beverley and Wilson 1984). The identifica-
tion of XXX viable and fertile females and
XXY fertile males in a wild Mediterranean
fruit fly population led to the discovery that
the Y chromosome determines the male sex
(Lifschitz and Cladera 1989). The analysis of
aneuploid offspring generated by Y:autosome
translocations predicted the existence of a
male-determining factor (M) in the long arm
of chromosome Y (Robinson et al. 1999).
Using a series of Y chromosome deletions,
Willhoeft and Franz (1996) mapped the M
factor more precisely to a region located in the
first third of the long arm close to the cen-
tromere and representing about 15% of the
whole Y chromosome. Furthermore, this
study demonstrated that the remaining 85% of
the Y chromosome contained no material
required either for sex determination or for the
development of the testes.

The genetic cascade regulating sexual
development in D. melanogaster is well
understood at the molecular level (Cline 1993,
Cline and Meyer 1996). The primary signal is
polygenic and is determined by the ratio of X
chromosomes to sets of autosomes (X:A
ratio). When this ratio is 1.0 (XX:AA) in
females, the Sex-lethal gene (SxI) is activated,
while with a ratio of 0.5 (X:AA) in males, Sx/
remains inactive. Sx/ now acts as the key
on/off switch that controls all aspects of
somatic sexual dimorphism via a short cas-
cade of subordinate regulatory genes
(Nagoshi et al. 1988). When the gene is
active, it dictates female development; when it
is inactive, male development follows. Once
the gene is activated in females, its products
initiate a positive autoregulatory mechanism
that guarantees the continuous production of
Sxl protein, thus forming a cell memory of the
sex and maintaining the cells on the female
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pathway throughout development (Bell et al.
1991). In males, however, where Sx/ is not
activated, the gene will remain functionally
off. Sx/ produces sex-specific mRNAs by
alternative splicing: the female-specific
mRNAs encode full-length functional Sx/ pro-
tein, while the male-specific ones have an
additional stop-containing exon and encode a
truncated non-functional Sx/ peptide. The
on/off state of Sx/ activity is set early during
embryogenesis by a complex combination of
transcriptional and post-transcriptional gene
regulation (Bell et al. 1991, Keyes et al.
1992). The initial activation of Sx/ in XX
embryos relies on the use of an alternative XX
embryo-specific promoter (P,) that responds
to the genes signaling the X:A ratio (Parkhurst
et al. 1990). Sx/ pre-mRNAs produced from
P, are spliced in a female-specific mode by
the spliceosome, independently of additional
trans-acting factors, such as the Sx/ protein
itself (Horabin and Schedl 1996, Zhu et al.
1997). The RNA-binding Sx/ proteins translat-
ed from these early mRNAs then initiate the
autoregulatory loop by directing the female-
specific processing of the pre-mRNAs pro-
duced from the late constitutive Sx/ promoter.
The late pre-mRNAs, in contrast to the early
Sxl pre-mRNAs, can be spliced in the female-
specific mode only in the presence of Sx/ pro-
tein. To execute the correct developmental
programme, Sx/ transmits the determined state
to transformer (tra) (Boggs et al. 1997), the
next gene in the cascade. At this level, Sx/ reg-
ulates the choice between two alternative 3’
splice sites in the pre-mRNA of #ra (Inoue et
al. 1990, Valcarcel et al. 1993). In the absence
of the Sx/ protein, the more proximal site is
used resulting in a f#a mRNA that encodes a
truncated and probably inactive protein. When
the Sx/ protein is present, it will bind to the tra
pre-mRNA enforcing the use of the distal 3’
splice site and hence the production of an
mRNA with a full-length open reading frame
(Sosnowski et al. 1989). The state of activity
of tra is then transmitted to doublesex (dsx)
(Burtis and Baker 1989), the last component
of the sex determination genetic pathway. In
females, the #ra protein, together with the con-
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Figure 1. Diagram showing (a) the model of sex determination in Ceratitis capitata (Pane et
al. 2002), (b) adult male and female Mediterranean fruit flies, (c) distribution of SXL protein
in Ceratitis syncytial blastoderm embryos (Saccone et al. 1998). XX and XY embryos exhibit
strong nuclear staining in all cells, (d) sexual dimorphism of the bristles present on the forlegs
respectively of females (upper) and males (lower), (e) sexual dimorphism of the external repro-
ductive apparatus in males (left) and females (right), and (f) molecular pathway for sex deter-
mination in Ceratitis capitata.
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stitutively expressed fra-2 protein, binds to
dsx pre-mRNA directing its female-specific
splicing, such that a mature mRNA encoding
dsxl” protein is generated (Hoshijima et al.
1991, Tian and Maniatis 1993). In males, the
absence of the tra protein causes male-specif-
ic splicing and the production of dsxM protein.
The dsxf and dsxM proteins are transcription
factors that regulate the activity of sex-specif-
ic differentiation genes (Burtis and Baker
1989).

A parallel comparative molecular study
has been undertaken to identify potential sex
determination genes in C. capitata by using
Drosophila genes as probes for cDNA and
genomic libraries and Sx/, tra and dsx homol-
ogous genes have been isolated (Furia et al.
1993, Saccone et al. 1996, 1998, Pane et al.
2002). In contrast to D. melanogaster, the Sx/
homologue in C. capitata, CcSxl, expresses
the same mRNAs and protein isoforms in both
XX and XY insects irrespective of the primary
sex-determining signal (Saccone 1997,
Saccone et al. 1998) (Fig. 1c). In addition,
experiments with two inducible transgenes
demonstrated that the corresponding Sx/ iso-
forms, although highly conserved (80% amino
acid identity), have surprisingly no significant
sex-transforming effects when expressed in D.
melanogaster (Saccone et al. 1998). These
findings suggest that Sx/ acquired its master
regulatory role in D. melanogaster during
evolution of the Acalyptratae group, most
probably after phylogenetic divergence of the
genus Drosophila from other genera of this
group (Saccone et al. 1998). In contrast, C.
capitata tra (Cctra) and dsx (Ccdsx) genes
produce sex-specific transcripts by alternative
splicing as in D. melanogaster and these data
suggested their functional conservation as key
sex-determining regulators (Saccone et al.
1996, Pane et al. 2002). RNA interference
(RNAI) against Cctra confirmed its key role
in controlling female sex determination in this
species, as in Drosophila, and interestingly
led to the production of male-only progeny
composed of abnormal XX (karyotypic
females, phenotypic males) and normal XY
flies (Pane et al. 2002). Recently, other sur-
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prising results have been obtained when the
very weakly conserved Cctraf protein (12%
amino acid identity when compared to
Dmtral’  protein), expressed in D.
melanogaster transgenic flies was able to res-
cue a fra null mutation (Pane et al. 2005). Also
CcdsxM protein (50% amino acid identity
when compared to DmdsxM protein), when
expressed in D. melanogaster transgenic flies
caused partial masculinization of both soma
and germ line (Salvemini 2004).

2. Autoregulation of the
Female-Determining
transformer Gene

In contrast to the Drosophila homologue, the
Cctra gene is able to autoregulate in females,
promoting its own female-specific splicing
(Pane et al. 2002). The female-specific tran-
scripts, but not the male ones, encode func-
tional Cctra”” protein that presumably
migrates in the cell nucleus to bind the Cctra
pre-mRNA and promote the exclusion of
male-specific exons (Fig. 1F). Considering
that the male-specific exons contain stop
codons, the male-specific Cctra transcripts
show premature termination of the translation
when used by the ribosomes and hence no
Cctra functional protein is produced in XY
embryos during all stages of development.
Pane et al. (2002) have proposed a C. capita-
ta sex-determination model in which XX and
XY embryos have a maternal Cctral” protein
or a maternal Cctra mRNA that promotes by
default a female-specific splicing of the Cctra
zygotic pre-mRNA, once the gene is tran-
scriptionally active (Fig. 1A). However, the
presence of the Y chromosome and hence of
the M factor, blocks this initial regulatory
event only in XY embryos. In XX embryos,
early production of zygotic female-specific
Cctra transcripts leads to the translation of
newly formed Cctral” protein that migrates to
the nuclei and promotes again female-specific
Cctra splicing, setting a positive feedback
loop. In XY embryos the M factor, directly or
undirectly, “impairs” the maternal Cctraf pro-
tein feminizing activity, leading to male-spe-
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cific splicing of Cctra pre-mRNA. As no
functional zygotic Cctral protein is produced
in XY embryos, the splicing pattern of Cctra
is irreversibly established in a male-specific
mode, shutting down the gene for the remain-
der of fly development. The presence/absence
of the Cctral” protein respectively in XX and
XY flies causes the production either of
CecdsxF protein or CedsxM protein, by modify-
ing the sex-specific splicing of the down-
stream Ccdsx gene (Pane et al. 2002) (Fig. 11).
These two isoforms seem to act as alternative
transcriptional factors promoting either
female or male sexual differentiation of C.
capitata, as in D. melanogaster (Fig. 1b, d, e).

A transient interference with Cctra expres-
sion during embryogenesis by RNAi can
cause complete sexual transformation of both
germ-line and soma in adult flies, resulting in
a fertile male XX phenotype (Pane et al.
2002). The male pathway seems to result
when Cctra autoregulation is prevented and
instead splice variants with truncated open
reading frames are produced. Under normal
conditions, this repression is achieved by the
M factor. It is proposed that the RNAi against
Cctra artificially imitates the repression
caused normally by the M factor only in XY
embryos (Fig. 1a). Thus, as in Drosophila,
Cectra acts as a genetic switch between female
(when functionally on) and male (when func-
tionally off) development. As described
above, the male-specific short peptides encod-
ed by the alternatively spliced male-specific
transcripts seem to be non-functional, at least
during the early embryonic stages, because
the RNAi has no evident effects on the devel-
opment of XY males.

It can be inferred from these results that
early application of RNAI transiently elimi-
nates Cctra mRNAs and therefore prevents
continued production of the #ra protein. Once
tra pre-mRNA production is resumed at a
later stage in development, the unproductive
male mode of #ra splicing is launched because
of the absence of functional #ra protein.
Likewise, absence of the fra protein causes its
direct target dsx to be spliced in the male
mode. These results are compatible with the
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likelihood that Cectra sustains the productive
mode of its splicing by an autoregulatory
feedback loop and mediates female differenti-
ation, at least in part, by the control of its tar-
get gene, dsx. The initiation of the autoregula-
tory loop in XX embryos could be based on
maternal Cctra mRNAs (or proteins) that
have been detected in unfertilized eggs by RT-
PCR experiments (Pane et al. 2002). These
mRNAs are spliced in the female mode and
hence could provide a source of fra protein
activity that allows female-specific splicing of
zygotic Cctra pre-mRNA.

Hence the Ceratitis capitata transformer
gene has two key regulatory functions: one
that is homologous to the Drosophila trans-
former function, promoting female-specific
splicing of the Ceratitis doublesex pre-mRNA
(female-determining function) and a novel
second function necessary to promote and
maintain the female-specific splicing of its
own pre-mRNA (sex determination memory
function). In this respect the Ceratitis tra gene
autoregulatory function is analogous to the
one exterted by the Sx/ gene in Drosophila to
maintain female sex determination during all
development (Pane et al. 2002). For these rea-
sons we prefer to refer to the Cctra gene as the
Ceratitis auto-tra gene, because this is the
first autoregulating version of the Drosophila
transformer gene. Novel transformer homolo-
gous genes will be isolated in future in other
insect species: those fra genes, lacking the
ability to autoregulate but involved in female
sex determination should be considered
homologues of the Drosophila tra gene, while
the other fra genes able also to autoregulate
should be considered homologues of the
Ceratitis auto-tra gene, and possibly named
referring to the Ceratitis gene.

3. Manipulation of the
transformer Gene to Produce
Sexing Strains

The discovery that injected double-stranded
(ds) RNA can induce post-transcriptional gene
silencing in many distantly related species,
including  the  free-living  nematode
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Caenorhabditis elegans (Maupas) and D.
melanogaster, has given geneticists a powerful
tool to investigate the function of unknown
genes and to manipulate the expression of
known genes without the need for mutants.
However, although dsRNA injected into pre-
blastoderm D. melanogaster embryos is a
strong inhibitor of the corresponding gene’s
function during early development, it does not
produce a very robust effect at later stages
(Kennerdell and Carthew 1998, Misquitta and
Paterson 1999). To overcome this limitation,
efforts were made to develop a system in which
the dsRNA is produced in vivo, by targeted
transcription of an inverted repeat transgene
(Fortier and Belote 2000, Giordano et al. 2002).
For example, an expressed inverted repeat of a
portion of the Drosophila sex differentiation
gene, tra-2, driven by a GAL4-dependent pro-
moter, genetically represses the endogenous
wild-type #ra-2 function, producing a dominant
loss-of-function mutant phenotype and leading
to a masculinization of D. melanogaster XX
female flies (Fortier and Belote 2000).

A transgene was constructed that was able to
transcribe, under the heat-shock promoter, an
inverted repeat corresponding to the Cctra
sequence. This construct was inserted into a
transposon vector and transgenic lines
obtained. Masculinization of XX individuals
following a pulse heat-shock treatment of the
embryos was expected. Indeed a transient
endogenous production of double-strand RNA
specific for the Cctra gene should induce a
transient destruction of the corresponding
maternal Cctra mRNAs in both XX and XY
embryos. The transient lack of this early pro-
tein, artificially induced by RNAI, is expected
to cause the collapse of the Cctra autoregulato-
ry positive loop in XX embryos, as mediated by
the M factor in XY embryos. However, only
one out of six transgenic lines produced male-
only progeny (95% males and 5% intersexes),
following a temperature change from 20°C to
25°C during all development.

4. Conclusions

The major experimental problems to be
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addressed in future to develop an efficient
sexing system based on in vivo RNAI using
transgenesis are: (1) the sensitivity of the
transgene to the position of integration, (2) the
leakiness of the Drosophila hsp70 promoter in
transcribing dsRNAs in the absence of heat-
shock, (3) the extent to which the fertility of
the transgenic lines is possibly affected by
basal levels of Cctra dsSRNA molecules (in the
absence of heat-shock), (4) the extent and
penetration of masculinization induced by the
transgene in XX individuals, (5) the relative
competitiveness of XX transgenic males in
matings with wild-type females, compared
with wild-type males, (6) the optimal heat
shock conditions required to induce masculin-
ization, and (7) the environmental impact and
the possible risks related to the mass-release
of sterile transgenic males. Future work will
focus on these questions and provide the basic
knowledge needed to transfer this technology
from the laboratory to the field.
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ABSTRACT Sterile insect releases for management of lepidopteran pest populations are based on
bisexual releases. Male-only releases of codling moth Cydia pomonella (L.) have never been tested in the
field, due to the lack of efficient ways to separate males from females or produce only males. Recently, a
new approach for the development of genetic sexing strains in Lepidoptera has been proposed. It is based
on the construction of transgenic females carrying a dominant conditional lethal mutation (DCLM) in the
female-determining W chromosome. Such a transgenic sexing strain would be propagated under permis-
sive conditions. Under restrictive conditions, the W-linked DCLM would kill all females while allowing
mass-rearing and release of radiation-sterilized, but non-transgenic males. This paper describes the princi-
ple of the proposed transgenic approach and discusses its benefits, environmental safety, and other poten-
tial concerns. The aim is to develop transgenic sexing strains in the codling moth. Appropriate molecular
tools for codling moth transgenesis are already available and germ-line transformation in this species has
been successfully accomplished. Significant progress has also been made in codling moth cytogenetics. In
particular, data on the codling moth sex chromosomes and their identification, obtained using advanced
molecular cytogenetic methods, will facilitate the development of genetic sexing strains in this pest.

KEY WORDS codling moth, transgenesis, W chromosome, genetic sexing, cytology, dominant con-
ditional lethal mutation

1. Introduction 2001, Nguyen Thi and Nguyen Thanh 2001,

Seth and Sharma 2001, Carpenter et al. 2005).

In Lepidoptera, area-wide programmes inte-
grating the sterile insect technique (SIT) have
been successfully implemented against two
species: containment of the pink bollworm
Pectinophora gossypiella (Saunders) in the
USA (Staten et al. 1993), and suppression of
the codling moth Cydia pomonella (L.) in
Canada (Dyck et al. 1993, Bloem and Bloem
2000, S. Bloem et al., this volume). The use of
inherited sterility against various lepidopteran
pests is also a very promising approach
(Carpenter and Gross 1993, Makee and Saour
1997, Bloem et al. 2001, Carpenter et al.

The success of these programmes and the
potential use of inherited sterility have
encouraged research activities aimed at
improving its efficiency and applicability
worldwide.

Current programmes using SIT and/or
inherited sterility for the population control of
lepidopteran pests rely on bisexual releases,
but there are reasons to believe that the release
of sterile males only would bring significant
improvement to these technologies (Marec et
al. 2005). On the other hand, recent results
involving field-cage experiments with the
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Figure 1. Theoretical scheme to generate a genetic sexing strain based on the use of transgenic
females that have an insert in their W chromosome containing the enhanced green fluorescent
protein marker gene (EGFP) and a conditional dominant lethal mutation of the Drosophila
Notch gene (N6Og11). [f kept under restrictive conditions (low temperature), the strain produces
only males that can be irradiated and released (G, and G,: generations, Z and W: sex chromo-
somes, EL: embryonic lethality (Modified after Marec et al. (2005)).

cactus moth Cactoblastis cactorum (Berg),
suggest that sterile females have a positive
impact on population suppression (Hight et al.
2005). However, caution is required with the
interpretation of these data as field-cage tests
cannot reflect all factors involved in field pro-
grammes. This has been well demonstrated in
programmes using the SIT against the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann). Although field-cage tests were
inconclusive, the use of genetic sexing strains,
enabling mass-production and release of
males only, has resulted in enormous econom-
ic benefits by decreasing release costs and
increasing the efficiency of the sterile males in
comparison with bisexual releases (Robinson
2002, Rendon et al. 2004). Obviously, large-
scale field tests are needed to compare the
efficiency of male-only with bisexual releases
for the control of lepidopteran pests.

A convenient genetic sexing system to pro-
duce male-only progeny in key lepidopteran
pests is not yet available. Sophisticated genet-
ic sexing strains such as those constructed in
the Mediterranean fruit fly (reviewed by

Robinson 2002), cannot be developed in any
lepidopteran pest because their sex chromo-
some system is different to that in fruit flies.
In moths and butterflies, the chromosome
mechanism of sex determination is of the
WZ/ZZ type. Females are the heterogametic
sex with a pair of WZ sex chromosomes,
while homogametic males have a ZZ pair
(Traut 1999). This means that sexing strains
constructed on a similar principle as in the
Mediterranean fruit fly would eliminate male
but not the female progeny.

Recently, a new approach for the develop-
ment of genetic sexing strains in Lepidoptera
has been proposed (Marec et al. 2005), based
on the construction of transgenic females car-
rying a dominant conditional lethal gene in
the female-determining W chromosome. The
main advantage of this approach is that the
males are not transgenic and, therefore, could
be released as in a normal area-wide integrat-
ed pest management (AW-IPM) programme
using the SIT.

Based on this principle, it is intended to
develop transgenic sexing strains in the
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codling moth C. pomonella. A detailed analy-
sis of the codling moth karyotype with a par-
ticular focus on the identification and charac-
terization of sex chromosomes is available
(Fukova et al. 2004, 2005), and successful and
stable germ-line transformation has also been
achieved (Ferguson et al. 2004). The principle
of the transgenic approach and the molecular
tools available for codling moth transgenesis
are described below and data on codling moth
cytogenetics are summarized. Also included is
a discussion as how the sex chromosomes
could be used to develop transgenic sexing
strains.

2. Mendelian Approaches to
Genetic Sexing in Lepidoptera

In the silkworm Bombyx mori (L.), several
mutant strains have been constructed, in
which wild-type alleles of autosomal marker
genes coding for visible traits such as egg
colour, larval phenotype or cocoon colour, are
translocated onto the W chromosome while
their recessive mutant alleles remain located
on autosomes. The visible traits then exhibit
sex-limited inheritance. This makes possible
the separation of males and females according
to the sex-specific phenotype during embry-
onic, larval, and pupal development, respec-
tively (Nagaraju 1996). However, in lepi-
dopteran pests convenient selectable marker
genes are not available (Robinson 1971).

An alternative approach has been to use
female killing systems based on balanced
lethal strains as proposed by Strunnikov
(1975) for the silkworm B. mori. To date, bal-
anced lethal strains have been developed in
two species, the silkworm and the
Mediterranean flour moth Ephestia kuehniella
Zeller (reviewed by Marec et al. 2005).
Briefly, the balanced lethal-2 strain of the lat-
ter species produces males, which are het-
erozygous, in trans, for two sex-linked reces-
sive lethal mutations. Sexing is achieved
when balanced lethal-2 males are outcrossed
to wild-type females. Such crosses produce
almost exclusively male progeny, while the
female progeny die during embryogenesis
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because they are hemizygous for one of the
lethal mutations (Marec 1991, Marec et al.
1999).

This scheme has several drawbacks.
Firstly, the development of balanced lethal
strains is laborious and difficult due to lack of
the sex-linked markers needed to detect and
effectively rear insects with lethal mutations
and the T(W;Z) translocations required for the
construction of balanced lethal strains (Marec
1991). Secondly, the maintenance of two dif-
ferent colonies, a wild-type strain and a bal-
anced lethal strain (Fig. 3 in Marec et al.
1999), and routine checking of the balanced
lethal strain to prevent colony breakdown due
to genetic recombination or contamination,
represent serious obstacles for a mass-rearing
facility. Finally, an additional sex separation is
indispensable before crossing balanced lethal
males with wild-type females to produce
male-only progeny for irradiation and release.
Considering these disadvantages, this technol-
ogy is not applicable for mass-rearing.

3. Principle of the Transgenic
Approach to Genetic Sexing

Theoretically, a dominant conditional lethal
mutation (DCLM) located in the female-
determining W chromosome would be a sim-
ple and efficient selective mechanism for the
development of genetic sexing strains in
Lepidoptera, easily applicable in a mass-rear-
ing facility. The DCLM would be inherited
exclusively by mutant females, whereas males
would be wild-type. The strain would be prop-
agated under permissive conditions, and the
female progeny eliminated under restrictive
conditions. However, it would be very diffi-
cult to induce a DCLM in the W chromosome
since it is largely heterochromatic and proba-
bly genetically inert in most lepidopteran
species (Traut 1999). Therefore, it would be
better to try to identify a DCLM in the gene-
rich Z chromosome (or in an autosome) and
then translocate it onto the W chromosome
(Fig. 2 in Marec et al. 2005). Unfortunately,
no DCLM has been reported to date in any
lepidopteran species and a labour-intensive
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and long-term study would be required to
obtain a desirable mutation in a particular
pest.

In order to circumvent this problem, Marec
et al. (2005) proposed that genetic sexing in
Lepidoptera, based on W-linked DCLMs, can
be accomplished through the use of transgen-
esis. Recently, successful and stable germ-line
transformation has been achieved in several
lepidopteran species using the transposable
element piggyBac (Peloquin et al. 2000,
Tamura et al. 2000).

The key requirement under this proposal is
the insertion of a DCLM of a known gene,
which is conserved in insects and expressed
during embryogenesis, into the W chromo-
some (Fig. 1). For this purpose, a mutant
allele of the Notch gene, N6g!!_ has been cho-
sen. The N60g!! allele was originally isolated
in Drosophila melanogaster (Meigen). It
encodes a truncated form of the Notch protein,
which causes the death of heterozygous
Drosophila embryos kept below 20°C
(Fryxell and Miller 1995). Thus, N60g!! is
dominant, sensitive to cold temperature and
seems to be well suited for genetic sexing. A
plasmid construct required for germ-line
transgenesis is already available in the labora-
tory of L. Neven. It contains the piggyBac
transposon with N60g!! in tandem with the
enhanced green fluorescent protein (EGFP)
marker gene from the jelly fish Aequorea
aequorea (Forskal), under the B. mori Actin
A3 promoter (Fig. 3 in Marec et al. 2005).

A transgenic strain would be reared at tem-
peratures above 20°C in order to maintain the
large production colony. For male production,
eggs would be held at a temperature below
20°C for a specified length of time to kill
female embryos. The eggs would then be
returned to permissive conditions, where only
male larvae would hatch. This step could be
easily checked because no larva expressing
the enhanced green fluorescent protein (i.e.
transgenic female larva) should hatch. The
male-only progeny would be kept at normal
temperature until adulthood. After completing
their development the adult males would be
irradiated and released (Fig. 2).
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The transgenic approach has several
advantages: (1) the sexing process is simple
and can be carried out easily on large numbers
of eggs, (2) the process does not require any
additional technology in a mass-rearing facil-
ity, (3) any escaped females would die if tem-
peratures dropped below 20°C, (4) the
released males would not be transgenic, and
(5) any genetic background can be introduced
through mating males with the transgenic
females. As the males are not transgenic, they
would not be negatively affected by pleiotrop-
ic effects of the transgene used for the elimi-
nation of females and they should not trigger
any regulatory concerns related to their
release.

Nevertheless, there is a concern about this
proposed transgenic approach related to the
possibility of inserting a transgene into the
largely heterochromatic W chromosome as
the inserted transgene could be silenced by
neighbouring heterochromatin. In addition,
there is no evidence that the transgene will be
expressed and exhibit the desired temperature
lethality in female embryos. However, these
are testable research questions that can be
addressed.

4. Genetic Transformation in
the Codling Moth

The groundwork for the creation of stably
transformed codling moth has been estab-
lished in the laboratory of L. Neven, where the
first successful germ-line transformation has
been achieved in this species (Ferguson et al.
2004). The molecular tools available for the
development of transgenic sexing strains in
the codling moth and the current progress are
summarized as follows: (1) codling moth eggs
are suitable for DNA injection as they attach
firmly to the collecting device and have a
transparent chorion, (2) the piggyBac transpo-
son has been identified as an effective trans-
posable element to insert foreign DNA into
moth embryos, (3) the enhanced green fluo-
rescent protein was found to be a useful mark-
er for identifying transformants; however, it is
not ideal due to excessive autofluorescence of
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Figure 2. Transgenic genetic sexing approach to a non-transgenic release of sterile male

Lepidoptera (for details, see text).

the codling moth in the range used to visual-
ize the enhanced green fluorescent protein.
Therefore, it would be worthwhile to replace
the enhanced green fluorescent protein with
another fluorescent marker such as DsRed2
(Horn et al. 2002), (4) the B. mori Actin A3
promoter was found to function in the codling
moth; however, it sometimes exhibited a
chimeric fluorescence pattern and therefore, it
would be better to replace it with the artificial
3xP3 promoter that supports the enhanced
green fluorescent protein expression specifi-
cally in the eyes of all life stages (Thomas et
al. 2002), (5) an appropriate lethal gene, the
dominant cold-sensitive allele N60g/! has
been identified. A plasmid construct contain-
ing the piggyBac transposon with N60g/I in
tandem with the enhanced green fluorescent

protein marker gene under the Actin A3 pro-
moter is available, and (6) eggs from trans-
genic lines heterozygous for the enhanced
green fluorescent protein and N6Ug/! were
exposed to 12°C for two days and 50% of the
embryos died and none of the survivors, either
larvae or adults, expressed the enhanced green
fluorescent protein. The wild-type and
enhanced green fluorescent protein controls
showed a normal egg hatch and development.
This indicates that those embryos carrying the
N60gI! transgene died, confirming the lethality
of this gene at low temperatures (L. Neven,
unpublished).

Based on the above it can be concluded
that the development of transgenic genetic
sexing strains in the codling moth according
to the proposed scheme is technically feasible.
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Figure 3. Photograph showing codling moth chromosomes, (a) squashed spermatocyte,
stained with lactic acetic orcein, showing meiotic metaphase I with n=28 bivalents and (b) flu-
orescent image of spread pachytene oocyte stained with genomic in situ hybridization (GISH)
and counterstained with 4°,6-diamidino-2-phenylindole (DAPI). The WZ bivalent (arrow) is
recognized by prominent hybridization of the Cy-3 labelled, female-derived probe to the W

chromosome.

However, there is still the need to determine
experimentally the overall behaviour of the
transgene.

5. Codling Moth Cytogenetics

Until recently, very little was known about the
genetics of the codling moth (Robinson 1971,
Benz 1991), especially about their sex chro-
mosomes. The only cytogenetic study (Ortiz
and Templado 1976) reported that the number
of metaphase I bivalents in males was n = 28.
To fill this gap, a detailed analysis was made
of codling moth chromosomes with a particu-
lar focus on the sex chromosomes (Fukova et
al. 2005). This study confirmed that the
codling moth karyotype consists of 2n = 56
chromosomes in mitotic metaphase, corre-
sponding to n = 28 bivalents in metaphase [
spermatocytes (Fig. 3a). Females are het-
erogametic with a WZ sex chromosome pair
and males are homogametic with two Z chro-
mosomes. While the Z chromosome is com-
posed of euchromatin and resembles an auto-
some, the W chromosome consists largely of
heterochromatin.

To develop transgenic sexing strains in the
codling moth, a DCLM (transgene), has to be
inserted into the W  chromosome.
Theoretically, the probability of the transgene

inserting into the W chromosome is dependent
on the size of this chromosome relative to the
rest of the genome. In the codling moth, the W
chromosome is one of the two largest chromo-
somes, comprising about 4% of the female
genome. This should make it a reasonable tar-
get for transgenesis with the probability of
insertion of 1 in 25 (if only females are includ-
ed), or with the overall probability of 1 in 50
(since both female and male embryos are
injected). However, since the W chromosome
is mainly composed of heterochromatin,
silencing of the transgene expression is highly
likely. Suggestions as to how to overcome this
problem are discussed in Marec et al. (2005).
To further characterize the codling moth W
chromosome advanced methods of molecular
cytogenetics i.e. genomic in situ hybridization
(GISH) and comparative genomic hybridiza-
tion (CGH) were employed. GISH detected
the W chromosome as evidenced by strong
binding of the Cy3-labelled, female-derived
DNA probe (Fig. 3b). With CGH, both the
Cy3-labelled female-derived probe and Fluor-
X labelled male-derived probe evenly bound
to the W chromosome. This suggests that the
W chromosome is composed mostly of repet-
itive DNA sequences that are also distributed
on other chromosomes but have accumulated
in the W chromosome (Fukova et al. 2005).
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Finally, W-specific probes were prepared by
laser microdissection of the W chromatin fol-
lowed by amplification using degenerate
oligonucleotide-primed polymerase chain
reaction (DOP-PCR) and DOP-PCR labelling.
The probes stained the entire W chromosome
with a high specificity. DNA fragments of the
microdissected W chromatin were cloned and
sequenced. The W chromosome sequence
analysis revealed no homology to any DNA
sequenced so far (Fukova et al. 2004). Several
cloned sequences were found to originate
exclusively from the W chromosome. These
unique sequences can be very useful as molec-
ular markers of the W chromosome in codling
moth transgenesis.

6. Conclusions

The proposed transgenic approach may repre-
sent a straightforward method for generating
genetic sexing strains in any lepidopteran pest
to be controlled using SIT or inherited
sterility. The codling moth, which is consid-
ered to be one of the best candidates for these
technologies (Marec et al. 2005), was chosen
to examine this approach. As reported here, all
the basic research tools required for the devel-
opment of transgenic sexing strains in this
species are available. Future research will
include generating transgenic lines, mapping
the inserted transgene, and identifying and
characterizing lines with the transgene located
in the W chromosome.
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Sex Chromatin Body as a Cytogenetic
Marker of W Chromosome Aberrations in
Cydia pomonella Females
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ABSTRACT Genetic sexing techniques using transformation and a dominant conditional lethal muta-
tion have been proposed for the codling moth Cydia pomonella (L.). This will probably require the isola-
tion of females with T(W;Z) translocations. In C. pomonella there is no sex-linked morphological marker
making the isolation of T(W;Z) translocations dependent on cytological identification of the aberration.
The main objective of this study was to determine the possibility of using the sex chromatin body as a
marker to identify translocated females. The appearance of the sex chromatin body and the analysis of sex
chromosomes in F; females of irradiated C. pomonella females were investigated. Based on the appear-
ance of this body, three mutant lines were isolated: lines with elongated, dispersed and fragmented chro-
matin bodies. The W chromosome was easily distinguished from the Z chromosome when the analysis of
pachytene sex chromosome bivalents of C. pomonella females was carried out. The aberrations in the W
chromosome directly influenced the appearance of the sex chromatin body in highly polyploid somatic
cells of the isolated mutant lines. The results showed that the sex chromatin body could be used for sex

determination and as a cytogenetic marker in C. pomonella.

KEY WORDS Cydia pomonella, translocations, cytology, genetic sexing, sex chromatin

1. Introduction

The codling moth Cydia pomonella (L.) is a
very important economic pest of apples and
other pome fruits. The sterile insect technique
(SIT), and its variant the inherited sterility
technique, are important components of insect
pest management for this species (Bloem et al.
2001, Bloem et al. 2005) and it has been pro-
posed that the development of genetic sexing
strains for this species could increase the effi-
ciency of these control tactics (Marec et al
2005). To date, the only genetic sexing strains
available against lepidopteran insects are
based on the construction of balanced lethal
strains in the Mediterranean flour moth
Ephestia kuehniella Zeller (Marec 1991) and
for colour sorting in the silkworm Bombyx
mori (L.) (Strunnikov 1975). These sexing

strains, although quite effective, will not be
suitable for inclusion in a mass-rearing system
as two different strains will need to be reared
and each with males from one strain being
mated with females from the other to produce
males for release. These systems exploit the
sex determination system in Lepidoptera
where females are the heterogametic sex
(WZ) and males are homogametic (ZZ).

As an alternative to the use of a balanced
lethal system, it has been proposed to use
transgenesis to introduce a dominant condi-
tional lethal mutation onto the female deter-
mining W chromosome so that the females
could be killed when the restrictive conditions
are applied (Marec et al. 2005). This approach
has two weaknesses: (1) the W chromosome is
heterochromatic which may interfere with the
expression of any transgene, and (2) the prob-
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Figure 1. Highly polyploid nuclei of the Malpighian tubule cells of C. pomonella from (left) a
wild adult male without sex chromatin, and from (right) a wild adult female showing the sex

chromatin body (Bar = 10 micrometer).

ability of getting an insertion on the W chro-
mosome is very small as there are 28 bivalents
in the karyotype. It will therefore probably be
necessary to have an insertion carrying the
dominant conditional lethal mutation, prefer-
ably on the Z chromosome, and link it to the
W chromosome by means of a translocation.
This paper focuses on the development of
cytological techniques for the identification of
radiation induced translocations in C.
pomonella as in this species there are current-
ly no sex-linked visible marker mutations
available to isolate and maintain T(W;Z)
translocations.

Marec and Traut (1994) suggested that the
female-specific sex chromatin body could be
used as a cytogenetic marker of W chromo-
some aberrations. This body occurs in poly-
ploid nuclei of female somatic tissues and is
formed by multiple copies of the W chromo-
some (Traut and Marec 1996). In female E.
kuehniella carrying a translocation, the
appearance of the sex chromatin body is
changed (Marec and Traut 1994). In this
study, the effect of gamma rays on the appear-
ance of the sex chromatin body was studied in
C. pomonella female progeny of irradiated
females with the aim of isolating T(W;Z)
translocations, essential for the construction
of a transgenic genetic sexing strain.

2. Materials and Methods

Newly emerged adult females were irradiated
with 20 or 30 Gy. Twenty five females were
exposed to each dose, with a further 25 newly
emerged adult females being used as non-irra-
diated controls. Irradiated and non-irradiated
females were singly paired with 1-day-old
males and kept together until death. Eggs
were removed daily, counted, and left to deter-
mine the percentage of egg hatch. All newly
hatched larvae from each irradiated and non-
irradiated female were fed on an artificial diet.
The number of emerged adults and the sex
ratio of F; progeny were determined.

2.1. F; Generation

Virgin F; females were crossed individually
with normal males and F, families estab-
lished. Immediately after death, F; females,
which oviposited a sufficient number of eggs
were dissected to detect the appearance of the
sex chromatin body in the Malpighian tubule
cells. Prior to pupation, four to five female last
instar larvae from each family were dissected
and their ovaries removed. Chromosomal
analysis was carried out during the pachytene
stage to identify the status of the W chromo-
some.
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Figure 2. (a) Highly polyploid nuclei of the Malpighian tubule cells of Cydia pomonella with
an elongated sex chromatin body of an F; female larva that was irradiated as a parental (Bar
= 10 micrometer), and (b) WZ chromosome bivalent with an elongated sex chromatin body in
an oocyte of an F female larva that was irradiated as a parental (Bar = 1 micrometer).

2.2. W Chromatin Appearance

Malpighian tubules were dissected from
female last instar larvae and adults and fixed
in Carnoy’s fixative (ethanol:chloroform:
acetic acid in the ratio 6:3:1) for two minutes
(Traut et al. 1986, Marec and Traut 1994). The
tubules were mounted in lactic acetic orcein
for five minutes, and then examined under a
light microscope.

To detect the presence of sex-heterochro-
matin in C. pomonella males, highly poly-
ploid nuclei of Malpighian tubule cells were
taken from male last instar larvae and adults.
Dissection, fixation and inspection were car-
ried out as described for females.

2.3. Chromosomal Analysis

For analysis of the sex chromosome bivalent,
preparations of spread pachytene oocytes
were made from the progeny of normal and
irradiated ovaries (Marec and Traut 1994). In
brief, ovaries of female last instar larvae were
dissected and fixed in freshly prepared
Carnoy’s fixitive for 30 minutes The ovaries

were then transferred to a slide, and shortly
before drying, a drop of 60% acetic acid was
added and the ovaries completely macerated
with fine tungsten needles. The slide was then
placed on a heating plate at 45°C, and the drop
moved slightly by pushing it with a needle. At
intervals of 30 seconds, this procedure was
repeated for five minutes until all the acetic
acid had evaporated. The preparation was then
stained and mounted in lactic acetic orcein for
five minutes, the cover glass sealed with nail
polish and the morphology of the sex chromo-
somes examined under phase contrast and
micrographs taken.

3. Results
3.1. Appearance of W Chromatin

Each highly polyploid nuclei of normal
female larvae had a single spherical W chro-
matin body which was absent in males (Fig.
1). Also, there were no differences between
last instar larvae and adults of both sexes in
the presence and the appearance of W chro-
matin bodies.
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Figure 3. (a) Highly polyploid nuclei of the Malpighian tubule cells of Cydia pomonella with
a fragmented sex chromatin body of an F | female larva that was irradiated as a parental (Bar
= 10 micrometer), and (b) WZ chromosome bivalent with a fragmented sex chromatin body in
an oocyte of an F female larva that was irradiated as a parental (Bar = 1 micrometer).

Following radiation, polyploid nuclei of
F, females manifested various shapes of the
W chromatin body. A single normal or abnor-
mal W chromatin body was seen in
Malpighian tubule nuclei depending on the
dose of gamma-radiation applied. Based on
the appearance of W chromatin, F; females
were classified into four different groups: with
normal, elongated, fragmented and dispersed
W chromatin bodies (Figs. 2a, 3a, 4a).

3.2. Chromosomal Analysis

From F, and F, progenies, four to five female
larvae of each line were inspected to analyse

the pachytene chromosome sets. In normal
females there were 28 bivalents, comprised of
27 autosomal bivalents with each homologous
bivalent having a homologous chromomere
and an interchromomere pattern (Fig. 5). The
sex chromosome bivalent ZW was easily dis-
tinguished in all pachytene chromosome sets,
and it was very similar to that of E. kuehniel-
la (Marec and Traut 1993). The W chromo-
some formed a deeply-stained heterochromat-
ic thread while the Z chromosome displayed a
chromomere/interchromomere pattern. The Z
chromosome was longer than the W chromo-
some and in some cases it was twisted along
the W axis (Fig. 5).

7~
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Figure 4. (a) Highly polyploid of the Malpighian tubule cells of Cydia pomonella with a dis-
persed sex chromatin body of an F; female larva that was irradiated as a parental (Bar = 10
micrometer), and (b) WZ chromosome bivalent with a dispersed sex chromatin body in an
oocyte of an F female larva that was irradiated as a parental (Bar = 1 micrometer).
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Figure 5. Spread pachytene oocyte complement of a Cydia pomonella female larva, showing
(left) the 28 bivalents, and (right) the WZ bivalents stained with orcein (Bar = 1 micrometer).

In sex chromosome bivalents of females
with an elongated chromatin body a clear
translocated segment of the Z chromosome
was observed in the terminal part of the W
chromosome (Fig. 2b). The translocated Z
segment was homologously paired with the
corresponding region of the Z chromosome.

When sex chromosome bivalents of
females with a fragmented chromatin body
were inspected, two clear visible fragments,
unequal in length, were observed in the W
chromosomes (Fig. 3b). In females carrying a

100 4
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diy <

dispersed chromatin body, the deeply stained
heterochromatic thread (W chromosome) was
divided into several parts (Fig. 4).

The results showed that F1 females with
elongated W chromatin bodies were detected
at both radiation doses (Fig. 6) however at a
significantly higher frequency in 30 Gy irradi-
ated female parents. Females with dispersed
W chromatin bodies were observed only in F;
progeny of 20 Gy-irradiated female parents
(Fig. 6). Females with fragmented W chro-
matin bodies were observed when female par-

O Normal
O Elongated

D persed

O Fragmented

Dose (Gv)

Figure 6. Relationship between gamma irradiation and the percentage of Cydia pomonella
females with normal, elongated, dispersed and fragmented W sex chromatin in F lines.
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ents were irradiated at both doses, however
the percentage was significantly higher at 30
Gy (Fig. 6).

4. Conclusions

This study showed that the sex heterochro-
matin body could be very easily observed in
polyploid cells of C. pomonella. 1t could
therefore be effectively used to: (1) determine
sex during the early stage of larval develop-
ment, (2) detect sex chromosome aberrations
after irradiation and mutagen treatments, and
(3) identify T(W;Z) translocation females. If
suitable insertion lines carrying a dominant
conditional lethal mutation on the Z chromo-
some can be produced then this technique can
help to analyse these insertions.
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ABSTRACT The sterile insect technique (SIT) has been used successfully for over 30 years to keep
a large cotton growing area in the Central Valley of California, USA free of the pink bollworm
Pectinophora gossypiella (Saunders). Releases of sterile pink bollworm as part of an integrated pest man-
agement programme were recently carried out on 36 400 hectares of cotton in Texas, New Mexico and
northern Mexico for the eradication of this pest. The sterile releases will soon be expanded into Arizona
and California. To achieve eradication and continue to effectively operate the Central Valley containment
programme, a more effective and lower cost programme is needed. Irradiation of pink bollworm with a
sterilizing dose greatly reduces mating competitiveness and the development of a conditionally lethal strain
of pink bollworm as an alternative or supplement to sterilization by irradiation may allow a more effective
and less costly programme. A pink bollworm strain carrying a conditionally lethal gene was recently devel-
oped using the "release of insects with a dominant lethal mutation" (RIDL) technology, and larval mortal-
ity levels ranging from 60 to 92% have been obtained in laboratory tests. With further development, a strain
of pink bollworm carrying a conditionally lethal gene may serve as a complete replacement for radiation-
based sterility, or as a supplement to the traditional SIT by providing a genetic sexing mechanism, a safe-
guard against accidental release, or as a means for lowering the radiation dose to produce a more compet-
itive insect.

KEY WORDS autocidal biological control, RIDL, Lepidoptera, effects of radiation, pink bollworm,
eradication

1. Introduction Council, March 2005, unpublished brief). The

United States Department of Agriculture-

Pink bollworm Pectinophora gossypiella Animal Plant Health Inspection Service-Plant
(Saunders) infestations cost US cotton pro- Protection and Quarantine (USDA-APHIS-
ducers USD 47 million per year in direct loss- PPQ) along with several states, and grower
es and control measures (National Cotton cooperative organizations are involved in two
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area-wide control programmes for pink boll-
worm that integrate the release of sterile
moths. These are (1) an area-wide contain-
ment programme in the Central Valley of
California, and (2) an eradication programme
in Texas, New Mexico and northern Mexico
combining the release of sterile insects with
the use of Bacillus thuringiensis (Berliner)
(Bf) cotton, mating disruption with
pheromones, and pesticides. The use of the
SIT was expanded to 36 400 hectares in 2005
when sterile releases were added to the eradi-
cation programme areas in Texas and New
Mexico in the USA and the Juarez Valley in
northern Mexico.

The SIT containment programme has been
effective in keeping the Central Valley of
California free of pink bollworm for 30 years
(Bloem et al. 2005). However, increased cot-
ton production costs, worldwide competition
and the increasing demands of the expanded
pink bollworm eradication programme require
a more effective and lower cost programme,
and one way to achieve this is by increasing
the competitiveness of the insects in the field.
The final competitiveness of the insect in the
field is affected by a combination of stresses
caused by many factors, e.g. long-term mass-
rearing, sterilization, handling, transport and
release. The relative effects of each of these
factors on the final competitiveness in the
field have not been determined for many
insects. However, in Lepidoptera, where high
doses of radiation are needed for full sterility,
an alternative strategy is the use of inherited
sterility (Carpenter et al. 2005). In addition,
completely replacing radiation could be done
provided the alternative strategy does not
itself compromise other components of the
biology of the insect. In this paper some of the
negative effects of radiation on released pink
bollworms in SIT programmes and how
development of an autocidal biological con-
trol system (Fryxell and Miller 1995) to create
a conditionally lethal pink bollworm could be
useful to pink bollworm genetic control pro-
grammes, are summarized. Also, preliminary
data are provided on several transgenic pink
bollworms strains that carry a conditional
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lethal gene based on a system called “release
of insects with a dominant lethal mutation”
(RIDL) (Thomas et al. 2000).

2. Radiation Effects on Pink
Bollworm and Lepidoptera in
General

Numerous studies have shown that the very
high doses of radiation needed to sterilize
male Lepidoptera are associated with decreas-
es in quality, field performance, sperm trans-
fer and dispersal ability in many species
(North 1975, LaChance 1985, Carpenter et al.
1997, Bloem et al. 1999). Decreasing the radi-
ation dose is associated with increased mating
ability and superior sperm competitiveness
(Carpenter et al. 1997) and this has led to the
use of lower doses in field programmes. In
pink bollworm, very early data showed that
high radiation doses reduced longevity,
decreased sperm transfer by males, decreased
sperm receptivity by irradiated females,
decreased female attractiveness and decreased
control efficacy (Graham et al. 1972, Flint et
al. 1973, Flint et al. 1974, Flint et al. 1977,
Bartlett 1978, Miller et al. 1994). Because of
the negative effects of radiation along with the
negative effects of mass-production, handling,
transport and release mentioned above, effec-
tive programme operation requires release
ratios of 60 sterile males to one wild male
(based on males caught in pheromone moni-
toring traps) and high frequencies of release
(4-7 days per week). A more robust and com-
petitive moth could reduce the release ratio
and frequency required for effective control.

3. Development of a Strain of
Pink Bollworm Carrying a
Conditional Lethal Gene

The use of a conditional lethal or autocidal
strain of pink bollworm created with trans-
genic technology as a possible supplement to,
or replacement of, radiation-based steriliza-
tion may offer advantages that could improve
the effectiveness of the SIT for pink
bollworm.
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A strain carrying a conditional lethal gene
could also be used in combination with a con-
ventional radiation strategy, as a safeguard or
precaution to guard against an accidental
release of fertile moths. This may become
more important for operation of the current
rearing facility as the eradication programme,
when it expands westward toward Arizona
and the area around the rearing facility there-
fore becomes free of pink bollworm. A moth
carrying a conditional lethal gene used in this
way would also allow the use of a lower radi-
ation dose, helping increase the competitive-
ness of the released moths. Mortality associat-
ed with conditional lethality could not be used
in an inherited sterility strategy (Carpenter et
al. 2005) as F; progeny would die before pass-
ing on increased sterility to the next genera-
tion.

Lastly, while many researchers consider
mixed-sex release desirable for effective SIT
against lepidopteran pests, there is theoretical
and empirical evidence that, when one sex of
the sterile insects is more competitive than the
other, single-sex release would be advanta-
geous, either female only (Knipling 1979, Van
Steenwyk et al. 1979, Henneberry and
Keaveny 1985) or male only (Knipling 1979,
Marec et al. 2005). The use of a sex-limited or
sex-linked conditionally lethal system would
make large-scale sex separation feasible in
order to test these principles (Heinrich and
Scott 2000, Thomas et al. 2000, Alphey and
Andreasen 2002, Marec et al. 2005).

These last two examples of transgenic con-
ditionally lethal technology for use in a pink
bollworm genetic control programme would
result in a hybrid programme where both the
new technology and a standard SIT approach
are mixed. While work continues to develop a
conditionally lethal system that could poten-
tially serve as a complete replacement for
radiation-based genetic control of pink boll-
worm, these other approaches would be com-
patible with the existing programme. They
may also have advantages where resistance
due to public concerns about the use of genet-
ically modified insects are a factor, and for
refinements to the standard SIT strategy such
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as the addition of a sexing strain of pink boll-
worm

4. Development of Pink
Bollworm Strains Carrying
RIDL Constructs

Recently, twenty independent transformed
lines of pink bollworm with RIDL constructs
have been produced and tested. Of these, five
lines with construct LA1124 express lethal
phenotypes when reared on chlortetracycline-
free diets. LA1124 is a lethal construct con-
trolled by a tetracycline repressible transacti-
vator protein (tTA). Lethality is produced by a
positive feedback cycle, in which binding of
tTA to its specific target sequence tetO drives
production of more tTA. In the absence of
tetracycline, this leads to lethality by high
expression of tTA. When tetracycline is pres-
ent, tTA does not bind tetO, and so the posi-
tive feedback cycle is not established and tTA
remains at a low, non-lethal level (Gong et al.
2005 provide more details on the tetO-tTA
system). Tetracycline (in the form of chlortet-
racycline) is a normal part of the pink boll-
worm artificial diet, so these strains of pink
bollworm could readily be incorporated into
the current mass-rearing system.

In the laboratory, pink bollworms, het-
erozygous for the LA1124 construct, were
crossed to wild types to produce an F; gener-
ation with a 1:1 ratio of progeny of LA1124
heterozygotes and wild type. These were
reared with and without chlortetracycline and
mortality was scored at larval, pupal, and
adult stages. This experiment was designed to
simulate the mortality of progeny that would
occur from the mating of a moth, homozygous
for a RIDL construct with a wild-type pink
bollworm after release of moths carrying
RIDL constructs in a cotton field, while also
including an internal wild-type control (the
wild-type siblings of the heterozygous F,;
transgenics).

To date, over 37 000 individuals have been
tested and significant levels of mortality were
observed for progeny heterozygous for a
RIDL construct (genotype = LA1124/+)
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reared on a chlortetracycline-free diet. Most
of the mortality occurred in the prepupal-
pupal stage with mean levels of mortality of
60-92%. Rates of mortality in the control
treatments (LA1124/+ progeny reared on the
chlortetracycline TC diet, and +/+ progeny
reared on chlortetracycline-free diet) were
low at 2-15%. A more thorough description of
the construction and testing of these trans-
genic pink bollworm lines with the LA1124
construct will be reported elsewhere.

5. Conclusions

Conditionally lethal strains of pink bollworm
expressing partial mortality have recently
been developed with RIDL technology.
Although further improvements and testing of
the strains are needed to determine if a fully
functionally pink bollworm strain carrying
RIDL constructs can be developed, the tech-
nology shows promise and may eventually
serve as a replacement or supplement to the
current technology using radiation steriliza-
tion. Work currently underway and planned
for the future includes: (1) creating new pink
bollworm strains doubly homozygous for the
LA1124 constructs by crossing together indi-
vidual lines with independent insertions of the
LA1124 construct, (2) testing LA1124 doubly
homozygous lines on a small scale on cotton
plants in quarantine field cages to estimate
mortality rates and control efficacy under the
more realistic conditions of the actual plant
host under field conditions, (3) testing adult
longevity of LA1124 lines (important for both
mass-rearing and field efficacy estimates),
and (4) testing the mortality rates of con-
structs with autocidal effector genes other
than tetO-tTA. The strategy is to combine the
lethal effects of two separate effector genes
into a single pink bollworm strain to assess if
mortality rates can be increased or if lethality
will occur at earlier larval stages when com-
pared with the LA1124 strain construct alone.
The results of these experiments will lead to a
greater understanding of the function of RIDL
constructs in pink bollworm and the potential
for the incorporation of conditionally lethal
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pink bollworm strains into the existing control
programme.
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Wolbachia-Induced Cytoplasmic
Incompatibility to Control Insect Pests?
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ABSTRACT Wolbachia are a group of obligatory intracellular and maternally inherited bacteria of
arthropods and nematodes, which have recently attracted attention for their potential as new biological con-
trol agents. Wolbachia are able to invade and maintain themselves in an enormous range of invertebrate
species, including insects, mites, spiders, springtails, crustaceans and nematodes. Recent surveys using the
polymerase chain reaction (PCR) suggest that perhaps over 20% of arthropod species may be Wolbachia-
infected, making this bacterium the most ubiquitous intracellular symbiont yet described. Wolbachia can
manipulate host reproduction by using several strategies, one of which is cytoplasmic incompatibility.
Wolbachia-induced cytoplasmic incompatibility can be used in several ways: (1) to directly suppress nat-
ural arthropod populations of economic and public health importance, (2) as a tool to spread genetically
modified strains into wild arthropod populations, and (3) as an expression vector, once a genetic transfor-
mation system for this bacterium is developed. A major research aim is to introduce Wolbachia into pest
and vector species of economic and public health relevance and, through Wolbachia-induced cytoplasmic
incompatibility, to suppress or modify natural populations.
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control
1. Introduction Wolbachia strains. Each of these reproductive
alterations favours the transmission of the
Wolbachia  pipientis  Hertig  (denoted bacterium at the expense of the uninfected

Wolbachia hereafter), is an obligate intracellu-
lar and maternally-transmitted bacterium
(Werren 1997, Bourtzis and O’Neill 1998,
Stouthamer et al. 1999, Stevens et al. 2001,
Bourtzis and Miller 2003). Wolbachia are able
to establish infections in the soma, but they
mainly reside in the reproductive tissues of
their invertebrate hosts (Fig. 1). Wolbachia
cause a number of reproductive alterations
such as parthenogenetic development, over-
riding of chromosomal sex determination to
convert genetic males into functional females,
killing male embryos at early developmental
stages, and cytoplasmic incompatibility.
Cytoplasmic incompatibility results in mortal-
ity of the embryos produced when uninfected
females are mated to infected males or when
females and males carry incompatible

arthropod population. Elimination of
Wolbachia through treatment of the infected
hosts with the antibiotic tetracycline results in
the restoration of normal reproductive pheno-
types.

Wolbachia was first described by Hertig
and Wolbach in the 1920s and 1930s as a
microorganism infecting the ovaries of mos-
quitoes belonging to the Culex pipiens L.
complex, hence the name W. pipientis (Hertig
1936). Polymerase chain reaction (PCR) sur-
veys of arthropods, including insects, isopods
and mites have indicated the abundance of
Wolbachia in these organisms (Werren 1997,
Werren and O’Neill 1997, Bourtzis and
O’Neill 1998, Stouthamer et al. 1999, Stevens
et al. 2001, Bourtzis and Miller 2003).

Sequence analysis of the 16S rRNA gene
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Figure 1. Presence of Wolbachia in infected Drosophila melanogaster, (a) embryo, (b) ovary
and (c) testes. Bacteria are visualized green-yellow and Drosophila nuclei red (Photos by Zoe

Veneti and Kostas Bourtzis).

has shown that Wolbachia belong to the alpha-
2 subdivision of the Proteobacteria, forming a
monophyletic group closely related to intra-
cellular bacteria of the genera Anaplasma,
Cowdria, Ehrlichia and Rickettsia (Breeuwer
et al. 1992, O’Neill et al. 1992, Rousset et al.
1992). Many members of these genera are
arthropod-borne pathogens of mammals. The
phylogenies of Wolbachia so far generated
have shown the existence of six major clades
(A-F), which have been named “supergroups”
(Lo et al. 2002, and references therein).
Supergroups A and B include most of the par-
asitic Wolbachia found to date in arthropods.
Supergroups C and D include the majority of
the Wolbachia found in filarial nematodes.
The E supergroup encompasses Wolbachia
from primitive wing-less insects, the spring-
tails (Collembola). Supergroup F is so far

known to infect termites and the filarial para-
site Mansonella ozzardi (Manson) (Casiraghi
et al. 2001). More recently the existence of a
new supergroup, named G, encompassing
Wolbachia from some Australian spiders has
been proposed (Rowley et al. 2004).

The mechanism(s) through which
Wolbachia infects a new species in nature is
not yet known. Hovever, Wolbachia with a
feminizing effect have been successfully
transferred by simple haemolymph contact
between closely related terrestrial isopod
species. This suggests a natural route for inter-
individual transfers (Rigaud and Jucqault
1995, Bouchon et al. 1998). Successful
Wolbachia transfers between different insect
species have also been performed. Micro-
injection experiments were used to transfer
cytoplasmic- and parthenogenesis-inducing
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Figure 2. Schematic representation of cytoplasmic incompatibility, (upper) unidirectional
cytoplasmic incompatibility, and (lower) bidirectional cytoplasmic incompatibility (Drawing

by Zoe Veneti and Kostas Bourtzis).

Wolbachia strains between closely and dis-
tantly related species. Successful transinfec-
tion was followed by the expression of bacte-
rial-induced reproductive phenotypes in the
new hosts (Boyle et al. 1993, Braig et al.
1994, Chang and Wade 1994, Rousset and de
Stordeur 1994, Giordano et al. 1995, Clancy
and Hoffmann 1997, Grenier et al. 1998,
Poinsot et al. 1998, Rousset et al. 1999,
Riegler et al. 2004, Zabalou et al. 2004a,b).
Very closely related Wolbachia strains have
been found to infect some parasitoid wasps
and the insects that they parasitize, which sug-
gests another potential route for horizontal
transfer (Werren et al. 1995). In addition,

Huigens et al. (2000) reported evidence for
horizontal transfer of parthenogenesis-induc-
ing Wolbachia under natural conditions. When
infected and  originally = uninfected
Trichogramma kaykai (Perkins) larvae share a
host egg, approximately 40% of the female
offspring of the uninfected line acquire the
infection and produce some daughters from
unfertilized eggs. In subsequent generations,
complete (100%) transmission of, and
parthenogenesis induction by, Wolbachia was
observed.

Despite the widespread distribution of
Wolbachia, many important agricultural pests
(e.g. Ceratitis capitata (Wiedemann) and
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Bactrocera oleae (Gmelin)) and disease vec-
tors (e.g. Aedes aegypti (L.) and Anopheles
gambiae Giles) are not infected.

In this paper, the possible use of cytoplas-
mic incompatibility as a means for the biolog-
ical control of insect pests is described,
emphasizing the mechanism of Wolbachia-
induced incompatibility.

2. Wolbachia-Induced
Cytoplasmic Incompatibility

The phenomenon of cytoplasmic incompati-
bility was associated with the presence of
Wolbachia in the 1970s (Yen and Barr 1971,
1973). Cytoplasmic incompatibility results in
embryonic mortality in crosses between
insects with different Wolbachia infection sta-
tus. It can be either uni- or bidirectional (Fig.
2). Unidirectional cytoplasmic incompatibili-
ty is typically expressed when an infected
male is crossed with an uninfected female.
The reciprocal cross (infected female and
uninfected male) is fully compatible, as are
crosses between infected individuals.
Bidirectional cytoplasmic incompatibility
occurs in crosses between infected individuals
harbouring different strains of Wolbachia
strains, that is, strains with different modifica-
tion and rescue properties. In most insects, the
expression of cytoplasmic incompatibility is
lethal to the developing embryo. In insects
with  haplodiploid sex determination
(Hymenoptera), the result of cytoplasmic
incompatibility is a sex ratio shift to the hap-
loid sex, which is usually male.

Cytoplasmic incompatibility has been doc-
umented in diverse insect taxa including
Coleoptera, Diptera, Hemiptera, Orthoptera,
Hymenoptera, and Lepidoptera, as well as in
the terrestrial isopod Porcellio dilatatus
Brandt & Ratzeburg and in mites (Werren and
O’Neill 1997). The host nuclear genome, the
age of the male, repeated copulation of males
and several environmental factors such as
temperature, antibiotics, nutrition and larval
density greatly influence the strength of the
cytoplasmic  incompatibility = phenotype
(Bourtzis et al. 2003). A correlation between

K. BourtzIs

Wolbachia density and the level of incompati-
bility has been demonstrated in several sys-
tems (Bourtzis et al. 2003).

The mechanism(s) by which Wolbachia
causes cytoplasmic incompatibility have not
yet been identified. However, a number of
cytogenetic studies have described the events
that take place during and shortly after fertil-
ization in incompatible crosses. These studies
described developmental defects and aberrant
DNA structures in incompatible crosses as
early as the first mitotic division, demonstrat-
ed that the paternal chromosome decondensa-
tion is delayed leading to improper paternal
chromatin inheritance and to the production of
embryos with aneuploid or haploid nuclei, and
allowed observation of the direct interaction
between Wolbachia and astral microtubules
(Jost 1970, O’Neill and Karr 1990, Callaini et
al. 1994, Kose and Karr 1995, Lassy and Karr
1996, Callaini et al. 1996, 1997). In a recent
and very elegant study in Nasonia, Tram and
Sullivan (2002) used real-time imaging and
indirect immunofluorescence to visualize
early developmental events leading to the
expression of cytoplasmic incompatibility and
consequent egg lethality and concluded that
Wolbachia affects the timing of nuclear enve-
lope breakdown prior to the crucial first
gonomeric division. These and previous
results showed convincingly that Wolbachia
somehow modifies the paternal chromosomes
during spermatogenesis (mature sperm do not
contain the bacteria) thus influencing their
fate during the first mitotic divisions and
resulting in loss of mitotic synchrony.

Based on the genetic and cytogenetic data,
Werren (1997) proposed the so-called modifi-
cation/rescue model, which assumes the pres-
ence of two distinct bacterial functions. First,
the modification function, a kind of “imprint-
ing” effect, which acts in the male germ-line,
probably during spermatogenesis, and second,
the rescue function, which acts in the egg.
Sperm imprinting may be due either to secret-
ed Wolbachia protein(s) that modify the pater-
nal chromosomes or to the removal of host
protein(s) that are necessary for proper con-
densation/decondensation of the paternal chro-
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mosomal set before and/or during zygote for-
mation. Similarly, the presence of the same
Wolbachia strain in the egg may result in the
production and secretion of (a) rescue
factor(s), or alternatively the recruitment of
host molecules which are capable of rescuing
the sperm “imprint” in a Wolbachia strain-spe-
cific manner.

Recently the genome sequence of two
Wolbachia strains was reported: the first,
wMel, belongs to the Wolbachia strain infect-
ing Drosophila melanogaster Meigen (Wu et
al. 2004); the second, wBm, belongs to the
Wolbachia strain infecting the filarial nema-
tode Brugia malayi (Brug) (Foster et al. 2005).
The available genomic information provides
the necessary tools to undertake comparative
post-genomics approaches towards the identi-
fication of the genes involved in Wolbachia-
host interactions thus deciphering the biology
of this unculturable bacterium including the
mechanism of cytoplasmic incompatibility,
understanding Wolbachia-host symbiotic asso-
ciations and uncovering the evolution of intra-
cellular symbiosis.

3. Cytoplasmic Incompatibility-
Inducing Wolbachia and
Applications

Wolbachia has been suggested as a potential
tool for the development of novel, environ-
ment-friendly strategies for the control of
arthropod species that are major agricultural
pests or disease vectors to humans, plants, and
livestock or for improving beneficial species
(Beard et al. 1993, Bourtzis and O’Neill 1998,
Bourtzis and Braig 1999). Below is an outline
of the potential applications for cytoplasmic
incompatibility-inducing strains of Wolbachia.

3.1. Release of Infected Sterile Males

Wolbachia-induced cytoplasmic incompatibil-
ity might be used to suppress natural popula-
tions of arthropod pests in a way analogous to
the sterile insect technique (SIT). The SIT
involves mass-production and release of irra-
diated sterile insects and is one of the methods
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used within area-wide integrated pest man-
agement (AW-IPM) programmes for the con-
trol of insect pests (Dyck et al. 2005).
Cytoplasmic incompatibility provides an
alternative method to produce non-irradiated
sterile males that may have improved compet-
itiveness and so improve the efficiency of the
SIT.

Recently the transfer of Wolbachia strains
from the European cherry fruit fly Rhagoletis
cerasi L. (Riegler and Stauffer 2002) led to
stable infections in the Mediterranean fruit
fly, following embryonic injection (Zabalou et
al. 2004a). Austrian and Sicilian populations
of R. cerasi were used as donors carrying dif-
ferent combinations of four Wolbachia vari-
ants (Riegler and Stauffer 2002, Zabalou et al.
2004a, M. Riegler and C. Stauffer, unpub-
lished, cited in Zabalou et al. 2004a). Two out
of initially eleven positive transinfected isofe-
male lines remained positive for the presence
of Wolbachia, namely WolMed 88.6 (single
infection with wCer2) and WolMed S10.3
(single infection with wCer4). At the time of
writing, 47 generations (about 41 months)
post-infection, both lines are stably infected
with infection rates of 100%.

Test crosses were performed in different
generations post-injection between transin-
fected lines and the parental uninfected
Mediterranean fruit fly strains. All crossing
experiments showed the same results: crosses
between uninfected females and Wolbachia-
infected males resulted in 100% egg mortali-
ty. Similar results were obtained in test cross-
es performed three years post-injection
(unpublished). It has to be noted that complete
cytoplasmic incompatibility has only been
observed in very few Wolbachia-infected
species such as C. pipiens (Laven 1967). This
was the first report that a newly transinfected
host species shows high stability of the infec-
tion and, at the same time, expresses 100%
cytoplasmic incompatibility (unidirectional
and bidirectional).

Laboratory  cage  populations  of
Mediterranean fruit flies containing different
ratios of transinfected males:uninfected
males:uninfected females were set up to deter-
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mine whether cytoplasmic incompatibility
expressed by the Wolbachia-infected lines
could be used for population suppression. The
caged Mediterranean fruit fly populations
were suppressed by these single “releases” of
incompatible males in a ratio-dependent man-
ner. Population suppression was extremely
efficient reaching levels greater than 99% at
transinfected males:uninfected male release
ratios of 50:1. Although these laboratory
experiments are very encouraging they need
to be extended to field cage systems where
wild flies are used as the target population.

For effective Wolbachia-based population
suppression, an efficient (100% -effective)
genetic sexing system producing only males is
necessary and there are intensive efforts ongo-
ing using both genetic and molecular
approaches to develop such sexing systems in
a variety of pest species. However as yet, none
of the systems so far tested would meet the
requirements needed in order to exclude the
last female from the release males. Given this
requirement and the numbers of insects that
need to be released it is unlikely that an oper-
ational fail-safe sexing system can be devel-
oped. However using a sexing system such as
that currently being wused for the
Mediterranean fruit fly (Franz 2005), several
strategies could be considered. One solution
may be to have two bidirectionally incompat-
ible infected strains where males from the two
strains are released alternately, so that even if
an infected female of the one strain is released
then in the next generation her offspring will
most likely mate with males infected with the
incompatible sperm. An alternative solution
may be to combine radiation with incompati-
bility where the contaminating females can be
sterilized with lower doses of radiation than
males. In this way the released males could be
more competitive as they will receive a lower
dose of radiation. In tephritid species, females
are sterilized by lower doses of radiation than
males (Bakri et al. 2005).

Cytoplasmic incompatibility has been used
in the past to introduce sterility into wild pop-
ulations of mosquitoes. Indeed, several trials
sponsored by the World Health Organization,
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were undertaken in the mid 1960s in Burma
and India to eradicate the filariasis vector
species C. pipiens and Culex quinquefasciatus
Say. By mass-rearing and then releasing males
that were incompatible with the target popula-
tion, it was possible to effectively sterilize
wild females. In one field trial, mosquitoes
were completely eradicated from a Burmese
village (Laven 1967). Also, in the 1970s, an
international collaborative project took place
in Central Europe, which evaluated cytoplas-
mic incompatibility as a method to control the
European cherry fruit fly R. cerasi. Several
successful field trials were performed, but for
a number of reasons, this project was never
completed (Blimel and Russ 1989, Boller
1989). In addition to these field experiments,
a number of laboratory and warehouse exper-
iments in the USA have successfully applied
Wolbachia-induced cytoplasmic incompatibil-
ity as a means to control the stored product
pest, the almond moth Cadra (Ephestia)
cautella Walker (Brower 1978, 1979, 1980).

3.2. Release of Infected Fertile Male and
Female Insects to Spread Wolbachia in a
Natural Pest Population

Wolbachia-induced cytoplasmic incompatibil-
ity might be used as a mechanism to spread
desirable genotypes into field populations
(Turelli and Hoffmann 1991, Hoshizaki and
Shimada 1995, Sinkins et al. 1995, Hoshizaki
1997, Rousset et al. 1999). The identification
of the Wolbachia genes responsible for cyto-
plasmic incompatibility should allow the
introduction of these genes into the host
nuclear genome and the induction of cytoplas-
mic incompatibility without the presence of
Wolbachia. Theoretical models suggest that
nuclear-coded cytoplasmic incompatibility
genes will lead to a spread of their host,
replacing target naive populations along with
any other chromosomally-linked gene(s)
(Sinkins et al. 1997, Curtis and Sinkins 1998,
Sinkins and Godfray 2004).

Recently, Xi and colleagues reported the
transfer of a wAlbB Wolbachia strain natural-
ly occurring in Aedes albopictus Skuse, and
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its establishment in Ae. aegypti, a naive host
(Xi et al. 2005). Crossing experiments indicat-
ed strong cytoplasmic incompatibility
(100%): no egg hatch observed from more
than 3800 eggs examined from crosses of
uninfected females and Wolbachia-infected
males. Laboratory cage tests demonstrated
that Wolbachia can be spread into a targeted
uninfected Ae. aegypti population, reaching
infection fixation within seven generations.
This is the second report that a newly transin-
fected host species shows high stability of the
infection and, at the same time, expresses
100% cytoplasmic incompatibility. In addi-
tion, these data clearly indicated that
Wolbachia can be used as a vehicle to drive
transgenes into mosquito populations, and
maybe other disease vector populations of
medical importance.

3.3. Release of Male and Female Insects
to Spread Paratransgenic Wolbachia

Wolbachia might be also used as an expres-
sion vector in paratransgenesis strategies.
Paratransgenesis is a method that uses symbi-
otic bacteria as vehicles for the introduction
and expression of genes of interest into a tar-
get arthropod species and has been suggested
as an alternative approach for the genetic
manipulation of arthropods (Beard et al. 1993,
Ashburner et al. 1998). Symbiotic bacteria of
arthopod species have already been used as
expression vehicles (Durvasula et al. 1997,
Cheng and Aksoy 1999) and a paratransfor-
mation approach is currently being evaluated
for field releases of Rhodnius prolixus (Stal)
aiming to reduce the prevalence of the
causative agent of Chagas’ disease
Trypanosoma cruzi Chagas (Durvasula et al.
1997). The main obstacle to using Wolbachia
in paratransgenesis approaches is that it can-
not be cultured in a cell-free system, and a
genetic transformation system is not yet avail-
able. The fact that these bacteria can now be
maintained in different insect cell lines
(O’Neill et al. 1997, Dobson et al. 2002) cou-
pled with the recent isolation and characteri-
zation of endogenous phages and insertion

131

sequences (Masui et al. 2000, 2001, Fujii et al.
2004), will certainly facilitate current efforts
to genetically engineer Wolbachia.

4. Conclusions

Wolbachia-based applications may be broad
since these bacteria are present in a wide
range of arthropod species and can also be
transferred into naive hosts. It is possible that
the ability of these bacteria to establish new
infections and persist in their hosts for a long
time may have to do with their ability to
“escape” the host’s innate immune system
(Bourtzis et al. 2000). However, and despite
the potential demonstrated in the above-men-
tioned earlier trials, there has been no consis-
tent experimental follow-up with the excep-
tion of several review papers (Sinkins et al.
1997, Bourtzis and Braig 1999, Sinkins and
O’Neill, 2000, Aksoy et al. 2001, Bourtzis and
Robinson 2006). Therefore it remains to be
demonstrated whether Wolbachia-based tech-
nologies will be used in the field and ever
replace and/or complement existing opera-
tional AW-IPM programmes.
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ABSTRACT Tsetse flies, Glossina spp. are the sole vectors of the parasitic African trypanosomes,
which cause devastating diseases in humans and animals. The sterile insect technique (SIT) is one pest con-
trol tool that, when integrated on an area-wide basis, is highly effective against tsetse populations. Several
molecular techniques have the potential to enhance the application of this approach. In particular, the abil-
ity to engineer refractoriness into released strains would enhance the efficacy of this approach, especially
in human disease endemic areas. In addition, natural mating incompatibilities between some populations
could be exploited to enhance the fitness of released males, as the irradiation dose could be reduced to that
required for female sterilization without compromising overall male sterility. The viviparous reproductive
nature of tsetse flies has made direct germ-line transformation impossible. However, the symbiotic
microorganism Sodalis glossinidius that lives in tsetse midgut tissue can be cultured and transformed.
Because these symbionts live in close proximity to where parasites differentiate and replicate, gene prod-
ucts expressed and secreted by these microbes could have immediate impact. Fly midguts have been suc-
cessfully repopulated with symbionts engineered to express foreign gene products. The complete genome
sequence of S. glossinidius together with information on its population dynamics during fly development
is now available. Gene expression experiments currently in progress now aid in identifying an expression
system that does not reduce the fitness of engineered flies. This is done by making use of midgut-specific
promoters. In addition to midgut symbionts, various field populations of tsetse harbour Wolbachia spp. In
many insect species the presence of Wolbachia induces cytoplasmic incompatibility, a phenomenon that
causes reproductive incompatibilities between infected and uninfected insects. To understand the impact of
Wolbachia infections on tsetse, lines with and without Wolbachia should be developed for formal mating
experiments. Field populations are heterogeneous for the presence/absence of the bacteria, and it may be
possible to develop such lines directly from the field to evaluate the potential role of cytoplasmic incom-
patibility. In an attempt to identify such field populations, information was obtained on Wolbachia infec-
tions in Glossina fuscipes fuscipes Newstead.

KEY WORDS symbionts, refractoriness, tsetse flies, paratransgenesis, cytoplasmic incompatibility,
Wolbachia, Sodalis, Wigglesworthia, population replacement

1. Introduction

Tsetse flies are the sole vectors of cyclical
pathogenic trypanosomes in tropical Africa.
Human African trypanosomosis, or sleeping
sickness, is a zoonosis caused by the flagellat-
ed protozoa Trypanosoma brucei rhodesiense
Stephen and Fantham in East and Southern
Africa and Trypanosoma brucei gambiense
Dutton in West and Central Africa. The World
Health Organization (WHO) conservatively esti-
mates that there are currently 300 000-500 000

cases of human African trypanosomosis, with 60
million people at risk in 37 countries covering
approximately 40% of Africa.

During a devastating epidemic in the early
20th century, approximately one million peo-
ple died of human African trypanosomosis.
Following several decades of intensive sur-
veillance, screening and treatment of patients
combined with selective tsetse control efforts,
the disease almost disappeared from Africa by
the 1960s. However, there is presently anoth-
er wave of human African trypanosomosis
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Figure 1. Diagramme showing the digestive and internal reproductive anatomy of tsetse (mod-
ified from Rio et al. 2004). Wolbachia reside exclusively within reproductive tissues, while
Sodalis and Wigglesworthia are associated with digestive tissues and hemolymph (the latter

only being inhabited by Sodalis).

epidemics, with a disease burden of 2.05 mil-
lion disability-adjusted life years (Ekwanzala
et al. 1996, van Hove 1996, Moore et al.
1999). Countries in Central Africa, especially
Angola, the Democratic Republic of Congo,
and Southern Sudan have been hardest hit,
while Uganda is under threat with sporadic
infections reported. The rate of new infections
and mortality (55000 deaths in 1993, 66 000
in 1999) shows no sign of decline. The col-
lapse of health infrastructures and surveil-
lance systems (Simarro et al. 2003), allied to
the displacement of populations by war and
natural disasters are important contributory
factors to the present epidemic. Given that
human African trypanosomosis affects often
war-torn hard-to-reach rural populations that
lack active surveillance, disease prevalence is
generally considered to be grossly underesti-

mated and the consensus view is that the situ-
ation may worsen (Smith et al. 1998, Barrett
1999, Stich et al. 2003).

In addition to their impact on human
health, trypanosomes cause a wasting and
fatal disease known as African animal try-
panosomosis or nagana in cattle, domestic
pigs and other farm animals. Nagana, caused
by the related parasites, Trypanosoma brucei
brucei Pimmer and Bradford, Trypanosoma
congolense Broden and Trypanosoma vivax
Ziemann, has restricted agricultural develop-
ment and food production in sub-Saharan
Africa, profoundly impacting the economy of
much of the continent (Steelman 1976, Jordan
1986).

The prevalence of trypanosomosis relies
on four interacting groups of organisms: (1)
the human hosts, (2) the insect vectors, (3) the
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pathogenic parasites, and (4) the domestic and
wild animal reservoirs. While complex, this
dependence on multiple players provides sev-
eral opportunities for intervention since inter-
ruption of any of these interactions can poten-
tially reduce disease transmission. Despite
extensive research on the development of
human and cattle anti-trypanosome vaccines,
antigenic variation of the surface glycopro-
teins of the parasite within the mammalian
host has hampered most efforts. Current man-
agement of human African trypanosomosis
therefore still relies on active surveillance and
treatment of infected patients along with
extensive support from international organiza-
tions. These efforts have been constrained by
the lack of inexpensive, easy to administer
and effective drugs (Butler 2003, Docampo
and Moreno 2003). In addition, the efficacy of
available drugs is impaired due to increasing
resistance detected in parasite populations
(Anene et al. 2001, Geerts et al. 2001).

2. Tsetse Flies: Vectors of
African Trypanosomes

Vector control at the local level does not play
a primary role in the control of human African
trypanosomosis (Gibson et al. 1978, Scott et
al. 1983, Noireau et al. 1986, Fevre et al.
2001). This situation exists because the most
widly used vector control strategies, such as
the deployment of insecticide-impregnated
targets and traps, rely on the participation of
the village communities and tend not to be
sustainable in the long-term. While the proj-
ects tend to start with enthusiasm, the mainte-
nance of traps and targets dwindles over time
as fly numbers decrease, inevitably resulting
in the resurgence of vector populations.

For control of animal diseases, the avail-
ability of more effective trapping systems,
coupled with strong economic interest, has
provided the impetus for vector control pro-
grammes. The use of an area-wide integrated
pest management (AW-IPM) strategy with a
sterile insect technique (SIT) component is
effective for tsetse, and following a successful
programme on the Island of Unguja, Zanzibar
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(Vreysen et al. 2000), its application on the
mainland is currently being pursued (Alemu
et al., this volume, Kappmeier et al., this vol-
ume).

This article describes transgenic technolo-
gies that have the potential to improve the SIT
implementation. It outlines current work in
the field of tsetse transgenics, a powerful tool
for use in engineering refractoriness traits into
released flies. Also discussed are the potential
naturally present mating incompatibilities
conferred by Wolbachia infections. This phe-
nomenon may allow the use of reduced radia-
tion doses without sacrificing male sterility
resulting in the release of more competitive
flies.

3. Symbiosis in Tsetse

Tsetse flies harbour three distinct endosym-
bionts (Fig. 1), Sodalis glossinidius sp. nov.
(Dale and Maudlin 1999), Wigglesworthia
glossinidia sp. nov. (Aksoy 1995) and, in
some populations, Wolbachia spp. (O’Neill et
al. 1993, Cheng et al. 2000). Sodalis and
Wigglesworthia, which both reside in the gut
tissue of tsetse, are transmitted to tsetse’s
intrauterine larva through maternal milk gland
secretions. Comparative phylogenetic analy-
sis of Wigglesworthia with other insect obli-
gate symbionts, such as Buchnera from aphids
and Blochmannia from carpenter ants, indi-
cates that they are descendents of free-living
gamma-Proteobacteria (Chen et al. 1999,
Aksoy 2000). Sodalis is a close relative of
free-living microbes such as Escherichia coli
(Migula)  Castellani and  Chalmers,
Salmonella spp. and Yersinia spp. (Rio et al.
2004). Wolbachia, which is a member of the
alpha-Proteobacteria (O’Neill et al. 1993,
Cheng et al. 2000) is transovarially transmit-
ted.

The relationship between Wigglesworthia
and tsetse is ancient (some 50-80 million
years old), as evidenced by the concordant
evolution that members of the genus now dis-
play with their tsetse host species (Chen et al.
1999). As a consequence of its strict intracel-
lular sequestration within specialized host
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cells (bacteriocytes), the genome of
Wigglesworthia has undergone a drastic size
reduction to about 700 kilo bases and codes
for only 621 predicted protein products
(Akman and Aksoy 2001, Akman et al. 2002).
However, despite its restricted functional
capabilities, Wigglesworthia’s chromosome
has retained 62 genes whose products are
involved in the biosynthesis of cofactors,
prosthetic groups and carriers. This symbiont
has the potential to synthesize biotin, thiazole,
lipoic acid, flavin adenine dinucleotide (FAD)
(riboflavin, vitamin B,), folate, pantothenate,
thiamine (vitamin B;), pyridoxine (vitamin
Bg), protohaeme, and nicotinamide. These
capabilities suggest that an important function
of the Wigglesworthia symbiosis is to supple-
ment essential vitamin metabolites to tsetse’s
single diet of vertebrate blood (Nogge 1981).
It is now possible to rescue tsetse fertility in
symbiont-free flies (fed antibiotics) by feed-
ing them a cocktail containing vitamin prod-
ucts encoded on Wigglesworthia’s chromo-
some (unpublished).

Sodalis has a wider tissue tropism than
Wigglesworthia, and is harboured both intra-
and extra-cellularly, principally in the midgut
tissue, but also in haemolymph and milk gland
tissues (Cheng and Aksoy 1999). The genome
of Sodalis has recently been sequenced and
annotated (Toh et al. 2006). Although its
4171146 base pair chromosome is signifi-
cantly larger than that of Wigglesworthia, it
has only 2299 protein-coding sequences and a
reduced coding capacity of 49%.
Furthermore, over 20% of its genome encodes
pseudogenes, a high proportion of which
function in defence, and in carbohydrate and
inorganic ion transport and metabolism. These
functional erosions may reflect Sodalis’ ongo-
ing degenerative adaptations to its hosts
immune environment and single nutrient
source, vertebrate blood. This massive func-
tional erosion will curtail the organism’s via-
bility outside of its tsetse host niche. Sodalis’
genotype ensures this symbiont is a safe can-
didate for use in the paratransgenic strategy
described below. With its genetic blueprint
now available, functional analysis of its prod-
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ucts will provide insights into its symbiotic
biology, and at the same time, provide impor-
tant information to enhance an applied para-
transgenic approach.

4. Genetic Transformation
Systems in Insects

Many insects have been genetically trans-
formed by micro-injecting various transpos-
able elements (plasmid or viral vectors) into
syncytial embryos (germ-line transformation)
(Jasinskiene et al. 1998). These transposable
elements insert themselves randomly into
insect DNA, resulting in germ-line transfor-
mation whereby the transgene is passed on to
every individual cell of the genetically-modi-
fied organism. Marker genes carried by the
transposable element help to identify trans-
genic individuals. By using tissue specific
expression systems, transgene products can be
ectopically expressed to affect parasite viabil-
ity, i.e. in the gut (Moreira et al. 2000), sali-
vary gland or haemolymph (Kokoza et al.
2001).

The viviparous reproductive biology of
tsetse has hampered the application of a simi-
lar germ-line transformation technology.
However, commensal Sodalis can be exploit-
ed to express foreign gene products in tsetse
midgut, thus affecting parasite viability
(Cheng and Aksoy 1999). Using this para-
transgenic approach, insect cells are not trans-
formed as in the germ-line transformation
approach, but instead transgenes are
expressed in the symbiotic bacteria (Rio et al.
2004). The specific associations that the sym-
bionts have established with host populations,
their physical proximity to the developing
pathogenic agents in insect tissues and the
vast quantity of information available on
prokaryotic transformation and gene expres-
sion mechanisms make beneficial symbionts
highly desirable expression vehicles that can
be exploited for the control of a variety of vec-
tor-borne diseases. The symbiont Rhodococcus
has been similarly exploited to express foreign
gene products in triatomine bugs to block
Trypanosoma cruzi Chagas transmission
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(Beard et al. 1992). This approach has much
promise for control of many agricultural dis-
eases transmitted by plant pests that also
house symbiotic microbes.

Some of the requirements for a successful
symbiont-based insect transformation approach
are: (1) presence of naturally harboured sym-
bionts that can be isolated and cultured, (2)
knowledge of the transmission mode as well
as the growth and dynamics of the symbiont
throughout the host life cycle, (3) an efficient
symbiont transformation system that results in
stable phenotypes upon reintroduction into the
host, (4) genetic manipulation that does not
alter either the role or the physiological
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impact of the symbiont on host biology.
Likewise, the fitness of the transformed sym-
bionts and of insects repopulated with them
should not be compromised in comparison to
their wild-type counterparts, (5) genetically
altered symbionts should not pose a threat to
non-target organisms, (6) characterization of
effective anti-pathogenic products such as
antimicrobial peptides or transmission-block-
ing monoclonal antibodies, (7) expression of
such transmission-blocking effector mole-
cules in insect tissues or compartments that
impede pathogen life cycle, (8) an environ-
mentally-sound implementation project for
delivering transformed insects into the field

Step 1:

Step 2:

Step 3:

1232 4567 8910
GFP

Sodalis-
specific

Figure 2. Protocol used for the production of trypanosome-refractory paratransgenic tsetse
flies. Step 1: a primary culture of Sodalis is established from the hemolymph of an adult fly.
Cells are maintained in vitro under micro-aerophilic conditions. Step 2: cultured Sodalis are
transformed with constructs that encode trypanocidal peptides. Recombinant Sodalis are then
micro-injected into adult females, which are subsequently fed antibiotics and a mixture of B-
vitamins. Step 3: pupae from injected mothers are collected and allowed to mature to adult-
hood. Foreign DNA can be detected in these offspring by polymerase chain reaction (PCR)
(and in the case of green fluorescent protein (GFP), visualized under a fluorescent micro-
scope), thus indicating successful vertical transmission of recombinant Sodalis from mothers

to offspring.
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Figure 3. Bio-activity of tsetse attacin (GmAttAl). (a) In vitro incubation of Sodalis and T. bru-
cei indicates that the symbiont survives significantly longer than the parasite in the presence
of GmAttAl. (b) Flies fed recombinant GmAttAl at different times. The efficiency of inhibiting
infection depends on when the flies were supplied GmAttAl.

(effective gene-driving mechanisms), and (9)
an ecological assessment of potential spread
of transformed symbionts and barriers to dis-
persal.

4.1. Sodalis-Based Transformation System

Several aspects of Sodalis’ biology make its
use in a paratransgenic strategy highly desir-
able. Firstly, the availability of an in vitro cul-
ture system has enabled the development of a
genetic transformation system that can intro-
duce and express foreign products in Sodalis
(Beard et al. 1993, Aksoy 2001, Aksoy et al.
2001, Aksoy 2003) (Fig. 2). Following trans-
formation, recombinant Sodalis (recSodalis)
are returned to their tsetse hosts. They are suc-
cessfully acquired by subsequent generations
of flies when micro-injected into haemolymph
of the female parent, as determined by expres-
sion of the marker gene product, green fluo-
rescent protein (Cheng and Aksoy 1999).
Secondly, from a containment perspective,
Sodalis is a fastidious microaerophilic
endosymbiont that is difficult to maintain in
vitro, presumably as a result of its adaptation
to the symbiotic lifestyle. This organism has a
low temperature optimum of 25°C and cannot
grow in temperatures exceeding 30°C, elimi-
nating the possibility of recombinant Sodalis

strains colonizing warm-blooded hosts.
Sodalis also has a slow growth rate both in the
insect host (Aksoy, unpublished) and in labo-
ratory culture. Thus, it would likely be a
weak, perhaps unsuccessful, competitor out-
side of its host.

4.2. Expression of Trypanocidal Effectors
in Sodalis

Because Sodalis lives naturally in close prox-
imity to trypanosomes in tsetse’s midgut envi-
ronment, expression of trypanocidal products
by this organism can potentially block parasite
development. Presumably as a result of co-
evolution with its host immune system,
Sodalis displays a high level of resistance to
tsetse’s immune arsenal. Among these
immune products are the tsetse antimicrobial
peptides attacin and diptericin, which are syn-
thesized in response to microbial infections
(Hao et al. 2001, Hu and Aksoy 2005). In fact,
Sodalis demonstrates a remarkable resistance
to a variety of insect-derived and non-insect
antimicrobial peptides (Haines et al. 2003). Of
practical value is the fact that unlike Sodalis,
African trypanosomes are highly susceptible
to the actions of these peptides, including
tsetse attacin (GmAttA1l) (Fig. 3).

During the course of a natural trypanosome
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Table 1. Trypanosome infection prevalence in
Glossina morsitans morsitans after immune
activation with Escherichia coli, lipopolysac-
charide (LPS) or sterile phosphate buffered
saline (PBS).

Inoculation ~ Pooled! Prevalence Chi square-
(SE) analysis?

Control 145 49.7% (5.0) -

E. coli 99 11.1% (5.1) P <0.0001

LPS 152 27.0% (2.5) P <0.0001

PBS 106 50.0% (9.6) P =0.94

IRepresents pooled samples from replicates

2The infection prevalence in control groups served
as the expected data against which other groups
were tested

infection, antimicrobial gene expression is
induced in the proventriculus and fat body tis-
sues. This expression continues in flies with
established gut parasite infections. Many flies
are able to cure their infections. However, in
those few that are susceptible, either the con-
centration of these molecules does not reach
levels high enough to eliminate the large num-
bers of parasites replicating in the gut, or these
peptides remain mostly in the haemolymph
without affecting the midgut environment
where the parasites replicate. When flies are
immune stimulated prior to infecting them
with parasites, parasite prevalence was signif-

Table 2. Wolbachia prevalence in several field
populations of tsetse flies.

Species Location Prevalence
G. f. fuscipes Sudan (4/8) 50%
G. f- fuscipes Northern Uganda  (8/11)75%
G. f. fuscipes Southern Uganda  (4/10)40%

G. brevipalpis ~ Mafia Island

@1 571%

(Tanzania)
G. brevipalpis ~ Mivumoni 072) 0%
(Tanzania)
G. m. centralis  Tanzania (7/8) 88%
G. swynnertoni  Tanzania (4/4)100%
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icantly lower because antimicrobial peptides
were already being synthesized at the time of
parasite acquisition (Table 1). The next step
will be to see whether the constitutive expres-
sion of attacin in tsetse midgut symbionts will
impede parasite development.

5. Gene-Driving Systems:
Wolbachia-Mediated
Cytoplasmic Incompatability

An important applied aspect of some trans-
genic approaches is the ability to spread labo-
ratory-engineered phenotypes into natural
populations. Wolbachia, which infects a wide
range of invertebrate hosts (Werren et al.
1995), including several tsetse species, pro-
vides one potential drive mechanism. One
unique consequence of Wolbachia infections
is a condition called cytoplasmic incompati-
bility, which results in the death of zygotes
during embryogenesis (Fig. 4). In an incom-
patible cross, the sperm enters the egg but
does not successfully contribute its genetic
material, and in most cases none or very few
eggs hatch. Recently, it has been shown that
Wolbachia can be transferred between differ-
ent species and subsequently result in cyto-
plasmic incompatibility (Zabalou et al. 2004).
Wolbachia-infected females have a reproduc-
tive advantage over their uninfected counter-
parts as they can reproduce successfully with
both the infected and non-infected males. This
will eventually allow the Wolbachia-infected
insects to spread through natural populations
(Sinkins et al. 1997, Sinkins and O’Neill
2000). As Wolbachia spreads itself into target
populations, it can also drag other maternally
linked traits and organelles such as mitochon-
dria (Turelli et al. 1992). In addition, various
models have been developed for other insects
that describe the parameters contributing to
the dynamics of cytoplasmic incompatibility-
mediated spread. For example, population
genetic models have been developed to
explore the spread of reproductive incompati-
bility in Drosophila (Fine 1978, Turelli and
Hoffmann 1991, 1995). The epidemiological
impact of genetically modified symbionts that
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Figure 4. Wolbachia-induced cytoplasmic incompatibility phenomenon in tsetse. Asterisks
indicate Wolbachia-infected flies. The top three crosses result in viable offspring, while the
fourth cross between an uninfected female and a Wolbachia-infected male does not. The repro-
ductive advantage of Wolbachia-infected females drives the infected phenotype into popula-

tions.

inhibit the transmission of trypanosomes still
needs to be assessed in tsetse.

In a field survey, many tsetse populations
were found to be infected by different strains
of Wolbachia (Cheng et al. 2000). However,
the extent of the cytoplasmic incompatibility
phenomenon needs evaluation to assess the
utility of this gene-driving system in tsetse.
Analysis of laboratory colonies has shown
that 100% of sampled individuals carry
Wolbachia, making the analysis of Wolbachia-
mediated effects impossible by traditional
mating experiments (Cheng et al. 2000). The
natural populations studied provide hetero-
geneities in Wolbachia infection status that
should be further explored (Cheng et al.
2000). In 1999, Wolbachia prevalence in
Glossina brevipalpis Newstead in South

Africa was zero, while in Kenya it was 30%.
In the colony maintained at the FAO/IAEA
Agriculture and Biotechnology Laboratory,
Seibersdorf, Austria, originally established
from Kenya, infection prevalence was 100%.
At the same study site in South Africa, the
Glossina austeni Newstead population was
100% infected with Wolbachia, while in
Kenya infection prevalence was at 50%.
Analysis of the “now-extinct” G austeni pop-
ulation from the Island of Unguja, Zanzibar
(Vreysen et al. 2000) revealed none of the
individuals to be infected. A recent analysis of
Wolbachia infection prevalence in some field
populations from East Africa is shown in
Table 2.

Heterogeneous field populations may offer
an opportunity to investigate the functional
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biology of Wolbachia infections in tsetse by
providing an ability to develop infected and
uninfected lines from the field to subsequent-
ly evaluate cytoplasmic incompatibility.
While no naturally-occurring horizontal trans-
fer of Wolbachia has been observed, experi-
mental transfer of this bacterium between dif-
ferent hosts, and even into insects with no
prior infection history, is increasingly com-
mon (Sinkins et al. 1997). In addition, differ-
ent Wolbachia strains confer mating incom-
patibilities among these infected insects (bidi-
rectional incompatibility). The ability to intro-
duce different strains of Wolbachia into
insects makes possible the induction of multi-
ple spreads, should the transgene ever be sep-
arated from its driver.

6. Conclusions and Future
Directions

Knowledge accumulated on tsetse and its
symbionts has the potential to provide unique
disease management opportunities based on
the control of parasite development in its nat-
ural vector. Of utmost importance is expand-
ing the repertoire of trypanosome inhibitory
products that can be expressed in tsetse’s
midgut using this symbiont expression sys-
tem. Evaluation of the stability of introduced
phenotypes is critical from an applied per-
spective. An aspect of transformation current-
ly being followed involves using homologous
recombination to incorporate foreign genes
directly into the symbiont chromosome, thus
ensuring additional linkage between the intro-
duced transgene and Sodalis. Using the avail-
able genome sequence information, adult
midgut-specific promoters are being identi-
fied. With these driving the constructs, genes
would be preferentially expressed only at this
host life stage, thus minimizing potential fit-
ness costs of the transgene on the host. The
ecological parameters that influence Sodalis
density dynamics in tsetse biology need to be
explored in field experiments. Similarly, cyto-
plasmic incompatibility needs to be further
studied in field populations and laboratory
experiments carried out to confirm the cyto-

145

plasmic incompatibility phenotype. To this
end, the extensive heterogeneities in Glossina
fuscipes fuscipes Newstead populations may
provide such an opportunity.
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Colony Maintenance and Mass-Rearing:
Using Cold Storage Technology for
Extending the Shelf-Life of Insects
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ABSTRACT Implementation of area-wide pest control programmes using the sterile insect technique
(SIT) is fundamentally dependant on the ability to rear large numbers of insects and to precisely release
them, often at some distance from the production site. This process of producing purely biological agents
for pest control frequently demands that periods of low temperature are utilized to store, stockpile or
immobilize the insects to maintain quality and gain economy and effectiveness. Likewise, rearing and
maintenance of often numerous laboratory colonies for the purpose of conducting research to develop and
improve SIT programmes can also benefit from the use of this technology. Two approaches that can be used
to maintain quality and to extend the utility of insects are cryopreservation and dormancy. Using either of
these methods to extend the shelf-life of mass-reared or laboratory-cultured insects requires that they close-
ly conform to the physiological and developmental capabilities and characteristics of a particular species.
The technical aspects of this conformity are discussed, along with the advantages of using these two
approaches for extending insect shelf-life. Both approaches have specific requirements for employment
and both yield benefits relating to short- or long-term storage needs.

KEY WORDS cryopreservation, diapause, quiescence, shelf-life, dormancy, mass-rearing, in vitro

fertilization

1. Introduction

Large financial and logistical commitments to
insect rearing are being made on an interna-
tional level such as the efforts involving
extensive use of the sterile insect technique
(SIT) within the framework of area-wide inte-
grated pest management (AW-IPM) pro-
grammes supported by the Food and
Agriculture Organization of the United
Nations (FAO) and the International Atomic
Energy Agency (IAEA), the Animal and Plant
Protection Service of the United Sates
Department of Agriculture (USDA-APHIS)
and the agricultural agencies of various coun-
tries around the world. For example, the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann) mass-rearing and sterilization
facility at El Piflo, Guatemala has a produc-

tion of over 2500 million sterile male flies per
week, and the New World screwworm
Cochliomyia hominivorax (Coquerel) facility
in Tuxtla Gutiérrez, Mexico has the potential
of producing 500 million sterile insects per
week. While 60% of the type of rearing facil-
ities like those operating in Guatemala and
Mexico are found in the Americas, others
have been established in Asia, Europe, Africa,
and Australia (Hendrichs 2000). Mahon and
Leopold (2002) have illustrated how AW-IPM
programmes with an SIT component can ben-
efit by having the technology to store insects
for varying lengths of time. The establishment
of a colony for mass-rearing purposes, main-
tenance of a variety of mutant lines for devel-
opment of strains having specific qualities or
uses, and banking of an array of geographic
isolates for compatibility assessment of the
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mass-reared colony are examples of the
endeavours that can be facilitated by having
long-term storage capability. Further, situa-
tions involving potential hazards to mainte-
nance of quality insect production such as
genetic drift, disease, work stoppages and
mechanical failure can be averted or alleviat-
ed with a variety of short- and long-term stor-
age techniques that have been developed over
the past 75 years (Leopold 1998).

As with AW-IPM programmes that inte-
grate the SIT, the investments made for mass-
rearing of insects as traditional biological con-
trol agents are also considerable. Hunter
(1997) identified 142 North American com-
mercial suppliers of 127 species of insects and
mites for use in biological control of plant and
insect pests in the greenhouse and in the field.
The use of insects as bio-pesticides in the form
of parasites, predators and phytophages is well
established throughout the world, and the ben-
efits of storage technology in production and
release of biological control agents was recog-
nized early last century by Flanders (1930)
when rearing and releasing braconid wasps
Trichogramma spp. for control of the codling
moth Cydia pomonella (L.). The importance
of having storage techniques to accumulate,
store and ship beneficial insects for use in an
IPM programme parallels that of SIT opera-
tions, especially when commercial entities are
compelled to maintain the production of
insects as a profitable enterprise.

The activity of rearing and maintaining
colonies of quality insects under laboratory
conditions for research purposes forms the
foundation for development and testing of all
potential  pest  control  programmes.
Accordingly, it is well known that mainte-
nance of research colonies remains a neces-
sary, but often costly, endeavour. With the
advent of new technologies available to
researchers to genetically transform non-
drosophilid species (O’Brochta and Atkinson
2004), along with the advancing genomic
sequencing of representative insects (Evans
and Gunderson-Rindal 2003), the number of
insect strains being created in the laboratory
with unique characteristics will rapidly esca-
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late. Strain maintenance will surely consume
increasingly larger portions of research budg-
ets unless storage methods are used for archiv-
ing the burgeoning array of mutant and trans-
genic strains as well as an increasing number
of model insect species.

While the intent of this report is to raise
awareness of the possibilities that cold storage
presents for increasing the shelf-life of insects
used as research models and in control pro-
grammes, the use of this technology is not lim-
ited to just facilitating the rearing of insects for
these purposes. There are myriad of disci-
plines and enterprises including rearing insects
for pet food, fish bait, forensic indicators, and
the rescue of endangered species that can ben-
efit by the incorporation of storage technology
into the rearing and handling procedures.
Therefore, it is hoped that the following infor-
mation will provide a ready access to a basic
description of the methodology and illustrate
the potential that cryopreservation and
dormancy induction offer for saving time,
money and genetic resources.

2. Cryopreservation Techniques

Cryopreservation typically means storing or
preserving cells, tissues and organisms in a
cryogen such as liquid nitrogen. At very low
subzero temperatures, such as that of liquid
nitrogen (-196°C), all known cell processes
are held in abeyance and storage time can be
an indefinitely long period of time. To render
biological systems cryopreservable, there
must be a strict management of intra- and
extracellular water. There are two basic tech-
niques for accomplishing water management
prior to liquid nitrogen storage and they are
known as equilibrium freezing and vitrifica-
tion. The following two subsections identify
the major features of the techniques that are
used for long-term storage of biological sys-
tems.

2.1. Equilibrium Freezing

Storage of cells, tissues and whole organisms
at liquid nitrogen temperature generally
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requires reduction of intracellular water to a
negligible amount to avoid physical damage
to the cells caused by the formation of ice
crystals upon freezing. Water removal is
accomplished by osmotic dehydration, usual-
ly in the presence of a controlled slowly
falling temperature. Removal of intracellular
water produces a potentially harmful situation
by concentrating the remaining solutes in the
cells. This situation is usually managed by the
addition of a chemical cryoprotectant such as
dimethyl sulphoxide, ethylene glycol or glyc-
erol to alleviate the loss of water and protect
the cells during the dehydration and freezing
process. Conventional cryopreservation pro-
tocols balance the egress of water, the influx
of cryoprotectant and avoid the occurrence of
potentially lethal spontaneous ice crystal for-
mation within cells by strict regulation of the
cooling rate. Slowly lowering the temperature
initiates extracellular freezing which, in turn,
causes an osmotic disequilibrium between the
external medium and the inside of the cells.
Under these conditions, water flows out of the
super-cooled cells into the external medium.
Further, with most conventional equilibrium
freezing protocols, the optimal cooling rate
for a particular type of cell or organism pro-
ceeds at a rate that maintains a near vapour-
phase equilibrium between the external resid-
ual liquid and the intracellular water (Mazur
1984).

There are various interconnected factors
such as membrane permeability, surface to
volume ratio, cooling rate and solute concen-
tration in the external medium, which affect
the efflux of water in the presence of a falling
temperature (Mazur 1979, Farrant 1980).
Cooling too rapidly when using the equilibri-
um freezing method before placement into
liquid nitrogen can be lethal to cells by the
induction of spontaneous intracellular freez-
ing. Suboptimal cooling rates also produce
irreversible damage in the form of shrinkage
past a critical cell volume (Meryman 1974)
and/or severe cell deformation caused by a
low amount of residual water in the external
unfrozen fraction (Mazur 1984). A number of
cooling methods, besides simple rate varia-
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tion, have been designed to accommodate the
interconnected factors that affect cell dehydra-
tion. They include stepwise cooling rates
directed to equilibrate water/cryoprotectant
exchange, manual seeding to promote extra-
cellular freezing and decrease intracellular ice
formation, and quenching in liquid nitrogen at
various subzero temperatures to terminate
supercooling (Schiewe et al. 1991, Fahning
and Garcia 1992, Trad et al. 1999).

Correspondingly, the rate of thawing cells
and organisms during the recovery process
from liquid nitrogen storage can also be a crit-
ical factor. Generally, rapid warming after
using the equilibrium freezing method is
required for survival. The advantage of a rapid
over a slow thaw is thought to relate to the
recrystallization of ice that occurs during
warming (Farrant 1980, Mazur 1984). A rapid
thaw may minimize the redistribution or
growth of the ice crystals during recrystalliza-
tion (Farrant et al. 1977, Shimada 1977).
Liebo et al. (1974) have shown that the advan-
tage(s) of rapid warming for frozen mouse
embryos diminishes when excessive dehydra-
tion occurs after using suboptimal cooling
rates. Thus, the interrelationship of freezing
with thawing requires that close attention be
given to optimizing the cooling and warming
rates when using the equilibrium freezing
method.

2.2. Vitrification

Vitrification is an alternative approach of cry-
opreservation that avoids the factors that gen-
erate intracellular ice formation by effecting
dehydration using highly concentrated cry-
oprotectant solutions prior to cooling and
employing ultra-rapid cooling and warming
rates. The vitrification process solidifies lig-
uids and the cytoplasm not by the formation of
ice but by an extraordinary increase in viscos-
ity, which results in an amorphous non-crys-
talline glassy state (Luyet and Gehenio 1940).
Rapid cooling below the temperature at which
solutions solidify without crystallization and
rapid warming above the temperature where
devitrification occurs (spontaneous crystal
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formation) is required to gain survival of cells
or organisms treated with vitrification proto-
cols (Luyet and Gehenio 1940, Rall et al.
1980). Measured cooling rates in studies
where organisms have been vitrified using lig-
uid nitrogen range from 5100 to 4.2 x 104
°C/min (Steponkus et al. 1990, James 2004).
Further, with Drosophila embryos, Mazur et
al. (1993) have indicated that warming rates
approaching 2.0 x 10-4°C/min are needed to
avoid devitrification and harmful ice crystal
formation and are equally as important as
cooling rapidly. In some cases, the critical
warming rate for maximum survival may even
be several orders of magnitude greater than
the critical cooling rate (Baudot and Odagescu
2004).

Also crucial to the success of most vitrifi-
cation protocols is the requirement that the
system to be vitrified is resistant to desicca-
tion by the multimolar concentrations of cry-
oprotectants necessary to produce glass transi-
tion upon rapid cooling (Engelmann 1997).
Full permeation of the cells or organisms by
the cryoprotectant(s) is usually not needed
and may lead to solution effects such as
osmotic damage and/or chemical toxicity
(Rall 1987). Consequently, osmotic shrinkage
of the cells to the extent that vitrification of
the intracellular cytoplasm can be accom-
plished is normally sufficient. Two-step cool-
ing/incubation methods have been developed
to avoid the toxicity of concentrated cryopro-
tectants and/or to accommodate permeability
barriers. James (2004) has extensively
described the techniques and detailed the ben-
efits gained by using the two-step method of
cooling and incubating organisms in ethanedi-
ol before quenching in liquid nitrogen. He
compiled studies of 11 parasitic helminths and
insects that were cryopreserved when incubat-
ed in initial concentrations of ethanediol rang-
ing from 10 to 40% at 25-37°C and then, as a
second step, in concentrations ranging from
33-83% at 0°C before exposure to liquid
nitrogen. An alternative method employing
slow cooling to a sub-zero temperature of
-31°C followed by an a 30 minute equilibra-
tion period in five molar dimethyl sulphoxide
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before quenching in liquid nitrogen was found
to be an effective means for vitrifying for
malaria trophozoites and shizonts (Wilson et
al. 1977). Thus, in these ways, a variety of
systems have been successfully recovered
after vitrification and liquid nitrogen storage
including: mammalian and invertebrate
embryos (Rall and Fahy 1985, Wang et al.
2000), blood cells (Takahashi et al. 1986),
corneal tissues (Bourne 1986), pancreatic
islets (Jutte et al. 1987), parasites (James
2004) and plant tissues (Reed et al. 2004).

3. Insect Cryopreservation

There are a number of possible options for
recovering insects or their germ-plasm after
cold storage at cryogenic temperatures. These
options include liquid nitrogen storage of: (1)
sperm, (2) blastoderm and primodial germ
cells, (3) gonads, (4) embryos, (5) postemby-
onic immature stages, and (6) adults. Except
for the cryogenic storage of adults, there are
successful examples for each of the other five
options. The following describes significant
research or observations recorded in the liter-
ature that relate to cryopreservation of the var-
ious forms of insect germ-plasm.

3.1. Sperm

It is patently obvious that cryopreservation of
sperm or eggs is only a valuable asset when
additional techniques are available to facili-
tate instrumental insemination of the female
insect or in vitro fertilization of eggs. While it
is commonly thought that the honey bee Apis
mellifera L. is the only insect for which an
instrumental insemination technique has been
developed (Laidlaw 1977), similar methods
have also been crafted for the yellow fever
transmitting mosquito Aedes aegypti (L.)
(Burcham 1957), the common bedbug Cimex
lectularius L. (Davis 1965), the cotton boll
weevil Anthonomus grandis Bohemann
(Villavaso 1974), the fire ant Solenopsis invic-
ta Buren (Ball et al. 1983), the silkworm
Bombyx mori (L.) (Takemura et al. 1999) and
three species of bumblebees Bombus spp.
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(Baer and Schmid-Hempel 1999). This dis-
parate assemblage of species having extreme-
ly dissimilar methods of sperm transfer during
the normal male-female insemination process
bodes well for development of additional
methods for many other insects. For example,
mosquito males transfer free sperm in seminal
fluid; silkworm males transfer two types of
sperm packaged into a spermatophore and the
bedbug male practices “traumatic insemina-
tion” through the female’s body wall into the
haemocoel. Thus, it would seem that sperm
cryopreservation, like the animals that are
mass-reared in the livestock industry, would
be an often-used technique for retaining insect
germ-plasm. However, of these insects, sperm
cryopreservation technology for use in instru-
mental insemination is currently available for
only the honey bee (Harbo 1977, Kaftanoglu
and Peng 1984) and the silkworm (Takemura
et al. 1999).

The early work of Harbo (1977, 1979,
1981, 1983) on honey bee sperm cryopreser-
vation indicated that considerable damage
occurred when 10% dimethyl sulphoxide was
used as the cryoprotective agent and the dilu-
ent was saline. The measured cooling rates
ranged from 20-50°C/min and thawing was
nearly instantaneous. Equilibration periods
used were from 12-20 minutes and were fol-
lowed by the rapid cooling. With this method,
Kaftanoglu and Peng (1984) were more suc-
cessful in gaining increased numbers of fertil-
ized eggs and colony regeneration by chang-
ing the type of sperm diluent from saline to
the Kiev medium, increasing the equilibration
time and slowing the cooling rate to 3-
4°C/min. Maintenance of colonies with
queens receiving only cryopreserved semen
was difficult but the F; queens reproduced
normally. Considering the recent advances
made on cryopreserving the semen of other
animals (Arav et al. 2002), it would seem that
more progress could be made on cryopreserv-
ing honey bee sperm. Recent work on identi-
fying the innate factors which allow queen
honey bees to maintain viable sperm within
their spermatheacae for several years indi-
cates movement in that direction (Collins et
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al. 2004).

In vitro fertilization has been accomplished
with cryopreserved sperm in the sawfly
Athalia rosae (L.) (Hatakeyama et al. 1994).
This technique does not employ a cryoprotec-
tive agent and the sperm recovered from lig-
uid nitrogen storage are non-motile.
Nevertheless, diploid females were recovered
by initially injecting sperm into mature
oocytes. Essential to the successful employ-
ment of in vitro fertilization is having the
capacity to activate the oocytes prior to the
injection of the sperm in order that syngamy
will occur between the two gametes. With this
method, 4. rosae oocytes were activated by
placing in hot water (Sawa and Oishi 1989).

3.2. Blastoderm and Primordial Germ
Cells

Yu et al. (1997) used the conventional equilib-
rium freezing process when cryopreserving
totipotent nuclei from embryos of 4. mellif-
era. Donor ooplasm containing preblastoderm
nuclei was removed from 8-9 hour embryos
with a transplantation pipette, which was then
plunged into liquid nitrogen also without ben-
efit of a cryoprotectant. After a rapid thaw the
nuclei and ooplasm in the pipette were inject-
ed into recipient embryos. The incidence of
chimerism using this method was 85% of the
frequency obtained when non-cryopreserved
nuclei were utilized. Further, two out of 157
surviving larvae expressed only the donor
genotype and were presumed to be clones of
the donors. An extension of this technology is
to biopsy individual honey bee embryos by
removing up to 80 nuclei and cryopreserving
them (Yu et al. 1998). The biopsied embryos
are then reared to adulthood as queens and
submitted to a comprehensive phenotypic
testing and screening for the traits desired for
a highlevel of honey production. The totipo-
tent nuclei that were held in liquid nitrogen
storage are then used in the creation of germ-
lines from those queens that had been deter-
mined to produce hives of superior quality
during the screening process.

Unlike other animals, primordial germ
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Table 1. Current status of insect embryo cryopreservation.

Species Hatching Pupating Reproducing References
adults

Drosophila melanogaster Meigen yes yes yes Mazur et al. (1992b),
Steponkus and Caldwell
(1993)

Lucilia cuprina (Wiedemann) yes no no Leopold and Atkinson
(1999)

Musca domestica L. yes yes yes Wang et al. (2000)

Cochliomyia hominivorax (Coquerel) yes yes yes Leopold et al. (2001)

Chrysomya bezziana (Villeneuve) yes no no Leopold and Mahon (unpub-
lished)

Culicoides sonorensis Wirth & Jones yes yes yes Nunamaker and Lockwood
(2001)

Anastrepha suspensa (Loew) yes yes yes Leopold et al. (unpublished)

Anastrepha ludens (Loew) yes yes yes Rajamohan et al. (2002)

Ceratitis capitata (Wiedemann) yes yes yes Rajamohan et al. (2003)

Spodoptera exigua (Hiibner) yes no no Li et al. (2000, 2001)

cells of insects are not routinely cryopre-
served. Techniques for transplanting and also
isolating mass quantities of pole cells of
Drosophila embryos have been in existence
for over 25 years (Allis et al. 1977, Regenass
and Bernhard 1980) and it would seem likely
that creation of a cryopreservation protocol
similar to that used for honey bee blastoderm
nuclei could be easily accomplished.

3.3. Gonads

Methods for cryopreserving insect ovaries
have been developed by Bruschweiler and
Gehring (1973) for Drosophila and by Shinbo
(1989) for the silkworm. Preservation of the
silkworm germ-plasm was accomplished by
adding increasing concentrations of dimethyl
sulphoxide to larval ovaries in culture medi-
um to reach a final concentration of 1.5 molar
and freezing in liquid nitrogen vapour within
a cryovial before placing into liquid nitrogen.
Recovery from liquid nitrogen storage was by
rapid thawing, and transplantation was into
castrated 4th or 5% instar larvae followed by
rearing to adulthood. Mochida et al. (2003)

were able to obtain progeny from adult silk-
worm that had undergone transplantation of
cryopreserved ovaries during their larval
stage. Unlike the Drosophila technique, this
method does not require that the donor ovaries
connect with the recipient ovarian ducts
because once the transplanted ovaries are
mature, eggs can be surgically removed from
the surrogate insects and either activated
parthenogenetically or fertilized by in vitro
fertilization.

3.4. Embryos

Dipteran embryos, and perhaps most insect
embryos, are inherently intolerant to the use
of the conventional equilibrium freezing tech-
nique for cryopreservation (Heacox et al.
1985, Meyers et al. 1988, Mazur et al. 1992a,
Miles and Bale 1995). This intolerance relates
to a lethal response to chilling when exposed
to the slow cooling/dehydration regime
required to implement equilibrium freezing.
Leopold (1991) suggested that insect eggs
having an abundance of yolk were especially
sensitive to chilling and the reason later stage
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Figure 1. Dipteran embryo cryopreservation method.

embryos were able to be cryopreserved was
that most of the yolk had been utilized during
embryogenesis.

Steponkus et al. (1990) were the first to
obtain survival of Drosophila melanogaster
Meigen embryos after cryopreservation. They
used an approach to avoid chilling injury by
first loading 12-14 hour embryos with 2.1
molar 1,2-ethandiol at room temperature and
then exposing them to 8.5 molar 1,2-ethanediol
at 0°C to raise the intra-embryonic concentra-
tion of the cryoprotective agent to a high level
by osmotic removal of additional water. With
these preparatory steps, the embryos were then
vitrified by rapid cooling in nitrogen slush.
Recovery required equally rapid warming. The
hatching of the embryos recovered from liquid
nitrogen reached 19% with about 3% emerging
as adults. Subsequent optimization of the vitri-
fication technique by determining the optimum
stage for cryopreservation, increasing the effi-
ciency of the permeabilization process, improv-
ing the vitrification fluid, and changing the
recovery methods increased hatching to 60-
75% with about 40% of the larvae developing
into adults (Mazur et al. 1992b, Steponkus and
Caldwell 1993).

Wang et al (2000) attempted to use the
Drosophila cryopreservation procedure to pre-
serve house fly Musca domestica L. embryos
and found that several significant modifications
were required for survival. These modifications
included eliminating the carry-over of alcohol
into the alkane lipid-extraction procedure, sub-
stituting Schneider’s cell culture media for the

BD20 solution as a diluent, formulating a vitri-
fication solution that contained 1,2-ethandiol,
polyethylene glycol and trehalose, cooling the
embryos by exposure to liquid nitrogen vapour
for one minute prior to quenching, and adding
foetal bovine serum to the recovery medium.
With only slight alterations, Leopold et al.
(2001) used this technique for cryopreserving
the New World screwworm and also by
Rajamohan et al. (2003) for the Mediterranean
fruit fly. Fig. 1 is a visual summary of the gen-
eral technique used for cryopreserving six of
the ten species listed in Table 1.

Attempts to cryopreserve embryos of the
moth Spodoptera exigua (Hiibner), resulted in a
low rate of less than 2.0% hatching (Li et al.
2000, 2001) However, it is encouraging that this
technique may be applicable, with some modi-
fications, to other insects besides dipteran flies.
Obtaining a low yield of adults is not uncom-
mon when attempting to adapt a method devel-
oped for another species. The relative diversity
of the Class Insecta with respect to rates of
embryonic development, complexity of egg
membranes, tolerance to chilling, and the reac-
tion to potentially toxic cryoprotective agents
requires that each method for cryopreservation
be tailored to fit a particular insect species.

3.5. Post-Embyronic Immature Stages

Hinton (1969) was successful in recovering
live larvae of the midge Polypedilum vander-
planki Hinton, after exposure to liquid helium.
During the larval stage, these insects are able
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to survive desiccation to about 3% total body
moisture and hence they are not severely dam-
aged by a -270°C temperature exposure.
There are two other reports on the successful
freezing and recovery of live whole insects at
liquid gas temperatures in the absence of cry-
oprotectants. Tanno (1968) and Moon et al.
(1996) used lengthy stepwise cooling regimes
to freeze prepupae of the sawfly Trichiocam-
pus populi Okamoto, and larvae of the
drosophilid Chymomyza costata (Zetterstedt),
before quenching in liquid nitrogen. These
examples of freeze tolerance to liquid gas
temperatures may be the exceptions to the rule
for insects. Lee (1991) surveyed the literature
on insect cold tolerance and, of the more than
35 reports that were listed, he found only two
species were able to survive temperatures
approaching -80°C and three in the -50 to
-55°C range.

4. Storage Using Insect
Dormancy

Dormancy is a strategy employed by insects
to survive harsh environmental conditions
such as cold temperature, and researchers and
insectary managers can use it as a means to
extend insect shelf-life. The ability of insects
to survive a near- or freezing temperature in a
dormant state usually involves an adaptive
physiological response, which may be dia-
pause, hibernal quiescence, and/or cold hard-
ening. While diapause is a programmed oblig-
atory or facultative interruption in the devel-
opmental scheme of an insect, quiescence is
more of an immediate response to adverse
conditions. Cold hardening, like diapause, is
elicited by an external stimulus over time, but
unlike insects that exhibit diapause, it is usu-
ally elicited proportional to the stimulus.
Diapause is mediated by the endocrine system
of the insect and, in the case of facultative dia-
pause there is usually an all-or-none response
to the external stimulus. The relationship of
temperature with the induction and mainte-
nance of insect diapause has been reviewed by
Denlinger (1991, 2001). The techniques and
research involved with storing insects under
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refrigerated conditions have also been previ-
ously reported (Leopold 1998, 2000, van
Lenteren and Tommassini 2003). Therefore,
since most of the more recent literature relates
to storage of insect parasitoids and predators,
only selected new developments in this area
are presented here.

4.1. Storage Using Diapause and/or
Cold Hardening

Using diapause and/or cold hardening as stor-
age mechanisms requires that strict attention
be given to incorporating the proper environ-
mental cues into the insect rearing protocol.
Denlinger (1991) outlined four possible situa-
tions whereby diapause may or may not be
linked to cold hardiness. They are: (1) dia-
pause in the absence of cold hardiness, (2)
cold hardiness in the absence of diapause, (3)
diapause and cold hardiness occurring coinci-
dently, each requiring the same regulatory
cues, and (4) diapause and cold occurring
together, each requiring different regulatory
cues. For an example of separate cues, the sur-
vival of the predatory mite Euseius finlandi-
cus Oudemans to storage at -11.5°C was
increased nearly five-fold by either rapidly
cold hardening or slow preconditioning at a
range of temperatures between 0 and 10°C
after it had entered diapause (Broufas and
Koveos 2001). Garcia et al. (2002) demon-
strated the paradigm for shared regulatory
cues with the egg parasitoid Trichogramma
cordubensis Vargas & Cabello. A conditioning
period for at least 30 days at 10°C induces dia-
pause and survival at 3°C for six months,
while exposure to seven or 12 °C for less than
30 days followed by 3°C induced quiescence
for up to 40 days before survival began to
decrease.

A notable observation relating to a host-
parasitoid interaction and cold hardiness was
reported by Rivers et al. (2000). The non-dia-
pausing pupal parasitoid Nasonia vitripennis
(Walker) survived exposure to sub-zero tem-
peratures 4-9 times longer when fed on dia-
pausing flesh fly pupae Sarcophaga crassi-
palpis (Macquart) having high concentrations
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of glycerol as opposed to parasitoids feeding
on non-diapausing S. crassipalpis pupae low
in glycerol. Further, encasement of either dia-
pausing or non-diapausing parasitoid larvae
within the fly puparia afforded 2-3 times more
tolerance to sub-zero temperature than those
larvae removed from the puparia. Thus, those
workers involved in the design of storage pro-
tocols for parasitoids or predators capable of
entering diapause and acquiring cold hardi-
ness must consider a myriad of interrelated
factors that include: determining the various
types and quality of environmental cues, iden-
tifying physiologically receptive and cold-tol-
erant stages of development, and clarifying
the status of the host or prey cannot be accom-
plished when rearing on an artificial diet.

4.2. Storage Using Quiescence

The design of storage protocols using quies-
cence as a vehicle for extending insect shelf-
life often involves the use of precise tempera-
ture control and determination of the lower
threshold temperature for development of the
insect. Some parasitoids have exceedingly
low thresholds and the storage temperatures
must be carefully adjusted to accommodate
this factor. The two braconids Binodoxys indi-
cus Subba Rao & Sharma and Lipolexis
scutellaris Mackauer, the aphidiid Lysiphelbus
Jjaponica Ashmead, and the tachinid Lydella
thompsoni Herting all have a lower threshold
temperature that is less than 3°C (Cagan et al.
1999, Deng and Tsai 1999, Singh et al.
2000a,b). Leopold et al. (2004) reported that a
change in storage temperature of only 0.5°C,
from 4.0 to 4.5°C, increased the 10-day emer-
gence of the egg parasitoid Gonatocerus ash-
meadi (Girault), from 7 to 34%. Further, they
demonstrated that cycling the in-storage tem-
perature at 8-hour intervals (4.5, 6.0 and
7.5°C as opposed to the regime of 4.0, 6.0 and
8.0°C) increased 25-day in-storage parasitoid
emergence to greater than 60%. Also, no par-
asitoids emerged after 20 days storage using
the cycled regime starting at 4°C. The lower
threshold temperature for G ashmeadi was
determined to be slightly less than 5°C since
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some emergence will occur from the host eggs
of Homalodisca coagulata (Say) when held at
this temperature (Leopold et al. 2003a).
Renault et al. (2004) have suggested that fluc-
tuating temperatures are an important factor in
the repair of chilling injury in insects exposed
to low storage temperatures. Nevertheless, the
rigid chilling tolerances, such as those dis-
played by G ashmeadi, would probably
exceed the capabilities of refrigeration equip-
ment and handling procedures if this type of
protocol was to be scaled up for inclusion in a
mass-rearing system.

5. Insect Quality and Cold
Storage

To date, some in the entomological communi-
ty have been slow to utilize the technology
already available for increasing insect shelf-
life and cryobanking. For example, techniques
for cryopreserving D. melanogaster embryos
have existed since 1992 (Mazur et al. 1992b,
Steponkus and Caldwell 1993) and to this
author’s knowledge none of major stock cen-
tres located around the world are using the
technology. Without doubt, the resources
expended maintaining the various strains of
Drosophila worldwide, estimated to be in the
vicinity of 30 000 (Steponkus et al. 1990), are
considerable. It is understandable that insec-
tary managers would be reticent to incorpo-
rate new technology into established rearing
and maintenance procedures without proper
documentation of the quality of insects sub-
jected to a particular storage protocol.
However, it should be pointed out that insect
quality can have different levels of acceptabil-
ity. The type or extent of quality assessment
required to determine whether a storage
regime is harmful or beneficial can vary wide-
ly because it depends on the ultimate use of a
particular insect strain or colony. For exam-
ple, an insect geneticist conducting laboratory
studies may only require that several genes on
one particular chromosome remain stable
each generation while a programme manager
releasing sterile males in an AW-IPM pro-
gramme has concerns about quality character-
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istics related to production levels, mating
competitiveness, flight ability, longevity
under field conditions, etc.

Currently, studies on overall insect quality
following storage in liquid nitrogen are mea-
gre because it is a new and developing tech-
nology. In addition to the basic hatching, adult
emergence and reproductive assessments,
Houle et al. (1997) and Leopold et al. (2003b)
have made preliminary studies on the genetic
stability of dipterans following cryopreserva-
tion. Investigations examining tolerance to
subambient chilling generally concern evalua-
tion of post-storage lifespan, sex ratios, and
reproduction, while the assessment of behav-
ioural factors following cold storage has been
limited (Leopold 1998). Yet, it should be reit-
erated that favourable laboratory tests on
basic quality characters relating to lifespan,
reproduction, behaviour, and genetic stability
will still ultimately require retesting under
field conditions if the stored insects are to be
released as part of a control programme. Thus,
the ultimate responsibility for confirming that
the storage technology will be beneficial to a
particular insect rearing system lies with the
end-user.
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ABSTRACT The sterile insect technique (SIT) is a universally accepted method of control for tephri-
tid flies. Improving efficacy of mating by sterile males would reduce costs significantly. This paper
describes studies of the physiological mechanisms responsible for coordination of reproductive maturity
and sex pheromone communication in males of the genus Anastrepha in order to develop methods for
acceleration of reproductive maturity among sterilized males. These show that juvenile hormone III and its
bisepoxide homologue are key hormones involved in coordination of reproductive development and
pheromone-calling in both males and females. Additionally, incorporation of protein into the diet fed to
sterile adults prior to release is critically important to improve pheromone calling, attraction of females and
mating by sterile males. These results have led to development of a novel strategy to accelerate reproduc-
tive development of laboratory-reared sterile flies by incorporating hormone supplement therapy using
mimics of juvenile hormone including methoprene and fenoxycarb and protein diets for use in mass-rear-
ing protocols. This strategy resulted in accelerating reproductive development in males of the Mexican
fruit fly Anastrepha ludens (Loew), the West Indian fruit fly Anastrepha obliqua (Macquart), the Caribbean
fruit fly Anastrepha suspensa (Loew), and the Mediterranean fruit fly Ceratitis capitata (Wiedemann) fruit
flies by 3-7 days. Incorporating the technology into mass-rearing will significantly improve the efficacy of
area-wide integrated pest management progammes with an SIT component to control these pests.

KEY WORDS Ceratitis capitata, Anastrepha ludens, Anastrepha obliqua, Anastrepha suspensa,
juvenile hormone, protein diet supplements, sexual maturation, sexual signalling

1. Introduction

The interventionist approach of directly
killing insect pests with toxic chemicals has
been the prevailing control strategy for over
50 years. This has led to environmental con-
tamination and pest resistance to the toxins
while tolls due to pests grow higher, costs of
treatment increase and profits decrease. Truly

satisfactory and lasting solutions to pest prob-
lems will require a shift to understanding and
promoting other means of control, such as the
sterile insect technique (SIT). Indeed the SIT
is a universally accepted and environment-
friendly method for controlling a variety of
insect pests. Better knowledge of the basic
mechanisms that govern insect reproduction
and a more thorough understanding of the

163
M.J.B. Vieysen, A.S. Robinson and J. Hendrichs (eds.), Area-Wide Control of Insect Pests, 163—173.
Published with the permission of © 2007 U.S. Government



164

P. E. A. TEAL ET AL.

RO T

Percent mating

C Hormone
—&—Confrol

Age (days)

Figure 1. Effects of hormone supplement therapy on mating by males of the Caribbean fruit fly
Anastrepha suspensa. Males were either treated with just one microlitre of acetone or treated
with five micrograms of methoprene on the day of eclosion. Six replicates of ten males per each
treatment and age. Significantly more males treated with hormone mated on each of days 4-6.
Data for fenoxycarb were identical to those of methoprene.

physiology and chemical ecology of pests are
necessary to develop improved methods to
increase efficacy of the technique. To this end,
research has been conducted in two areas: (1)
determining the hormonal mechanisms regu-
lating sexual maturity, and (2) determining the
dietary requirements of adults to optimize
pheromone calling and performance of males.
The following describes the work conducted
using tephritid fruit flies as model species.

2. Tephritid Fruit Flies of
Economic Importance

Tephritid flies, including members of the
Ceratitis, Anastrepha, and Bactrocera genera,
pose a serious threat to agriculture in the
USA. More than 260 different hosts, including
stone fruits like plums and peaches, and cash
crops like tomatoes and peppers, have been
recorded for the Mediterranean fruit fly
Ceratitis capitata (Wiedemann) alone. All
agriculturally important tephritids are under
both national and international quarantine
restrictions which, in the case of the
Caribbean fruit fly Anastrepha suspensa

(Loew), an established pest in Florida, have
very significant impacts on the USD 1500
million citrus industry due to loss of world
markets. The economic impacts of established
populations of any quarantine tephritid in
California or other citrus-producing states
would be devastating. The cost of control of
an established population of a single quaran-
tined species of tephritid fruit fly to the USD
6800 million per year California citrus and
vegetable industries has been estimated at
USD 1000 million, and quarantine of
California fruit and vegetables from foreign
markets would result in the loss of 35 000 jobs
and decrease output by USD 3600 million per
year (CDFA 2006a,b).

Increased importation of fruit and vegeta-
bles from other countries and between states
has magnified considerably the probability of
populations becoming established. For exam-
ple, in 2000 the California Department of
Food and Agriculture declared an exterior
quarantine for 100 fruits, vegetables and
berries (including such common items as
blackberries, figs, citrus, bell pepper, and
tomato) from the areas in the State of Florida
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Figure 2. Comparison of age (cumulative percentage) at which males of the West Indian fruit
fly Anastrepha obliqua engage in pheromone calling when treated with methoprene or with just
solvent (control) on the day of adult emergence (six replicates of ten males per each age).

south of and including Hernando, Sumter,
Lake and Volusia Counties, the major produc-
tion areas for these commodities in Florida.

Strict monitoring protocols are in place to
detect introductions of the pests. For example,
the State of Florida deploys more than 13 000
attractant traps to detect potential invasions of
the Mediterranean fruit fly alone. Once an
outbreak is detected, the infested areas are
subjected to immediate quarantine to elimi-
nate movement of fruit to other areas, fruit
from host plants are stripped from infested
sites, and ground and aerial pesticide applica-
tion control protocols are initiated. In the past,
fumigant treatment of imported fruit using
ethylene dibromide significantly limited inva-
sions of these flies. However, registration for
ethylene dibromide use has been withdrawn
and no substitute has been found. Thus, three
practical control methods remain: (1) strip-
ping and destroying fruit from infested areas,
(2) bait sprays using 10% malathion and more
recently Spinosad®, and (3) release of steril-
ized males. The use of malathion bait sprays
has come under constant criticism due to envi-
ronmental and health related problems and
several law suites have been filed to stop
application.

Use of the SIT provides an environmental-
ly safe and species-specific method to sup-
press or eradicate tephritid fruit flies of agri-
cultural importance worldwide. In fact,
California employs the technique on a routine

basis for preventing and eradicating both
Mediterranean and Mexican fruit fly out-
breaks (CDFA 2006a) and also in Florida the
technique is being used as a preventive
method to ensure that the Mediterranean fruit
fly does not become established. While the
basic protocols associated with the SIT are
well established, the technique is expensive in
terms of time and money. An important goal is
therefore to dramatically improve the efficacy
of the SIT by developing methods to improve
mating efficiency of sterile males and to
reduce costs associated with implementation
of control programmes.

3. Hormone Supplement
Therapy

Until recently, few studies had been conduct-
ed on the endogenous regulation of sexual
maturity and pheromone production in tephri-
tid fruit flies. Studies on the Mediterranean
fruit fly indicated that application of juvenile
hormone accelerates ovarian maturity (Chang
and Hsu 1982, Chang et al. 1988, Hsu et al.
1989). Also, the attractiveness of males to
females was found to be reduced among
males treated with precocene Il (Chang and
Hsu 1982, Chang et al. 1984). Application of
juvenile hormone III reversed the effect of
precocene II (Chang and Hsu 1982) suggest-
ing that pheromone calling was affected by
juvenile hormone in some, as yet unknown,
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Figure 3. Comparison of age at which male sterile Mexican fruit flies Anastrepha ludens mate
when they are treated with hormone or with just solvent (control) on the day of adult emer-
gence. All hormone-treated males (six replicate-treated groups of ten males per each age)
mated by day five whereas only 86% of control males mated by day ten.

fashion.

Research on the effects of juvenile hor-
mone in regulation and acceleration of sexual
maturity in tephritid flies has followed proto-
cols developed for the Caribbean fruit fly
(Teal et al. 2000). Results of studies on this fly
have documented conclusively that juvenile
hormone is a crucial hormone regulating
development of reproductive competence and
pheromone calling since topical application of
juvenile hormone or the juvenile hormone
mimics, methoprene and fenoxycarb, to newly
eclosed adults or late stage pupae of the
Caribbean fruit fly induced precocious repro-
ductive development. Thus, Caribbean fruit
fly males treated with hormone on the day of
adult emergence mate 4-5 days earlier than
untreated males (Fig. 1).

The same methods were followed to con-
duct studies on the effects of hormone supple-
ment therapy on acceleration of reproductive
development as indicated by age at which
pheromone calling occurred using both the
Mexican fruit fly Anastrepha ludens (Loew)
and the West Indian fruit fly Anastrepha obli-
qua (Macquart) (Fig. 2). In both cases, appli-
cation of methoprene or fenoxycarb induced a
significant acceleration in reproductive devel-
opment so that treated males mated earlier

than their solvent-treated controls. These stud-
ies were conducted using flies that had not
been irradiated. To determine if irradiated
flies underwent the same acceleration in
reproductive development, males of the
Mexican fruit fly were treated with hormone
on the day of adult eclosion and the same mat-
ing studies performed using fertile females.
As shown in Fig. 3 essentially all hormone-
treated flies mated by day 5, but even at day
10 only 86% of the solvent-treated sterile
males had mated.

Field cage studies were conducted using
the Mexican fruit fly to determine the compet-
itiveness in mating with 12-day-old wild
females of 5-day-old hormone-treated sterile
males with 5-day-old untreated sterile males
and 12-day-old wild males to mate with wild
females. These studies were conducted using
published standard protocols (FAO/IAEA/
USDA 2003), except that each male and
female released into flight cages was marked
with a number so that the mating status of each
individual could be assessed. The results of
the study indicate that 6-day-old sterile males
treated with hormone are fully competitive
with both 12-day-old untreated sterile males
(that matured naturally), and 14-day-old wild
males in mating with wild females (Fig. 4).
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Figure 4. Mating compatibility tests using Mexican fruit flies Anastrepha ludens comparing
hormone-treated 6-day-old sterile males (open bars), control 6-day-old sterile males (hatched

bars) and wild 14-day-old males (black bars).

In all cases 6-day-old hormone-treated sterile

males performed as well as 12-day-old untreated sterile males. Descriptions of tests conduct-
ed and of each of the performance indexes used are given in "Mating Compatibility Tests" in

FAO/IAEA/USDA (2003).

Preliminary studies were made on the
effects of juvenile hormone supplement thera-
py on bisexual sex strain irradiated
Mediterranean fruit flies obtained from ship-
ments sent from Guatemala to Florida during
1998. In these experiments, the effects of
application of juvenile hormone to newly
eclosed males on pheromone production were
monitored. It was found that 2-day-old males
treated with hormone released twice as much
pheromone as the solvent-treated controls.

Also monitored was the calling
(pheromone release) period of treated and sol-
vent-treated control sterile Mediterranean
fruit flies. The pheromone release period is
directly correlated with the mating period in
this species. From this it was determined that
flies treated with hormone began calling sig-
nificantly earlier in the day than did untreated

control sterile males. In fact the calling period
of the hormone-treated flies occurred during
the same period that has been determined as
the reproductive period for wild
Mediterranean fruit flies in Guatemala (data
on natural calling period was obtained from
data reported by Landolt et al. (1992)). If the
trends for production and release of more
pheromone and shifts to calling times that
coincide with the wild flies are confirmed
when sterile males are treated with hormone,
then hormone therapy will significantly
improve the mating performance of
Mediterranean fruit flies.

Individual sterile males are often consid-
ered to have the potential to remove a single
wild female from the reproductive population.
Compounds in the accessory glands of the
Mediterranean fruit fly have been shown to
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Figure 5. Comparison of pheromone released by 14-day-old male Caribbean fruit flies
Anastrepha suspensa fed either the dry diet composed of 1:3 protein plus sugar or sugar alone

(N=6 replicates of each treatment).

inhibit remating and to induce females to
engage in searching for fruit and oviposition
(Jang 1995, Jang et al. 1998, Miyatake et al.
1999). It is very possible that sterile males fail
to replenish the secretions from the accessory
glands in the reproductive system after mat-
ing. Wild males replenish these secretions
within a few hours after mating. Juvenile hor-
mone is known to induce replenishment of
accessory gland secretions in other fruit flies.
Thus, hormone supplement therapy with juve-
nile hormone should allow sterile males to
rapidly replenish the accessory gland secre-
tions after the initial mating. Therefore, sterile
males could be capable of effectively mating
more than once with wild females. Multiple
mating by released sterile males will make the
SIT even more cost effective.

4. Effects of Diet on Sexual
Communication and Mating

Current protocols used for holding adult flies
prior to release include feeding flies a sugar
agar diet composed of 15% sucrose, 0.8%
agar (a mixture of polysaccharides) and
84.2% water. No protein is included in the
diet. The exclusion of protein from the adult
diet was justified for three reasons: (1) it
increased costs, (2) it was hypothesized that
the protein benefited females greatly but had
minimum effects on male survival (Galun et
al. 1985), and (3) protein supposedly
increased microbial growth in the diet which
could lead to sickness. As a consequence the

sugar agar diet is used to feed adult sterile
flies prior to release. However, it has long
been recognized that protein is of importance
for achievement of sexual maturity by the
adults of tephritid fruit flies (Bateman 1972,
and references therein). Indeed, recent work
on the Mediterranean fruit fly has shown that
calling behaviour, sexual competitiveness and
reproductive success are enhanced signifi-
cantly when adult males from either wild
stocks or laboratory-reared colonies are pro-
vided with protein in the adult diet (Warburg
and Yuval 1996, Blay and Yuval 1997,
Papadopoulos et al. 1998, Kaspi et al. 2000,
Kaspi and Yuval 2000, Yuval et al. 2002).
Similarly, males of the West Indian fruit fly
and its relatives, the guava fruit fly
Anastrepha striata Schiner and the sapote
fruit fly Anastrepha serpentina (Wiedemann)
have higher copulatory success when fed a
diet containing protein hydrolysate (Aluja et
al. 2001a,b).

Male Caribbean fruit flies will survive for
at least 20 days when fed only sugar and water
(Teal et al. 2004). However, the amount of
pheromone produced and released by males
fed only sugar is less than 10% of that pro-
duced and released by males fed both protein
and sugar (Fig. 5). These authors also con-
ducted studies in which flies were fed either
on sugar alone or sugar plus protein for 11
days and their diets then changed so that
sugar-fed flies were provided with protein
plus sugar on days 12-14 and protein plus
sugar-fed flies were fed only sugar for days
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Figure 6. Pheromone production by male Caribbean fruit flies Anastrepha suspensa fed sugar
alone or sugar plus protein for 14 days, or by males switched from one diet to another on day
11 and allowed to feed until day 14 (N=S8 replicates per treatment).

12-14. On day 14, volatile pheromone
released by these flies was collected and the
amount released compared to that released by
flies fed only sugar or sugar plus protein for
14 days. The results were of significance
because adding protein to the sugar on day 11
caused flies fed only sugar for the first 11 days
to produce as much pheromone as was pro-
duced by flies fed protein plus sugar for 14
days (Fig. 6). Additionally, flies switched
from protein plus sugar to only sugar on day
11 produced as much pheromone as was pro-
duced by flies fed protein and sugar for 14
days. Clearly, providing protein is critical for
optimizing pheromone release.

Flight tunnel studies have also been con-
ducted in which 14-day-old females
Caribbean fruit flies were released into the
down-wind end of a 1.5-metre long flight tun-
nel and allowed to choose between the
volatiles released by males fed on protein plus
sugar or by males fed just sugar. All males
were at least 11 days old. Volatiles were piped
into the tunnel from holding cages held out-
side the tunnels. The outport of the volatile
release tubes was attached to insect isolation
traps lined with sticky paper to capture the
female flies (Heath et al. 1993). Females were
released early in the reproductive period
(15:00 hours) and trap captures were recorded

23 hours later. The data showed that females
were much more attracted to males fed protein
plus sugar than to males fed only sugar.

5. Development of Hormone
and Protein Delivery
Techniques for the SIT

Although the results described above demon-
strated that both hormone therapy and provi-
sion of protein supplements to male adults
improved reproductive competence in experi-
mental conditions, transfer of the technology
to tephritid fruit fly factories requires that the
methods are incorporated into practical sys-
tems. As indicated above, the diet currently
used to feed adults prior to field release is a
gel diet composed of 15% sucrose, 0.8% agar
and 84.2% water. Therefore, it was critical
that treatments developed could be incorpo-
rated into this agar-based diet.

The studies began by comparing the
pheromone calling abilities in a flight tunnel
and determining the amount of pheromone
released by male Caribbean fruit flies fed the
agar diet containing no protein or males fed
the optimal diet for adult development, a dry
diet composed of 3:1 sucrose and protein. For
flight tunnel studies, females were released
1.5 metres downwind from traps releasing
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Figure 7. Comparison of female Caribbean fruit flies Anastrepha suspensa responding to
volatiles released by males fed the optimal dry diet or the agar gel diet as indicated by males
captured in traps releasing pheromone from caged males held outside of the flight tunnel (N=8

replicates; 20 females released per trial).

volatiles emitted from males fed either of the
diets. As indicated in Fig. 7, females over-
whelmingly chose traps releasing pheromone
from males fed the dry diet. Additionally,
males fed the dry diet released six times more
pheromone than did males fed the agar diet.
To determine if adding protein into the diet
caused a change in pheromone calling, differ-
ent amounts of protein were incorporated into
the agar diets. Choice flight tunnel tests were
conducted and the volatile pheromones col-
lected from males. The results showed that
addition of between 5-10% protein to the agar

diet enabled males to compete equally with
males fed the dry diet in attracting females
and in release of pheromone (Fig. 8).

The effect of incorporation of hormone
into the agar diet was then determined by
incorporating a water-soluble formulation of
methoprene at doses of 0.025, 0.05 and 0.1%
active ingredient into the diet. Attraction of
females to either the agar diet containing 10%
protein or the agar diet containing 10% pro-
tein + either 0.025, 0.05 or 0.1% methoprene
was compared in flight tunnel experiments.
The data showed that females responded more
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Figure 8. Comparison of trap captures in flight tunnel studies where female Carribean fruit
flies Anastrepha suspensa were offered the option of pheromones released by males fed the
optimal dry diet or the agar gel diet to which various amounts of protein had been added (N =

6 replicates of each treatment).
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Figure 9. Capture of sterile female Mediterranean fruit flies Ceratitis capitata in flight tunnel
studies where females were given the choice of responding to males fed the control diet
(sugar/agar gel) or the sugar/agar diet containing both 10% protein and methoprene. The
numbers captured are significantly different on days 2-5 in a t-test (8 replicates).

effectively when males had been fed any of
the diets containing methoprene. Also, metho-
prene-fed males attracted females at much
earlier ages. Analysis of pheromone released
by males fed these diets showed that the
amounts of pheromone were greater for all
treatments that contained the methoprene.

Of course the most critical component of
the SIT is effective mating. Therefore, mating
studies were conducted using fertile females
and sterile males fed the agar/protein plus
methoprene diet or fed the agar/sugar diet that
did not contain hormone or protein.
Significantly more males that fed the agar diet
containing protein plus hormone (48%, t =
3.16, d.f. = 8) mated. Only 30% of the males
fed the agar only diet mated.

As with the Caribbean fruit fly, incorporat-
ing 10% protein into the agar diet fed to males
belonging to the strain of Mediterranean fruit
fly that carry a temperature sensitive lethal
(zs]) mutation significantly improved the abil-
ity of males to attract sterile female flies on
the second day after emergence, and these
males produced approximately five times the
amount of pheromone produced by males fed
the agar diet alone. Adding methoprene to the
agar/protein diet resulted in production of
twice the amount of pheromone that flies fed
the agar/protein diet produced (eight times
more than flies fed the agar diet without pro-

tein), and this was reflected in flight tunnel
studies indicating that females were far more
likely to move to volatiles released by males
fed the agar/protein plus methoprene diet than
to males fed just the agar diet (Fig. 9). From
this it was concluded that adding methoprene
and protein to the agar diet fed to zs/ male
Mediterranean fruit flies improves their sexu-
al competitiveness as was the case for the
Caribbean fruit fly.

6. Conclusions

Although this research has demonstrated the
need for protein in the diets fed to adult sterile
males, and that incorporation of methoprene
into the adult diet results in improved and
accelerated development of pheromone call-
ing, the technology has not yet been incorpo-
rated into mass-rearing systems. Currently,
the cost effect of incorporating the technolo-
gies into sterile fly rearing programmes for
both the Mediterranean and Mexican fruit
flies is being assessed by the authors while
numerous other research groups are examin-
ing the feasibility of the technology for differ-
ent genera of tephritid flies. While it is
believed that the technology will greatly
improve the efficacy of the SIT for the
Mediterranean, Caribbean, Mexican and West
Indian fruit flies, a complete understanding of
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the effects of hormone therapy and a
benefit/cost analysis data are needed prior to
employing the technology with other species
of tephritids.
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ABSTRACT An understanding of the levels of remating and paternity skew in the field can be impor-
tant for polyphagous pest species with a high colonization potential such as the Mediterranean fruit fly
Ceratitis capitata (Wiedemann). The use of polymorphic simple sequence repeats on flies from two
Mediterranean populations in combination with various statistical methods showed not only that
Mediterranean fruit fly females remate in the wild, but most importantly, that the level of sperm precedence
could influence the effect of remating itself since one male, presumably the last, tends to sire most of the
progeny. Levels of remating and paternity skew may have important implications for the evolution of the
species in terms of maintenance of genetic variability. Moreover, these features of mating behaviour may
locally affect the efficiency of the sterile insect technique (SIT), which is a commonly applied control strat-

egy against the Mediterranean fruit fly.

KEY WORDS multiple mating, sperm use, Ceratitis capitata, microsatellites, field populations

1. Introduction

Understanding the frequency of remating and
the factors that may influence it, together with
an understanding of the extent and mecha-
nisms that regulate sperm use are particularly
important for pest species such as the
Mediterranean fruit fly Ceratitis capitata
(Wiedemann) for which the sterile insect tech-
nique (SIT) is widely used as part of area-
wide integrated pest management (AW-IPM)
programmes (Krafsur 1998). The efficiency of
the SIT depends, amongst others, on the sexu-
al competitiveness of sterile males, in terms of
mating competitiveness, sperm transfer,
accessory gland secretion transfer, and sperm
competition. Females mated with sterile males
should ideally show the same remating behav-

iour as those mated with wild males (Cayol et
al. 1999). If females mate more than once they
can remate with either a fertile or a sterile
male, however, the release of a huge excess of
sterile males in Mediterranean fruit fly SIT
programmes suggests that any female that
does remate is likely to mate with a sterile
male.

The Mediterranean fruit fly mating system
is based on arboreal leks, where females
encounter several courting males and freely
select a mate (Yuval and Hendrichs 2000).
Less commonly, an alternative “fruit-guard-
ing” tactic is employed, whereby males occu-
py oviposition hosts and copulate previously
mated females that alight on them to oviposit
(Prokopy and Hendrichs 1979). It is hypothe-
sized that female monogamy could be

175
M.J.B. Vreysen, A.S. Robinson and J. Hendrichs (eds.), Area-Wide Control of Insect Pests, 175-182.

© 2007 IAEA.



176

favoured over polyandry due to the highly
male-skewed operational sex ratio at lek sites
(Warburg and Yuval 1997), and the high cop-
ulation cost for females (Hendrichs and
Hendrichs 1998). However, female remating
has been reported in the laboratory (Saul and
McCombs 1993, Whittier and Shelly 1993,
Blay and Yuval 1997, Miyatake et al. 1999), in
field cages (Mclnnis et al. 2002, Vera et al.
2003, Shelly et al. 2004), and in a wild popu-
lation from the Greek island of Chios
(Bonizzoni et al. 2002, Kraaijeveld et al.
2005). Depending upon the experimental con-
ditions and the strain of flies studied, remating
frequency ranges from 0.03 to 0.76. It has
been proposed that renewal of female sexual
receptivity is influenced by the efficiency of
the previous mating, in particular by the quan-
tity of the sperm transferred and the quality of
male accessory gland secretions (Mossinson
and Yuval 2003). Extensive studies have been
done in Drosophila, where three seminal fluid
peptides (the sex-peptide, ovulin and
DUP99B) have been shown to play a major
role in eliciting both short-term and long-term
postmating responses (Liu and Kubli, 2003).
Laboratory experiments using morphological
mutants in the Mediterranean fruit fly have
shown that, following remating, between 58
and 71% of the progeny was fathered by the
male of the second mating, giving a second
male sperm precedence (P2) of between 0.58
and 0.71 (Saul and McCombs 1993).

Little is known about whether
Mediterranean fruit flies from different ori-
gins vary in remating frequency due to geog-
raphy, climatic conditions, population density,
and seasonal fluctuations. Studies conducted
to date have focused on sexual compatibility
among Mediterranean fruit flies from differ-
ent localities, on sexual compatibility of wild
flies versus sterile males (Cayol et al. 2002),
and on the relative competitiveness of sterile
versus wild males (Mclnnis et al. 2002, Vera
et al. 2002, Kraaijeveld and Chapman 2004).
Assessing the extent of Mediterranean fruit
fly remating in the field is extremely challeng-
ing since, as in other field-based studies of
multiple mating and sperm use, there is no
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experimental control over the number of times
that a female mates, the interval between mat-
ings or the genetic identity of multiple fathers
contributing to a brood.

However, the availability of high resolu-
tion molecular markers, such as microsatel-
lites (simple sequence repeats) (Bonizzoni et
al. 2000, Baliraine et al. 2003), coupled with
efficient statistical methods such as GERUD
(Jones 2001) or SCARE (Jones and Clark
2003), enables the assignment of paternity in
an open field situation with considerable con-
fidence to be made even from a relatively low
number of insects sampled (Imhof et al. 1998,
Bungaard et al. 2004, Bretman and Tregenza
2005, Schlétterer et al. 2005). The use of the
most informative loci on the basis of their
polymorphic information content — a parame-
ter dependent on the number of the alleles at
each locus and its heterozygosity (Hearne et
al. 1992) — allows the inference of paternity
by comparing the genotypes of wild-caught
Mediterranean fruit fly mothers and their
progeny produced in the laboratory.

2. Populations Studied

Two geographic populations from the
Mediterranean basin, one on the Island of
Chios in Greece and the other from Rehovot
in the central coastal plain of Israel, were cho-
sen to determine whether the frequency of
remating varies between geographically dif-
ferent populations. These two sampling areas
have been extensively used for Mediterranean
fruit fly behavioural and demographic studies
(Rivnay 1950, Katsoyannos et al. 1998,
Israely et al. 2005). While both Chios and
Rehovot populations follow a seasonal
Mediterranean pattern, the slightly different
climatic conditions influence the seasonal
fluctuations of their population density
(Katsoyannos et al. 1998, Israely et al. 2005).
On the Island of Chios, Mediterranean fruit
fly adults can be captured from June to mid
January, with peak densities being reached
between the beginning of August and the end
of November. The population remains below a
detectable level for the rest of the year, over-
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wintering as larvae mainly in sweet oranges
and mandarins (Katsoyannos et al. 1998).

In the Rehovot area, the seasonal fluctua-
tion in population density is bimodal with the
first adults appearing in April-May. Due to
favourable weather conditions and host avail-
ability, the spring population rapidly increases
until July when it goes through a strong bottle-
neck due to both high temperatures and a rel-
ative scarcity of hosts. A second, but minor
population increase is observed in September,
with a peak in October. In winter (January-
March), the number of flies rapidly decreases
to an almost undetectable level (Israely et al.
2005).

Mediterranean fruit fly females of
unknown reproductive status were captured in
BioLure® baited traps from the two areas. The
sampling procedures in Chios were described
by Bonizzoni et al. (2002). In Rehovot, traps
were placed in September 2001 and in April-
May 2002. The number of flies trapped was
generally low (less than 50 flies). Twenty
females in 2001 and 30 in 2002 were removed
from the traps, transported to the laboratory
and allowed to oviposit individually in appro-
priate fruits. In 2001 each female oviposited
in one fruit whereas in 2002 the fruits were
removed from the oviposition cages every two
days and replaced by a fresh fruit. Females
were allowed to oviposit until they died. Each
female and all her adult offspring were killed
and shipped to Italy in 100% ethanol.

To determine the level of microsatellite
polymorphism of the two populations, two
additional samples of 36 and 42 flies were col-
lected in Chios in 2000 and in Rehovot in
2002.

3. Observed Remating
Frequencies

Genotyping of the two random samples from
Chios and Rehovot identified the most
informative simple sequence repeat loci for
paternity analysis, based on the number of
alleles, their frequency and their polymorphic
information content (Hearne et al. 1992). In
Chios, these loci were Ccmic 8, 3, 17 and 13;
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and in Rehovot they were Ccmic 2, 6, 15, 17,
25,3,32, 13 and 23.

Based on data from these most informative
simple sequence repeats, combined exclusion
powers (i.e. the probability of excluding a ran-
domly chosen candidate parent from parent-
age of an arbitrary offspring, given the geno-
type of the mother and all her progeny), of
0.725 and 0.938 were derived for Chios and
Rehovot, respectively. These same loci pro-
vided correct paternity assignments of 80.0%
and 95.8% respectively in Chios and Rehovot
(CERVUS simulation (Marshall et al. 1998)).
The lower value of the predicted success rate
for Chios could be due to its lower simple
sequence repeats variability and its higher
level of allele sharing (aS = 0.046 and 0.0002,
in Chios and Rehovot; respectively (Palmer et
al. 2002)), which could mask remating.

Seventy two percent of caught wild
females (26 out of 36) in Chios produced
progeny giving a total of 681 individuals.
Paternity analysis performed on the progeny
of the 18 mothers with at least 12 offspring
(mean progeny size: 31.4) (GERUD (Jones
2001)) revealed a remating frequency of 5.5%
(one out of 18 females).

In Rehovot, 15% of the females collected
in September 2001 (three out of 20), and 30%
from April-May 2002 (nine out of 30), pro-
duced progeny giving a total of 422 individu-
als. Paternity analysis performed on the prog-
eny of the eight females with at least 12 off-
spring (mean progeny size: 36.5) revealed a
remating frequency of 50% (four out of eight
females; two from each of the 2001 and 2002
collections).

4. Observed and Expected
Remating Frequencies

The probability of detecting two fathers was
calculated from the population simple sequence
repeats allele frequency data (GERUD (Jones
2001)) under different conditions of progeny
size (10, 34 or 50) and paternity skew, assuming
second male sperm precedence (50, 60 or 70%).
The results indicated that the number of proge-
ny influenced remating detection more than the
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level of paternity skew (i.e. in Chios for a pater-
nity skew P;:P, of 3:7, the correct detection of
the second father varied from 52.3 to 62.3%,
with 10 and 34 offspring, respectively, while
with a P;:P, of 4:6, the range was from 54.1 to
62.3%. The same tendency was found in
Rehovot (data not shown). The probability of
detecting remating was higher in Rehovot than
in Chios (Bonizzoni et al. 2006). Based on these
simulations, 1.6 rematings should have been
detected in Chios whereas only one was
observed. In other words, among the 18 females
analysed, 9% were expected to remate, but only
5.5% were observed. Consequently, the mean
number of fertile matings per female (M) is esti-
mated as 1.09 (18+1.6)/18, while the observed
value was 1.06 (18+1)/18. In Rehovot, over the
eight tested females, 4.3 cases of remating
should have been detected compared with the
four observed; M is estimated as 1.54
(4.35+8/8) versus the observed 1.50 (4+8/8).

G tests of independence were applied to test
whether there were differences in the observed
remating frequency between Chios and
Rehovot. The test was significant at P < 0.025
(G=5.88,d.f.=1).

5. Breeding Behaviour

The SCARE program, which uses a Bayesian
approach (Jones and Clark 2003) was used to
estimate M and the proportion of offspring from
the last-mating male (B). In Chios, the 95% con-
fidence interval range for M and B were respec-
tively 1.15-2.01 (mean 1.48) and 0.80-0.95
(mean of 0.89). In Rehovot, using the four
unlinked loci with the highest polymorphic
information content (Ccmic3, 6, 15, 17), the
95% confidence interval ranges for M and B
were: 1.61-4.09 (mean of 2.59) and 0.64-0.82
(mean of 0.73).

6. Is Remating Frequency
Affected by the Genetic
Background and/or Population
Density?

Multiple matings ascertained both in Chios
and Rehovot suggest that Mediterranean fruit
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fly females can copulate more than once in the
field. Both the GERUD and the SCARE-
derived estimates of M were lower in Chios
than in Rehovot. The lower number of
females analysed in Rehovot, associated with
the higher rate of remating detected independ-
ently in the collections from two different
years with respect to Chios, renders the
observed difference in remating frequency
even more reliable. It has been hypothesized
that different strains of Mediterranean fruit fly
differ in male stimuli and in female respon-
siveness (Jang et al. 1998), and that the ten-
dency to remate may be adaptive and heritable
(Saul and McCombs 1993). In laboratory
experiments, Whittier and Shelly (1993)
showed that remating was adaptive since mul-
tiple-mated females had a significantly higher
reproductive output than once-mated females.
Chios and Rehovot have well-established fly
populations sharing a relatively recent com-
mon evolutionary history (Malacrida et al.
1998). Consequently, they show a very low
level of genetic differentiation and a high gene
flow estimate (Bonizzoni et al. 2004).
However, the possibility cannot be excluded
that the distinct genetic background of the two
populations affected the extent of the remating
estimates.

Although following a similar Mediter-
ranean seasonal pattern, the fluctuations in
Chios and Rehovot populations are influenced
by slightly different climatic conditions
(Katsoyannos et al. 1998, Israely et al. 2005).
On the island of Chios, fly sampling was done
in July 2000 when the population was still
expanding but had already reached a moderate
size (Katsoyannos et al. 1998). The flies from
Israel were collected in September 2001 and
in April-May 2002, i.e. at the beginning of the
autumn and spring expansions respectively.
Since the Mediterranean fruit fly has a high
rate of population increase (Liedo and Carey
1996), it is reasonable to suppose that at the
time of the collections the Rehovot population
could have been biased towards younger flies.
In Mediterranean fruit fly females, the recep-
tivity to a second mating was shown to be
negatively correlated with female age
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(Chapman et al. 1998, Kraaijeveld and
Chapman 2004). Moreover, mated males
seem to be more efficient at inhibiting remat-
ing than virgin males (Vera et al. 2002).
Therefore, a physiological parameter, such as
the lower average age of the Rehovot flies
may account for their higher frequency of
remating.

According to sexual selection theory,
females of a lekking polyphagous species
such as C. capitata, should evolve highly dis-
criminative mate choice based on male quali-
ty (Kaneshiro 1989). Kaneshiro (2000) sug-
gested that under conditions of small popula-
tion size, choosy females that cannot
encounter males satisfying their courtship
requirements, might undergo a physiological
change thus increasing the chance of mating
with less “successful” males and as a result
will tend to remate. That such a scenario
occurred in Rehovot during the time of sam-
pling cannot be excluded.

7. Sperm Use

The SCARE simulations (Bungaard et al.
2004) on the two natural populations strongly
indicate that Mediterranean fruit fly popula-
tions exhibit high sperm skew (mean § = 0.89
and 0.73 for Chios and Rehovot, respective-
ly). Since results using morphological mutants
have shown that the second male sired more
progeny than the first (Saul and McCombs
1993), it is reasonable to assume in the pres-
ent studies that it was also the second male
that contributed in a higher proportion to the
paternity of the offspring, as was assumed in
the SCARE simulations (Jones and Clark
2003). In previous laboratory crosses, the pro-
portion of offspring sired by the first and sec-
ond male did not change over the females’ life
span or with different intervals between mat-
ings (Katiyar and Ramirez 1970), suggesting a
complex system of sperm storage and use.
Marchini et al. (2001) and Twig and Yuval
(2005) analysed the functions of the two types
of sperm storage organs (i.e. the two sper-
mathecae and the fertilization chamber) in
relation to insemination, fertilization and their
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control. Spermathecae function as long-term
storage organs, while the fertilization chamber
acts as a staging point for fertilizing sperm.
Twig and Yuval (2005) concluded that the use
of both sperm storage organs allows females
to manipulate ejaculates by diverting and seg-
regating them adaptively. Obviously, the stor-
age of sperm from more than one male pro-
vides opportunities for sperm competition
and/or sperm choice. Which mechanism is
responsible for the high level of second male
sperm precedence that was both observed and
simulated is still an open question requiring
further study. From the SCARE simulation,
and at a very preliminary level also from the
progeny analyses, the extent of paternity skew
appears greater in Chios than in Rehovot
where a higher frequency of remating was
observed. This finding introduces the interest-
ing question of understanding the evolution-
ary relationship (if any) among sperm alloca-
tion, remating frequency and sperm displace-
ment in the Mediterranean fruit fly.

8. Conclusions

In the context of Mediterranean fruit fly con-
trol programmes based on the SIT, the low
mating competitiveness of sterile males
increases the probability of a female remating
(Kraaijeveld and Chapman, 2004). The find-
ings reported in this study indicate that in wild
populations of the Mediterranean fruit fly (1)
remating is occurring, and its level may vary,
and that (2) there is preference for sperm from
the second mating male. In relation to both the
use of the SIT and in the analysis of the evo-
lution of this species, these studies show the
importance of acquiring knowledge on the
mechanisms of sperm use and competition in
Mediterranean fruit fly and couple them to
studies on male mating competitiveness.
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ABSTRACT The New World screwworm Cochliomyia hominivorax (Coquerel) is an important para-
sitic insect pest in Neotropical regions. New World screwworm myiasis is caused by the larval stage of the
fly infesting tissues of warm-blooded vertebrates. This species represents a serious threat to the livestock
sector across its current distribution, which includes part of the Caribbean and all of South America (except
for Chile). Knowledge of the extent and distribution of genetic variability of C. hominivorax is of great
interest for the description of populations and for contributing to future strategies of control. This paper
describes the analysis of genetic variability and structure of New World screwworm populations in
Uruguay using two different molecular markers, mitochondrial DNA and microsatellites.

KEY WORDS New World screwworm, genetic differentiation, mitochondrial DNA, microsatellites

1. Introduction

The New World screwworm Cochliomyia
hominivorax (Coquerel), one of the most
important parasitic insect pests of warm-
blooded vertebrates, causes invasive myiasis
and is responsible for important economic
losses to livestock rearing. The current distri-
bution of the New World screwworm includes
part of the Caribbean and all of South America
(except for Chile). This species has been suc-
cessfully eradicated from North and Central
America using an area-wide approach involv-
ing the sterile insect technique (SIT) (Wyss
2000, Vargas-Teran et al. 2005). In 1988, the
pest was introduced into Libya, but its spread
to livestock and wildlife in the rest of Africa
and the Mediterranean region was prevented
by a successful SIT campaign using sterile
flies shipped from the mass-rearing facility in
Tuxtla-Gutiérrez, Mexico (Lindquist et al.
1992, Vargas-Teran et al. 1994).

In South America, however, this pest con-
tinues to affect the development of the live-
stock sector and wider economic develop-
ment. An international effort is underway to
evaluate the feasibility of eradicating the New
World screwworm from endemic areas of the
Caribbean and South America and to prevent
invasions into screwworm-free areas. This
involves inter alia collecting data on the dam-
age and costs associated with control and on
the distribution and density of the fly in these
regions.

With respect to the latter, there have been
speculations and conflicting reports about the
existence of non-interbreeding populations
and their possible effects on the control pro-
gramme but to date there is no evidence that
this situation exists (LaChance et al. 1982). To
maximize the effectiveness of an eradication
programme, it is essential to confirm that such
populations do not exist in these new regions
and to characterize the genetic variability of
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Figure 1. The Cochliomyia hominivorax collection sites in Uruguay.

target populations. Knowledge of the genetic
structure of New World screwworm popula-
tions will also be useful for identifying their
actual and potential routes of gene flow and
thereby improve the implementation of area-
wide approaches to control this insect pest.

In the past, Krafsur and Whitten (1993)
examined isozyme loci in 11 Mexican New
World screwworm populations and their esti-
mate of Wright’s F-statistics (Fgy) (Wright
1965) was not significantly different from
zero. They concluded, therefore, that screw-
worm populations in Mexico belonged to a
single panmitic population. Taylor et al.

(1996) also used isozyme loci to study two
Brazilian populations and compared the
results with previous data from Costa Rica
(Taylor and Peterson 1994) and partial data
from Mexico (Krafsur and Whitten 1993).
They also concluded that New World screw-
worm forms a single panmitic population.
However, subsequent analyses of four
Brazilian populations using different types of
molecular markers in the mitochondrial and
nuclear genomes, suggested a different pattern
of substructuring. Restriction fragment length
polymorphism (RFLP) analysis of mitochon-
drial DNA (mtDNA) suggested that these

Table 1. Field-collected samples of Cochliomyia hominivorax in Uruguay.

Location Number of Latitude Longitude Altitude

individuals (metres)
Bafiados de Medina, Cerro Largo 24 32°23°00 S 54°21°00 W 51
Cerro Colorado, Florida 29 33°52°00 S 55°33°00 W 96
Colonia del Sacramento, Colonia 15 34°20°00 S 57° 86 67 W 213
Dayman, Paysandu 19 31°33°00 S 57°57°00 W 27
Joaquin Suarez, Canelones 15 34°44° 01 S 56°02° 12 W 203
Paso Mufioz, Salto 21 31°27°00 S 56°23°00 W 55
San Antonio, Salto 15 31°24°00 S 57° 5800 W 41
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populations probably belonged to a single
evolutionary lineage interconnected by
reduced gene flow (Infante-Vargas and
Azeredo-Espin 1995). The random amplified
polymorphic DNA polymerase chain reaction
(RAPD-PCR) technique was also used to
detect genetic polymorphism and to select
genetic markers to discriminate six Brazilian
populations and one population from northern
Argentina (Infante-Malaquias et al. 1999). In
general, results from both mitochondrial and
RAPD analyses were concordant in suggest-
ing divergence among New World screw-
worm populations. Analysis of five Brazilian
populations by means of isozyme loci
revealed a high geographical differentiation
across south-eastern Brazil with relatively low
gene flow (Infante-Malaquias 1999).

One possible explanation for the discrep-
ancies between the different data is that differ-
ent levels of substructuring were present in
different locations. Infante-Malaquias et al.
(1999) suggested that South America could be
the centre of origin of this species, explaining
the high variability and the population struc-
ture found there whereas the homogenous
populations of North America were possibly
formed by a founder effect.

It is clear from the above that the available
information is insufficient to infer patterns of
genetic variation and structure among New
World screwworm populations throughout
their geographical range. Therefore, an effort
was made to add to the body of information
available on these aspects by using mtDNA
and microsatellites to analyse the genetic vari-
ability and structure of Uruguayan popula-
tions of the New World screwworm.

2. Materials and Methods

2.1. Sampling of New World Screwworm
in Uruguay

New World screwworm samples were
obtained from seven distinct geographic loca-
tions in Uruguay with distances between them
ranging from 50 to 418 kilometres (Fig. 1,
Table 1). Larvae were collected directly from
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infested wounds in sheep, cattle and dogs in
January 2003. Sampling of related individuals
was avoided by choosing wounds in different
animals and/or farms and by classifying lar-
vae from the same wound by instar.

Larvae were transferred to the laboratory
and reared until the pupal stage under stan-
dardized conditions (Infante-Vargas and
Azeredo-Espin 1995) or fixed in 100%
ethanol. Genomic DNA was extracted either
from single adults, pupae or larvae using a
phenol-chloroform procedure (Infante-Vargas
and Azeredo-Espin 1995).

2.2. Mitochondrial DNA as a Molecular
Marker

Diverse aspects related to the structure and
evolution of mtDNA, such as simple and uni-
form organization, lack of recombination,
maternal inheritance and high rate of
nucleotide sequence evolution, have made it a
valuable marker for estimating intraspecific
genetic variability (Avise 1994).

RFLP analysis of mtDNA was previously
used for New World screwworm populations
and revealed a high level of genetic variation
(Infante-Vargas and Azeredo-Espin 1995,
Taylor et al. 1996). However, restriction
analysis of mtDNA polymerase chain reaction
products (PCR-RFLP) provides a faster and
simpler method and has successfully been
used for population analyses (Ross et al. 1997,
Duenas et al. 2002).

2.2.1. Mitochondrial DNA Variability in New
World Screwworm Populations in Uruguay
Lyra et al. (2005) used mtDNA PCR-RFLP to
examine the genetic variability among the
seven Uruguayan populations sampled. Two
regions of the mtDNA, the control region
(A+T/12S) and subunits 1 and 2 of the
cytochrome oxidase (cox1/cox2), were ampli-
fied and digested with the restriction endonu-
cleases Dra 1 (A+T/12S), Ase 1 and Msp 1
(cox1/cox2).

Among the populations, nine haplotypes
were observed. The mean nucleotide diversity
() was 0.0229 and the haplotype diversity (Hs)
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was 0.6355, indicating high mtDNA variability.
The similarity index (F) was high (96.7%) and
the estimate of nucleotide divergence between
populations (6) was very low (0.00055), sug-
gesting a high similarity among samples from
the different locations. The analysis of molecu-
lar variance (AMOVA) showed no evidence of
population differentiation, indicating that New
World screwworm forms a single panmitic
population in Uruguay. Lyra et al. (2005) sug-
gested that the distribution of New World
screwworm in the extreme south of the species’
occurrence and the fact that there are no geo-
graphical barriers or important climatic differ-
ences between studied regions were responsi-
ble for the lack of differentiation in Uruguay.

2.3. Microsatellite Markers

Microsatellites, or simple sequence repeats, are
short sequences made up of a single motif with
no more than six bases that is tandemly repeat-
ed (Goldstein and Schlétterer 1999). They are
found in large numbers and are relatively even-
ly spaced throughout the genome of every
eukaryotic organism analysed so far.

Among the several classes of molecular
markers, microsatellite loci stand out as co-
dominant markers with a high number of alle-
les per locus, high polymorphism and a high
heterozygosity value. Due to these features,
variation in these co-dominant markers has
been increasingly used as the marker of choice
to investigate questions regarding population
structure, gene flow and mating systems even
in populations which have low levels of
allozyme and mitochondrial variation. The
recent isolation and characterization of poly-
morphic microsatellite markers for New World
screwworm (Torres et al. 2004, Torres and
Azeredo-Espin 2005) enables genetic variabili-
ty and population structure of this pest in
Uruguay to be investigated.

2.3.1. Microsatellite Amplification and
Genotyping of New World Screwworm
Populations in Uruguay

Ten previously characterized microsatellite
markers (Torres et al. 2004) were used in this
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study. The primer sequences and the proce-
dures for microsatellite amplifications and
analyses of PCR products were described by
Torres et al. (2004).

2.4. Data Analysis

The number and frequency of alleles, the
allele size range and the observed (H) and
the unbiased expected (Hg) (Nei 1978) het-
erozygosities under Hardy-Weinberg equilib-
rium were determined per locus for each loca-
tion. The software Micro-checker 2.2.0 (Van
Oosterhout et al. 2004) was used to test for
technical artefacts such as null alleles, stutter-
ing and large allele dropout. Each locus and
population was tested for deviations from
Hardy-Weinberg equilibrium expectations
using exact tests implemented in GENEPOP,
a population genetics software for exact tests
and ecumenicism (Raymond and Rousset
1995). Genotypic linkage disequilibrium
among all pairs of loci within each site was
investigated using Fisher’s exact test as imple-
mented in GENEPOP. An unbiased estimate
of the exact probability was obtained using
the Markov chain algorithm (Guo and
Thompson 1992). Two indices of genetic dif-
ferentiation were estimated between the local-
ities, Fgr and Rgr, the former based on the
absolute frequencies of alleles (Weir and
Cockerham 1984) and the latter estimated
from the sum of the squared number of repeat
differences (Slatkin 1995). An unbiased esti-
mate of Fgp, 6 was calculated using the
FSTAT computer programme (Goudet 1995).
The significance of pairwise Fgy estimates
was tested by permuting genotypes among
populations (Goudet et al. 1996). The overall
estimate of Rg¢p, pgr was calculated using
RSTCALC, a PC-based programme for per-
forming analyses of population structure,
genetic differentiation and gene flow using
microsatellite data (http:// helios.bto.ed.ac.
uk/evolgen/rst/rst.html). Significance levels
for simultaneous statistical tests were correct-
ed using the sequential Bonferroni method
(Rice 1989). The isolation-by-distance model
of population genetic structure was tested by
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linear regression of pairwise Fgr /(1 - Fgy)
against the natural logarithm of the geograph-
ical distance between population pairs
(Rousset 1997).

3. Results and Discussion
3.1. Microsatellite Variation

The number of alleles and the expected and
observed heterozygosity per locus and per
population are given in Table 2. Analysis of
138 New World screwworm genotypes
revealed a moderate degree of polymorphism
across the seven sampling locations. Ten loci
were used in the first analysis, but the locus
CHO0?2 presented some ambiguous, non-repro-
ducible patterns. For this reason, it was
excluded from the statistical analysis.

For the nine microsatellite loci analysed,
the number of alleles detected per locus and
per population ranged from two to ten, with an
average of six (Table 2). The observed het-
erozygosity (Hy), varied from 0.19 to 0.91
and the expected heterozygosities (H) varied
from 0.37 to 0.87 (Table 2).

Significant deviation from the Hardy-
Weinberg equilibrium (exact probability test,
P <0.05) was recorded for all sampling local-
ities. In all cases, departures from expecta-
tions were due to an excess of homozygotes.
Among the possible factors that might
account for these deviations is the Wahlund
effect, since the samples were collected from
different farms at each location. However,
such effects should be apparent in most of the
loci across populations, which was not the
case for this data set. Another factor that could
also have caused the observed deviations is
the presence of null alleles. These result from
mutations such as substitutions, insertions, or
deletions in one or both priming sites prevent-
ing the binding of the DNA strand and primers
(Callen et al. 1993) and non-amplification of
the allele. At the population level this can lead
to a misinterpretation of the number of het-
erozygotes and consequently of Hardy-
Weinberg deviations. Only the locus CHI0
presented a significant number of null alleles
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and the analysis excluding this locus was not
significantly altered. Furthermore, these
results are being confirmed by the preliminary
analysis of new populations using these loci
and additional loci (Torres and Azeredo-Espin
2005). The occurrence of demographic
changes that affected New World screwworm
populations may therefore be the main cause
of the observed homozygote excess. These in
turn could have arisen from decreases in tem-
perature and humidity in the Uruguayan win-
ter and/or persistent insecticide treatment
which can cause mass-population mortality
and local extinction of New World screw-
worm populations.

Linkage disequilibrium was found in only
two of 252 comparisons among the loci and
populations analysed, but no common pair of
loci showed non-random associations in all
the populations (data not shown).

3.2. Interpopulation Variability

Most variation was found within rather than
between populations and the seven popula-
tions exhibited remarkably similar allele dis-
tributions. This is consistent with the results
found by the PCR-RFLP of the mtDNA.

Two measures of interpopulation genetic
differentiation were used in this study (Fgr
and Rgy). The global multilocus estimate of
Rgr was 0.015 and of Fgy was 0.031. Both
estimates, although low, were numerically
very similar and significantly different from
zero (P < 0.05, for Rgy and P < 0.001, for
Fqr), suggesting that little differentiation
exists among these populations.

The relationship between local populations
was tested by calculating pairwise Fgy esti-
mates because it was demonstrated that Fgp
yields the better estimate when the number of
loci is small (< 10) or the sample size is small
(Gaggiotti et al. 1999). Fgy estimates between
populations ranged from -0.0005 to 0.0853
(Table 3) and for five of the ten population
pairs were significantly different from zero at
the 0.05 level.

These low levels of substructuring could
be attributed to the high dispersal capacity of
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Table 2. Genetic diversity in Cochliomyia hominivorax from seven localities in Uruguay.

Locus Dayman S. Antonio Colonia B. Medina J. Suarez C. Colorado P. Muifioz
2N=38 2N=42 2N=30 2N=48 2N=30 2N=58 2N=30
CHO! Ny 6 6 5 6 5 6 5
Hgy 0.3158 0.4762 0.5333 0.5833 0.6667 0.5517 0.5333
Hp 0.6230*  0.7607*  0.7517 0.6809 0.6943 0.6031 0.7126*
CHOS5 Ny 5 5 6 7 4 7 5
H, 0.6316 0.5238 0.7333 0.4167 0.5333 0.5172 0.8000
Hp 0.5874 0.6190 0.6667 0.6755%  0.4483 0.6636* 0.7747
CH09 Ny 4 4 4 7 2 6 5
Hyp 0.3333 0.4500 0.5333 0.7917 0.2000 0.5357 0.5333
Hg 0.3762 0.4423 0.5724 0.7216 0.3701 0.6227 0.6299*
CHI0 Ny 6 6 6 6 4 5 6
Hy 0.3684 0.1905 0.2000 0.2917 0.6000 0.4000 0.4000
Hp 0.6344*  0.5912*  0.7885*  0.7101*  0.6598 0.5167* 0.5011*
CHII Ny 5 10 9 8 9 7 7
Hyp 0.6111 0.6190 0.7333 0.6364 0.6667 0.4286 0.4000
Hy 0.6159 0.7317 0.7816 0.8245*%  0.8276*  0.7247* 0.6943*
CHI2 Ny 8 8 8 8 5 9 7
Hp 0.8333 0.7143 0.6000 0.9167 0.6000 0.7241 0.8000
Hg 0.8476*  0.8479*  0.8736 0.8475 0.6460 0.8100 0.7931
CHI4 Na 7 7 6 6 6 6 5
Hy 0.5789 0.4762 0.6000 0.5217 0.6000 0.5714 0.5333
Hy 0.8179*  0.6690*  0.7356 0.6135 0.6989 0.8013* 0.6713
CHIS Ny 7 7 6 6 3 6 5
Hy 0.5556 0.4762 0.5333 0.3750 0.2667 0.2759 0.4000
Hpg 0.8302*  0.7607*  0.7862 0.7943*  0.5080%  0.7828* 0.7310*
CH20 Ny 7 7 5 7 5 6 4
Hy 0.3684 0.4762 0.5333 0.5000 0.8000 0.6897 0.5333
Hg 0.7084*  0.7120 0.6414 0.6835*  0.7540 0.7048* 0.6920
All Mean N, 55 59 55 61 43 58 49
loci Mean H, 0.5107 0.4892 0.5556 0.5592 0.5481 0.4816 0.5481
Mean Hp  0.6723*  0.6816*  0.7331*  0.7279*  0.6230*  0.6922* 0.6889*

N,, number of alleles
Hyp, expected heterozygosity
H,), observed heterozygosity.

* denotes a significant (o = 0.05) deviation from Hardy-Weinberg equilibrium

New World screwworm, since migration is
assumed to prevent genetic differentiation at
neutral markers (Agis and Schldtterer 2001).
However, the analysed populations showed no
isolation by distance (P = 0.6115). Since
restricted migration results in positive correla-

tion between geographical and genetic dis-
tance (Slatkin 1993), simple migration models
may not be sufficient to explain the low differ-
entiation between New World screwworm
populations. One factor that could be respon-
sible for this pattern of genetic differentiation



GENETIC VARIATION IN SCREWWORM FROM URUGUAY

189

Table 3. Fgy estimates for all Cochliomyia hominivorax population pairwise comparisons.

Study area S. Antonio Colonia B. Medina J. Suarez C. Colorado Paso Muiioz
Dayman 0.0080NS 0.0171NS 0.0194Ns 0.0497* 0.0209NS 0.0281NS
S. Antonio 0.0112Ns 0.0111* 0.0709* 0.0201* 0.0240*
Colonia -0.0005NS 0.0675* 0.0200NS 0.0378*
B. Medina 0.0853* 0.0163NS 0.0334*

J. Suarez 0.0664* 0.0533*
C. Colorado 0.0399*

NS, not significant

* significant at the 5% nominal level after standard Bonferroni corrections

is the passive migration of larvae by the
movement of infested animals. However, an
alternative explanation can be considered as
responsible for the low differentiation and the
lack of isolation by distance. It was noted
(Slatkin 1993) that the absence of isolation by
distance could be indicative of a recent recol-
onization event. Considering the hypothesis of
mass-mortality by climatic conditions or
insecticide treatment, a recolonization by a
large founder population could cause a demo-
graphic turnover if this population spread rap-
idly over Uruguay during -climatically
favourable seasons. In this case, a very similar
allele distribution would be expected over the
country. To test this hypothesis it is necessary
to compare Uruguayan New World screw-
worm samples collected during different
hot/rainy seasons, as well as samples from
intermediate and central populations which
can be acting as stable sources of New World
screwworm for recolonization events.

4. Conclusions

Information about patterns of genetic varia-
tion, structure and gene flow is needed before
investing in large-scale efforts to control
insect pests. This information can, to a large
extent, be assessed using modern molecular
techniques. Mitochondrial and microsatellite
markers have helped to provide this informa-
tion for New World screwworm populations
in Uruguay.

The results presented here and elsewhere
by Lyra et al. (2005) suggest that the seven
populations from Uruguay are very similar,
sharing homogenous haplotype (for mtDNA)
and allele (for microsatellites) distributions.
Although the mtDNA data indicate that this
species forms a single panmitic population in
Uruguay, results from microsatellite analysis
yielded low, but significant, levels of subdivi-
sion between populations. These results can
be explained by differences in the modes of
inheritance of the two markers since the effec-
tive population size of mtDNA is only one
quarter that of nuclear DNA (Sanetra and
Crozier 2003). These differences, however,
can also be explained by sex-biased gene flow
among these populations. This would suggest
that levels of female-mediated gene flow are
slightly higher than male levels; consequently,
mtDNA markers showed less structuring than
the microsatellite polymorphisms. While
Mayer and Atzeni (1993) described higher
dispersal rates for New World screwworm
females, this should be further investigated
since microsatellite data also suggested that
restricted migration might not play a signifi-
cant role in population differentiation.

The results presented here provide some
baseline data on genetic variation to which
other New World screwworm populations can
be compared. Analysis of other populations
throughout its geographical distribution
would determine if similar patterns of genetic
variation and gene flow are observed and lay
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the groundwork for future control strategies
against this livestock pest.
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Short Communication

In Central Europe, four different mosquito-
borne flaviviruses, 1i.e. Usutu virus
(Weissenbock et al. 2002, Bakonyi et al.
2004), Rabensburg virus (Bakonyi et al.
2005), and two different unique West Nile
viruses (Bakonyi et al. 2006) have recently
emerged. During late summer 2001 in Austria,
a series of deaths occurred in several species
of birds, mainly Eurasian blackbirds Turdus
merula L., reminiscent of the beginning of the
West Nile virus epidemic in the USA. Dead
birds were necropsied and examined by vari-
ous methods. Pathologic and immunohisto-

logic investigations suggested a West Nile
virus infection. Subsequently, the virus was
isolated, identified, sequenced, and subjected
to phylogenetic analysis. The isolates exhibit-
ed 97% identity to Usutu virus, a rather
unknown mosquito-borne flavivirus of the
Japanese  encephalitis  virus  group
(Weissenbock et al. 2002). The Usutu virus
has never previously been observed outside
Africa nor associated with fatal disease in ani-
mals or humans. If it becomes established in
Central Europe, this virus will have consider-
able effects on avian populations. Whether the
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Usutu virus has the potential to cause severe
human disease is currently under investiga-
tion. The Usutu virus was isolated for the first
time from mosquitoes in South Africa in 1959
and named after a river in Swaziland; it was
sporadically isolated in Africa from several
mosquito and bird species over the next
decades and was once isolated from a man
with fever and a rash.

A comparison of the complete genome
sequences of the Austrian and a South African
strain of the Usutu virus revealed 97%
nucleotide and 99% amino acid identity.
Phylogenetic trees were constructed display-
ing the genetic relationships of the Usutu
virus with other members of the genus
Flavivirus. When comparing the Usutu virus
with other viruses of the Japanese encephalitis
virus serogroup, the closest lineage was
Murray Valley encephalitis virus (nucleotide:
73%, amino acid: 82%) followed by Japanese
encephalitis virus (nucleotide: 71%, amino
acid: 81%) and West Nile virus (nucleotide:
68%, amino acid: 75%) (Bakonyi et al. 2004).

West Nile virus is a member of the
Japanese encephalitis virus group within the
genus Flavivirus, family Flaviviridae. It is the
most widespread flavivirus, occurring in
Africa, Eurasia, Australia, and North America.
Other members of the Japanese encephalitis
virus group flaviviruses are Cacipacore virus,
Koutango virus, Japanese encephalitis virus,
Murray Valley encephalitis virus, Alfuy virus,
St. Louis encephalitis virus, Usutu virus, and
Yaounde virus. The West Nile virus was ini-
tially considered to have minor human health
impact. However, human and equine out-
breaks in Europe (Romania, Russia, France,
Italy), Africa (Algeria, Tunisia, Morocco),
and Asia (Israel) within the last ten years, and
especially the virus’s emergence and spread in
North America since 1999, have lead to
increased scientific interest. Phylogenetic
analyses showed two distinct lineages of West
Nile virus strains (which themselves subdi-
vide into several subclades or clusters), isolat-
ed from different geographic regions.

The presence of the West Nile virus in cen-
tral Europe has been known for some time.

N. NOWOTNY ET AL.

Serological surveys have detected specific
antibodies to West Nile virus in several verte-
brate hosts in Austria, the Czech Republic,
Hungary and Slovakia during the past 40
years, and several virus strains were isolated
from mosquitoes, rodents, and migrating
birds. Human cases of West Nile fever were
reported in the Czech Republic in 1997 and in
Hungary in 2003. These countries are impor-
tant transit areas or final destinations for
migratory birds from the African continent,
and hence may play an important role in the
circulation and conservation of different West
Nile virus strains. However, genetic informa-
tion about the strains isolated in Central
Europe has not hitherto been available.

A unique flavivirus strain closely related to
West Nile virus, which was isolated from
female Culex pipiens L. mosquitoes was col-
lected ten kilometres from Lanzhot in the
Czech Republic, after a flood in 1997. The
complete genome sequence and phylogenetic
analyses, as well as antigenic and mouse viru-
lence characteristics of this strain were identi-
fied (Bakonyi et al. 2005). Since the collec-
tion site was very close to the Czech-Austrian
border, about two kilometres from the small
Austrian town of Rabensburg, this isolate was
tentatively called Rabensburg virus. Another
antigenically-identical or very closely related
flavivirus strain was isolated from C. pipiens
mosquitoes at the same location two years
later.

The Rabensburg virus shares only 75-77%
nucleotide identity and 89-90% amino acid
identity with representative strains of West
Nile virus lineages 1 and 2. The other fla-
vivirus strain isolated in the same location two
years later showed more than 99% nucleotide
identity to the initially-isolated Rabensburg
virus. Phylogenetic analyses of the
Rabensburg virus, West Nile virus strains, and
other members of the Japanese encephalitis
virus complex clearly demonstrated that
Rabensburg virus is either a new (third) line-
age of West Nile virus or a novel flavivirus of
the Japanese encephalitis virus group
(Bakonyi et al. 2005).

An enzootic of encephalitis emerged in late
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summer 2003 in a Hungarian goose flock
resulting in a 14% mortality rate in six-week-
old geese. Based on the histopathological
alterations, serological investigations and
nucleic acid detection by real time polymerase
chain reaction (RT-PCR), West Nile virus was
diagnosed as the causative agent of the dis-
ease. Although the presence of this virus in the
country had already been known for 40 years,
this was the first clinical outbreak of West
Nile virus in Hungary. At the same time, an
outbreak of West Nile virus was observed in
humans in Hungary, which involved 14
reported cases diagnosed by serological meth-
ods (Bakonyi et al. 2006).

One year later, a Northern goshawk
Accipiter gentilis (L.) showed central nervous
system symptoms and died in a Hungarian
national park. Using histopathological meth-
ods and RT-PCR, West Nile virus antigen and
nucleic acid were detected in the organs of the
bird.

To reveal the origin and relationship of the
two West Nile virus strains, the complete
genome sequences of the viruses were deter-
mined, and phylogenetic analysis performed.
The goose (2003) isolate showed the highest
(98%) identity with the West Nile virus strains
isolated in 1998-99 in Israel and in the USA,
causing endemics mainly in birds, humans
and horses. These strains have been classified
within lineage 1, clade 1a of West Nile virus.
The other members of this clade have been
isolated several times in Africa, Europe, and
Asia during the last 50 years.

Interestingly, the goshawk (2004) strain
showed the highest (96%) identity with the
West Nile virus B 956 prototype strain, which
had been isolated in 1937 in Uganda. This
virus belongs to the linecage 2 of West Nile
virus, and its close relatives have been detect-
ed exclusively in sub-Saharan Africa and in
Madagascar so far (Bakonyi et al. 2006). Any
possible laboratory contamination has been
ruled out.

Based on the phylogenetic analysis of the
two strains, it can be stated that the West Nile
virus strains, which emerged in two consecu-
tive years and caused avian mortality in
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Hungary are epidemiologically unrelated to
each other. It is very likely, however, that the
goose and human cases of 2003 are linked to
each other, but in the absence of human iso-
lates this was not proven. Because Hungary is
a frequent transit station, and also final desti-
nation for migratory birds overwintering in
Africa, the risk of the introduction of exotic
West Nile virus strains to the country is quite
high.

The results presented here demonstrate the
threat of West Nile virus infection to animal
and human populations in Central Europe.
Therefore comprehensive investigations of
the occurrence, ecology and epidemiology of
the virus are of high priority. Results also
show that these related viruses of transbound-
ary nature, mainly resulting from long dis-
tance migration by birds, will continue to pose
an increasing threat to animal and human
health. In the event of a serious outbreak a
comprehensive area-wide strategy will need
to be developed to mitigate the effects of these
viruses.
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ABSTRACT The success of area-wide interventions aimed at suppressing or eradicating insect popu-
lations rests largely on appropriate project planning and implementation - and this is as true in the context
of vector-borne diseases as it is within the wider context of insect pest management. In either context, a
successful control programme requires accurate knowledge of pre-existing distributions of insects (disease
vectors) in time and space, on the appropriate design of insect control strategies, and on the development
of suitable frameworks for monitoring and evaluation. Standard disease control operations, such as indoor
residual spraying of insecticides or insecticide-treated bed nets for malaria, and the aerial application of
insecticides or use of baited traps against the vectors of human and animal trypanosomosis, often include
elements of area-wide planning because they target particular disease strata. Genetic control strategies
(including the sterile insect technique (SIT)) are more intrinsically area-wide because they target specific
vectors over delimited geographical areas delineated by biological criteria associated with colonization or
dispersal potential. In either case it is argued that a strong geographical basis to planning and implementa-
tion is likely to improve the chances of programme success, as well as making more efficient use of
resources and increasing cost effectiveness. Geographic information systems (GIS), global positioning sys-
tems (GPS) and remote sensing (RS) are allied technologies that together provide a means of gathering,
integrating and analysing spatial data. To date, the application of these tools within traditional and area-
wide programmes has been relatively limited, but this seems likely to change, particularly as GIS and GPS
are already being used extensively in other areas of agroecological management and research. This paper
examines potential areas for the application of GIS and associated spatial tools at various stages of plan-
ning and implementation of area-wide programmes integrating the SIT as a primary example, before going
on to look beyond the SIT and to a number of examples of infectious diseases where GIS and spatial analy-
sis have, to a greater or lesser extent, been employed within disease control efforts. With the help of these
case studies the paper attempts to evaluate the extent to which the hype surrounding spatial tools has been
(or can be) justified, and examines the barriers that remain in terms of further expansion of their use.

KEY WORDS spatial analysis, AW-IPM, SIT, geographic information systems, global positioning
system, remote sensing, vector control

1. Introduction and implementation can improve the chances
of a programme’s success and increase its cost

Geographic information systems (GIS), effectiveness by (1) providing more accurate

remote sensing (RS) and the Global
Positioning System (GPS) together represent
a set of spatial tools that has commonly been
toute