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EXECUTIVE SUMMARY

In response to growing concerns associated with the use of insecticides for crop
protection - such as insect resistance, off-target effects to the ecosystem and
risks to human health - regulations are being imposed to restrict their use. As a
consequence, growers are seeking more environmentally preferable insect
control alternatives which reduce dependence on conventional insecticides and
increasingly following an Integrated Pest Management (IPM) approach.

Background

Oxitec’s self-limiting control technology uses advanced genetics to offer an
alternative insect control strategy, that is insect-specific, and can augment
existing IPM strategies. The feasibility of applying Oxitec’s technology to a given

Objectives and . 4 ) . . .
) pest however, is reliant on a variety of technical, economic, social, and

methods regulatory aspects. Here, we discuss the feasibility of applying Oxitec’s insect
control approach to five important pest insects of tomato, grape, and
cruciferous vegetables.
Results Our findings raise some important points for further investigation before
& implications developing a self-limiting control strategy for any of these pest insects.
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Introduction

Pest insects cause significant economic damage to agriculture throughout the world. The Food and Agriculture
Organization (FAO) reports that a fifth of the world’s crop production is destroyed by insects annually [1] with damage
caused by feeding, the introduction of plant pathogens, or infestation of stored products. In 2016, the estimated
economic losses in crop and forest production due to invasive insect species amounted to a minimum of US$3.6
billion per year in Europe [2], whilst in China, they exceeded US$18.9 billion [3] and in the United States, were almost
US$40 billion per year [4].

Pest control has traditionally involved insecticide use [5]; however, many insecticides are now ineffective or have
been found to be harmful to people or the environment. In much of the world, intensive insecticide use has led to
development of resistance to the majority of chemical classes [6] and the removal of natural enemies, which can
enable further proliferation of resistant pests [7]. There are also other off-target effects. Pollinator decline has been
associated with insecticide use and aerial spraying can cause insecticides to drift from the target site into wildlife
areas [8].

In response to these issues, international legislations have been implemented to regulate insecticide usage. In the
EU, a directive specifies that Member States adopt National Action Plans to reduce risks and impacts of pesticides
and to encourage the development and introduction of alternative approaches such as IPM, to reduce dependence
on insecticides [9].

Oxitec’s insect technology offers an alternative pest management approach which can complement existing methods.
It involves releasing genetically engineered, ‘self-limiting’ males of a given pest insect to mate with wild females and
pass on a self-limiting genetic trait which prevents survival of their offspring. Releases of self-limiting insects can
eliminate pest populations that are inaccessible to traditional control methods, reducing the requirement for
insecticides and any associated toxic residues in the environment. In addition, only the target pest insect species is
directly affected, leaving beneficial insects unaffected [10].

Oxitec’s genetic control approaches have the potential to be used to control a variety of pest species, but feasibility
of this is dependent on a number of factors. These include: the potential to mass-rear and genetically transform the
target insect, the field biology of the pest, compatibility of current/future integrated pest management (IPM) methods,
and economic justification. The following report discusses the feasibility of applying two of Oxitec’s approaches
against key pests of tomato, grape and leafy vegetables, taking technical, biological, and economic aspects into
consideration.

1. Oxitec control technology

Here, the pest insect is engineered to express a male-selecting genetic trait. In the mass-rearing facility, this enables
production of male-only adults for release and in the field, mating between released males and wild females prevents
female offspring from surviving to reproductive age. Pest control is achieved by overflooding rates of male releases
over a period of time which reduces the number of females in, and consequently the reproductive potential of, the
wild pest population (population suppression) [11]. The technique also offers an insecticide resistance management
benefit to complement IPM programs, which is discussed later.

Self-limiting insects also carry a genetic marker to enable field monitoring during a control programme [12].
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2. Insect pests selected for this feasibility study

Originating from South America, T. absoluta now threatens solanaceous crops throughout the world. Tomatoes are
primarily targeted, but other cultivated crops infested include aubergine, potato, sweet pepper and tobacco. Damage
is caused by the larvae mining plant leaves, stems and aerial fruits and can reach 100% yield losses in some cases.
Insecticides are traditionally used to control T. absoluta, however limited success has been experienced due to the
cryptic nature of the larvae and the development of resistance to a variety of chemical classes. New IPM strategies
include pheromones for lure and kill and mating disruption, natural enemies, Bacillus thuringiensis (Bt)-based
insecticide formulations, host plant resistance and various cultural practices [13].

A grape pest and serious threat to all vine-growing areas. Crop damage is primarily caused by the larvae feeding on
the flower buds and fruits, however indirect damage is generally more devastating, as larvae feeding on grapes
introduce pathogens such as fungal rots which reduce wine quality [14]. Chemicals are the most broadly used control
strategy, due to their high efficiency and low cost, though insecticide resistance has been reported [15]. IPM is now
the recommended strategy and includes techniques such as, phytosanitary control, cultural control, (Bt)-based
insecticide formulations, natural enemies and mating disruption [14].

Along with L. botrana, E. ambiguella is considered the most important insect pest of European vineyards. Larvae
damage flowers, immature berries, and parts of the seed through direct feeding and secondary infections. E.
ambiguella is listed as a harmful organism in a number of continents and is considered a threat to the grape industry
in the United States if it were to become established [16]. Control can include a variety of techniques, such as
insecticides, mating disruption [17, 18] and biological control [19].

Considered to be the main insect pest of cruciferous vegetables worldwide, crops targeted include cabbages,
broccoli, cauliflowers, canola and mustard. In 2012, it was estimated to cost the world economy US$4-5 hillion
annually through production costs and losses [20]. Having been the first insect reported to be resistant to
Dichlorodiphenyltrichloroethane (DDT) and subsequently (Bt), P. xylostella has developed resistance to almost every
insecticide applied in the field. The current trend is to develop and implement insecticide resistance management
(IRM) programmes to conserve efficacy of viable insecticides. Due to control failures and pressure to reduce
insecticide use in agriculture, alternative approaches are sought. Some to have shown promise include trap cropping,
adult trapping, and pheromone disruption [21].

One of the major pests of commercially produced cruciferous crops in North America and Europe [22]. Crop targets
include cabbages, broccoli, cauliflowers, Brussels sprouts, horseradish, swede and radish. Larvae eat the lateral
roots and then bore into the tap root, and sometimes the base of the stem, causing stunted plant growth and death
[23]. In Newfoundland, it is the single most important economic pest of vegetables [24]. Adequate control of D.
radicum, particularly of the second generation, is a challenge, also the number of insecticides available for D. radicum
control has steadily decreased and continues to decline [24]. Present control options include between-row inter-
plantings [25], entomopathogenic fungi, nematodes, natural enemies [26], netting around plants, sticky traps and
crop rotation to stop larvae populations from building up in the soil [27].
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3. Potential for laboratory mass-rearing

In order to develop Oxitec’s control technology for a new species, it is crucial that the target species can be artificially
reared in the laboratory. This is because genetically engineered strains which are generated to express a self-limiting
trait are dependent on an additive which permits their survival in the laboratory or factory, but not in the field [28]. It
is much easier to regulate the additive level that the insect receives via an artificial feeding system than a host plant.
To establish a new insect in the laboratory, the availability of an existing laboratory-reared colony is preferable, as it
reduces the time otherwise spent adapting the wild insect to a sustainable artificial diet, developing efficient rearing
systems and developing techniques essential for germline transformation. If such a colony is unavailable, published
artificial diets and rearing systems can be a useful alternative. To evaluate the feasibility of laboratory mass-rearing
the pest insects selected for this analysis, a literature search of laboratory-reared colonies and published protocols
was conducted. The findings are summarised in the table below:

Table 1. Existing laboratory-reared colonies and artificial feeding systems for selected insects

Species Laboratory -reared colony Artificial feeding system
T. absoluta Yes [29] Yes [29]

L. botrana Yes [30] Yes [30, 31]

E. ambiguella Yes [31] Yes [32]

P. xylostella A laboratory-reared colony is already available at Oxitec | Yes

D. radicum Yes [33] None found

Findings here offer promise for laboratory mass-rearing the selected insects and generating self-limiting strains. In
most cases, both a laboratory-reared colony and protocols for artificial feeding systems were identified. The exception
was D. radicum, for which only a laboratory-reared colony was found, however artificial diets for other brassica pests
exist, such as Delia brassicae [34], which could be tested and/or modified to rear this insect. Our literature search
also has positive implications for collective rearing the selected insects, as we could find no evidence for regular
cannibalism in any of the insect species, which would reduce time and labour. We also found a published technique
for collecting and handling eggs for all insects, which is an important part of insect germline transformation. Looking
further ahead, Oxitec’s control strategies rely on the released males mating a high proportion of wild females in the
target population to reduce the reproductive potential below a sustainable threshold. An effective insect mass-rearing
system is essential for this, so our findings of published laboratory-reared colonies and artificial feeding systems for
selected insects offers promise to develop economic programme scale mass rearing.

4. Information required about the biology of the wild insect

Various aspects of a pest insect’s biology in the field will determine if it is a suitable target for a self-limiting control
programme. The following section discusses the main considerations, with reference to the insects included in this
analysis.

Oxitec’s control technigues depend on the released males mating with wild females to pass the self-limiting genetic
trait to their offspring, therefore species that reproduce asexually would be unsuitable targets [35]. A review of the
literature found that all insects included in this study, with the exception of T.absoluta, only reproduce sexually. The
occurance of asexual reproduction in T. absoluta [36] potentially has important implications for the effectiveness of
a self-limiting control program against this pest. Before developing self-limiting strains of T. absoluta, a study of the
potential target population would be necessary to find out whether asexual reproduction occurs and how frequently,
to determine if the self-limting control technique is a suitable option.
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Despite the long-term benefits that self-limiting insects provide by suppressing wild pest populations, releases of
large numbers of insects that may cause transient damage could complicate growers’ acceptance of a control
program [37]. A literature review of all insects in this study, found that only the larval stages cause crop damage,
suggesting that adult or pupal releases would be suitable.

The dispersal capacity of a pest species can determine the need to isolate treatment areas from immigration and is
the primary factor dictating a population-wide approach [38]. A review of the literature found that most of the selected
insects usuaully disperse less than 3km during their lifetime [39, 40, 41, 42, 43], so long-distance immigration of wild
insects should not be problematic for a control programme. Furthermore, the impact of short distance immigration
might not be either, depending on the programme goals. For example, if only moderate suppression is required to
reduce crop damage beneath a threshold, small amounts of wild immigration may be tolerated [38]. Advantageously,
when T. absoluta occurs on glasshouse cultivated tomatoes, wild immigration may not even be an issue at all,
because in this circumstance the target population is already isolated. Moreover, the dispersal distances reported for
all insects suggest that if release points are appropriately spaced, released males should be able to mix throughout
the target population, avoiding the occurrence of isolated pools of wild insects from which internal re-infestations
could occur. Importantly, if any self-limiting insects were to disperse outside of the target area, the genetic trait is not
able to persist in field populations of the pest.

The amount of time it takes for a management programme to have a noticeable impact is dependent in part on the
generation time of the target species, whereby a shorter generation time is preferable [37]. However, slow
development in the field could be advantageous, as the pest population is unlikely to reach a very high level over the
course of the season. From the perspective of developing self-limiting strains by recombinant DNA methods, insects
with a shorter generation time typically make the process quicker [37]. A literature review found that the longest
generation time was reported for D. radicum in northern climates, where only one generation can be completed in a
growing season, however this increases to 2 or 3 in the warmer middle belt of Europe [44]. In contrast, the shortest
generation time was reported for P. xylostella, where 10-14 generations have been recorded in the tropics [21].

If planning a self-limiting control programme for any of these pest insects, it would be critical to know the lifecycle of
the target population to determine the timing and frequency of male releases. For example, to control D. radicum in
northern climates, accurately predicting the single emergence of wild adults would be crucial to ensure that male
releases coincide with this. If this were impractical, the technique may be more effective on populations in warmer
climates and other control options preferable in cooler climates. In contrast, to control P. xylostella in the tropics,
frequent year-round releases of males would be necessary to prevent wild population explosions - a mass-rearing
facility would need to be able to cope with these insect production demands. From the perspective of strain
development, findings from this literature review have positive implications for all of these insects as warmer
temperature was found to reduce generation time. This suggests that increasing the temperature at which the insects
are reared could accelerate the process required to develop transgenic strains.

If the target species are multiple species, or different populations with strong premating barriers between them, then
rearing and releasing only one type may be of limited benefit [37]. A literature review only found evidence of a mating
barrier in L. botrana, whereby allopatric populations occur that show non-random mating [45]. In D. radicum,
sympatric populations were found to exist, but there was no evidence of a mating barrier, only timing of adult
emergence [46] - further research on the mating compatibility within target populations of D. radicum would be
necessary to determine if a mating barrier exists. However to control L. botrana, selecting the correct population to
mass rear and release would be crucial.

This section has primarily focussed on the biology of the wild insect, however when preparing for a self-limiting control
programme, there are several other technical aspects concerning the mass reared males which would warrant
investigation. Of major importance is that released males can compete well enough with the wild males to
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successfully mate and inseminate the targeted wild females. Performance metrics such as dispersal, longevity,
location of mating arenas, courtship, mating, and sperm transfer would therefore need assessment [47]. When male
performance is understood from this perspective, the effectiveness of a self-limiting approach for a specific insect
can be better determined.

5. Compatibility of the self-limiting approach with IPM

The principle of IPM is to take advantage of all appropriate pest management strategies and integrate them in a way
that protects crops with the least possible disruption to agro-ecosystems [48]. This involves keeping insecticides and
other interventions at economically acceptable levels to encourage beneficial species such as natural enemies and
pollinators, whilst minimizing risks to human health and the environment [49].

The self-limiting control technology is a pest management strategy suited to IPM. The approach targets a single
species, so it can dramatically reduce the environmental impact of insect control, particularly in comparison to
conventional insecticides which can harm many other species including beneficial insects. Although it could be used
as a standalone method, it works efficiently and economically when pest populations have already been reduced by
other control strategies [37]. A reason for this is that treatment area size is determined by the number of self-limiting
males that can be mass produced. If there are fewer wild insects in the treatment area because of other interventions,
then a larger area can be treated, or a higher release ratio can be achieved in the original area [50]. Moreover, any
insect control technique that reduces the population density either before or during the application of a self-limiting
control program can improve its own efficiency. For example, the use of biocontrol organisms is generally most
effective at high pest densities, but loses efficiency as pest densities decrease. A self-limiting control program can
work very efficiently at low pest densities and therefore complements biocontrol, in the same way it would other
strategies, such as insecticides and pheromonal mating disruption [50]. All of the insects under evaluation here are
controlled using these strategies and others, so the self-limiting insect control technique could be included in an
existing IPM programme, or a new one, so long as other criteria, such as regulatory and political acceptance, are
met. Essentially, the self-limiting technique will combine effectively with any other method which does not specifically
target self-limiting males over wild ones [37].

The male-selecting approach also offers an insecticide resistance management benefit. Mating between released
males and wild females results in the survival of male hemizygotes for the genetic trait and the introgression of their
genetic background into the wild pest population. If the released males have an insecticide-susceptible genetic
background, then this insecticide susceptibility will increase in the population as the wild population gets diminished
[51]. A suggested application is the management of Bt crop resistance, as a number of insect populations have
developed resistance to this strategy. A male-selecting approach could restore the effectiveness of Bt crops in
affected areas, whilst preventing further resistance developing. This would also benefit other control programs where
insecticides have been the only effective control method available. Resistance management relies on the release of
susceptible males, so it would be necessary to maintain insecticide susceptibility during mass rearing processes,
prior to release. The same would apply where insects have developed resistance to sprayed applications of the bio-
insecticide Bt.

Ultimately, the best strategy for controlling any of the selected insects most likely involves a combination of several
methods. Therefore, the optimal strategy is likely to be an IPM program which includes a self-limiting component
when suitable [37].

6. Economic justification

The feasibility of a self-limiting control approach against a given pest, cannot be determined by a technical evaluation
alone, an economic justification must also be performed [52]. For the Sterile Insect Technique (SIT), a benefit/cost
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analysis (BCA) is applied, whereby the overall value of the technique against alternative insect management options
are compared over a specified period of time — the same approach can be applied to a self-limiting control
programme. This section discusses some important points from a BCA checklist [52] with respect to a self-limiting
control programme and selected insects. Ultimately though, a detailed BCA would be performed for the specific pest
in the proposed treatment area [52].

If the control techniques presently used are ineffective, this could be a significant incentive for a self-limiting control
programme [52]. Despite current control practices, all of the selected insects are reported to cause significant
economic damage to their respective hosts throughout the world [13, 14, 16, 20, 23]. Insecticides are the most
commonly used control strategy, however in many examples this approach has been unsuccessful due to factors
such as insect resistance, cryptic behaviour [13], and regulations on use. With an increasing international preference
for IPM strategies which reduce insecticide residues, a self-limiting approach would be a suitable option. Also, as
previously described, the technique could improve the efficiency of other control strategies to further increase crop
value, due to its effectiveness at low pest densities [50]. However, to justify including a self-limiting approach,
information on current crop losses over several seasons in the target area, would also be helpful [52].

The size of the treatable area is largely influenced by the goal of the programme. If the goal is to eradicate the pest
from a treatment area and protect it from reinvasion, a larger release zone would be required. However, if the goal
is to suppress the pest, whereby a certain damage threshold is tolerated, relatively smaller release zones and
protective buffers would be adequate [53]. The size of the treatable area using a self-limiting control programme is
largely influenced by the capacity to mass rear insects and the logistics associated with releases [52]. However,
when used in combination with other pest management strategies which initially reduce the target population, the
treatable area could be extended without increasing rearing costs [50]. In the case of T. absoluta, glasshouse
horticulture offers an ideal arena for self-limiting control. It is enclosed, so there would be minimal immigration and
emigration, plus the crop is extremely high value so a preventative measure would be a highly attractive strategy.

A substantial amount of the budget for a self-limiting control programme will be designated to insect monitoring, to
gain information about population dynamics pre-release, evaluate progress during the programme and confirm the
status of control during the post-release phase [52]. A substantial benefit of self-limting insects is that they carry a
genetic marker to aid field monitoring. This avoids the need to add dyes to the artificial feeding system and can
reduce or eliminate the number of false positive insects caught on monitoring traps - which is especially important
when a programme is in the eradication phase. They also offer a robust backup option, whereby PCR genotyping
can be used to confirm the identity of insects caught on monitoring traps [54].

One of the key requirements for the success of the technique is the production of sufficient insects, in sufficient
number and of adequate quality. Since a self-limiting control programme would compete economically with other
control techniques, insect production must be timely and cost-effective [52]. Generally, small insects with rapid life
cycles are cheap to rear whereas those which require individual containment, or specialized environments can affect
mass production costs [52]. Larval cannibalism is an example where individual containment would be required [38].
A literature review found that larval cannibalism was not common amongst the selected insects and only tends to
occur in response to overcrowding. When large numbers of insects are required for a self-limiting control programme,
it is possible to take advantage of economies of scale in the rearing facility. For example, ingredients used in artificial
feeding systems, other innovations and automation could be optimised for cost effectiveness. In addition, a major
advantage of the male-selecting technology is the ability to remove large numbers of females simultaneously, by
witholding a dietary additive. Male-only production reduces the amount of diet required by the pre-release generation
and improves the mating efficiency of released males with wild females.

This section has highlighted some of the key points to consider from a BCA checklist, however in practice, for a given
treatment area, the analysis would be approached through a series of steps [52]. A timescale that accounts for all
phases of a control programme would need defining. In addition, various technical and economic aspects would be
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required to determine the geographic scale. Costs associated with control, and other management activities would
need to be determined. Finally, benefits should be measured through such factors as, current costs and losses in
the area to be controlled, the development of additional market opportunities, and the reduction of pesticide
applications and residues [52].

7. Concluding remarks

This feasibility study has raised some important points for further investigation from a technical, biological and
economic viewpoint, concerning each of the selected pest insects. However, the decision to implement a self-limiting
control programme does not just depend on these viewpoints. Ultimately, all approaches that use releases of
genetically engineered insects will require regulatory and public acceptance. This would be dependent on a variety
of factors, including laws and regulations of the country where a control programme is intended, along with various
social, environmental, and political considerations. However, given increasing trends towards effective control
strategies which can reduce the negative impacts of insecticide use - such as insect resistance, various off target
effects and harm caused to human health and the environment - the self-limiting control technology should be
considered an advantageous option.
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