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Abstract

In a context of tighter regulations on approved insecticide molecules, the spread of insecticide
resistance in insect vectors of human and animal diseases and the introduction of exotic vectors to
new territories call for the development of new pest control methods and strategies. New genetic
control methods, related to the ancestral sterile insect technique (SIT), show particular promise
and are being developed in response to increasing health and agricultural challenges. These
include the use of symbionts like Wolbachia and the use of transgenic insect strains, some of which
incorporate gene editing techniques that can lead to transgene spread (gene drive). Here we
present the principles, associated opportunities and risks, as well as the degree of advancement of
these various techniques for a subset of livestock pests and disease vectors including screwworms,
tsetse, mosquitoes and stomoxes. We then present some case studies on recent improvements in
the use of the SIT in tsetse and the release of insects carrying a dominant lethal gene, symbiont-
based approaches and gene drive in mosquitoes. Finally, we call to speed up the development of
genetic control, within a rigorous benefit-risk analysis framework including international public
consultation.

Keywords: sterile insect technique, incompatible insect technique, gene drive, pathogen
interference, wolbachia

Introduction

Awareness of the toxicity of insecticides to living organisms and ecosystems is leading a growing
number of countries to reduce the number of approved molecules (Bouyer 2015). For example,
in 2014, the European Union was authorising four classes of vector control insecticides only, and
only three new classes are being developed by industrials for operational use no earlier than
2019 (McBeath 2015). Moreover, resistance to pyrethroids, the class most commonly used against
insects, is spreading, which could result in its disuse in the short-term. This is particularly true for
mosquito vectors of malaria, the most important vector-borne disease causing fatalities globally),
for which resistance has been observed in all major vector species throughout Africa (Ranson et
al. 2011).

These regulations are being tightened in spite of a growing pressure from insect vectors of human
and animal diseases. This increased pressure is explained by greater resistance to insecticides,
but also by global factors such as climate change or the growth of global trade. These global
factors foster the invasion of new territories by exotic vectors. For example, the tiger mosquito
Aedes albopictus (Skuse), which is native to Asia and a major vector of human arboviruses, caused
indigenous cases of dengue, chikungunya and Zika in Europe (Akiner et al. 2016; Benedict et al.
2007; Rezza et al. 2007). Innovations are therefore urgently required in the field of vector control.
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Recently, the 2009/128/EC Directive on sustainable use of pesticides (EC, 2009) was adapted to
European vectors of animal diseases and SIT appeared as the main alternative biological control
method (Durel et al. 2015). More generally, genetic control appears as one of the main alternatives
to chemical control (Bourtzis et al. 2016; McGraw and O’Neill 2013; Suckling et al. 2014).

Principles, opportunities and risks associated to genetic control

Genetic control consists in the large-scale rearing of insects — whether genetically modified
or not — with the subsequent release of males in order for them to sterilise wild females or
to transfer modifications to the progeny of wild females that are either lethal or impede the
ability to transmit the pathogen. The genetic modifications correspond to random mutations
or to transgenes, whereby foreign genetic material is incorporated in an organism. One variant
consists in establishing novel insect-bacterial symbiotic associations which cause the death of
embryos in females inseminated by the released males (cytoplasmic incompatibility) or block
the transmission of the pathogen (pathogen interference). Symbionts could potentially also be
genetically modified to prevent the infection of the vector, an approach called paratransgenesis.

The sterile insect technique (SIT) is the first and ancestral method from which other genetic
control methods were derived: the males are irradiated and transmit sperm cells carrying many
random lethal mutations to the females they inseminate. It is thus a birth control method that
impacts the next generation. This technique has been used successfully in the control of a number
of insect pests or vectors, such as species of fruit flies in Mexico (Enkerlin et al. 2015), the new
world screwworm from the Americas and Libya (Vargas-Teran et al. 1994; Wyss 2006) and the
tsetse fly in Africa (Vreysen et al. 2000). It is generally considered a biological control method in
Europe, exempted from the regulation on genetically modified organisms (EFSA 2013), although
no specific regulation is available for disease vectors. In the case of plant pests, SIT is also regarded
as a biological control technique, the sterile males being assimilated to beneficial organisms (FAO
2015).

The use of genetically modified male insects to transmit a modification to females has the
advantage of avoiding the need for irradiation! but presents other potential risks associated with
the release of transgenes in the ecosystem. Genetic modifications under consideration could
block the ability to transmit a pathogen, turn females into inoffensive males (Adelman and Tu
2016), skew the sex ratio in favour of males (Galizi et al. 2014, 2016) or even destroy the targeted
insect population. However, genetically modified mosquitoes trigger public reluctance because
of their potential biological risks, including the possibility of uncontrolled transfer of transgenes
to non-targeted insects (EFSA 2013). The risk of horizontal transfer depends on the employed
genetic mechanisms, and in particular on their potential for dissemination, but it is overall very
low (Alphey 2014). It is even lower for transgenes than for symbionts (Loreto and Wallau 2016a).

The use of transgenic strains for vector control interventions is a recent field of research that has
mainly focussed on mosquitoes. Many different mechanisms can be envisioned for control (Alphey
2014) that range from non-diffusive technologies like the release of insects carrying a dominant
lethal gene (RIDL) (Lacroix et al. 2012) or the use of transgenic genetic sexing strains that can be

Vlrradiation is often based on the use of radioactive sources but can also be conducted using safer X-ray machines.
Besides, irradiation is helpful in treating the blood used to feed mosquito vector colonies to prevent vertical transmission
of pathogens, and could be used to secure the mass-rearing of vectors.
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irradiated before release to apply SIT, which have already been developed in Cochliomyia (Concha
et al. 2016), to diffusive techniques like transposable elements and gene drive.

Considering the costs, the more diffusive the technology, the less costly it will be since the initial
number of insects to release decreases. Techniques that are not diffusive like the SIT and RIDL
are the most expensive because they necessitate the continuous release of males if the target
population is not eliminated. When genetic modifications and transfected symbionts confer
fitness costs which can reduce their diffusion in field conditions, a high initial frequency must be
imposed in the target population which is also associated to high costs (Hoffmann et al. 2011).
Moreover, the diffusion of genetic modifications is also limited by intrinsic dispersal capacities
of the target species, which can be very low, for example in the case of Aedes species (outside
occasional passive transport via human transportation, which will generally be insufficient to
establish a modification carrying a fitness cost in a new population). Releases will then have to be
carried out all other the target populations and the associated costs will be proportional to the
target areas although scale savings are of course possible (Barclay et al. 2011). Finally, the use of
transgenic insects is generally associated with intellectual property and commercial interests that
can highly increase their cost, contrary to SIT.

Whatever the selected technology, genetic control requires the mass rearing, handling and release
of sterile or modified insects, which can impact on their quality. Aerial release is recommended
to ensure homogeneous distribution of the released insects (Mubarqui et al. 2014). It is
thereafter critical to assess the competitiveness, survival and dispersal of the released males in
the environmental conditions of the target area in order to make sure that they will be able to
compete with their wild counterparts (Bellini et al. 2013; Sow et al. 2012). Finally, the released
insects will have to show a similar behaviour as their wild counterparts (Vreysen et al. 2011). Below
we develop examples of these technologies including SIT, RIDL, Wolbachia-based and gene drive
approaches against insect pests and disease vectors.

Degree of advancement of the various genetic control methods against vector
species

The degree of advancement of the various gene control technologies varies according to the
vector group (Bourtzis et al. 2016). Table 1 gives an overview of the development of each technique
at the time of writing in four families of vectors, ranging from the concept stage to the large scale
operational control campaigns.

The sterile insect technique

SIT is the most developed technology for the insect families considered (see below a case study
with tsetse flies). It has been used on an operational scale only against screwworms and tsetse
flies, despite promising trials against Stomoxys calcitrans (L.) within an integrated management
strategy in the USA Virgin Islands more than three decades ago (>99% of suppression of the target
population) (Patterson et al. 1981). It might be useful to reconsider its use in areas like La Réunion
island where other techniques failed to achieve a sustainable control of stomoxes (Bouyer et al.
2011). In mosquitoes, the technique is actively being developed against Aedes vectors of major
arboviruses like dengue, chikungunya and Zika but also against Anopheles vectors of malaria and
it will probably become available at the operational scale within the next five years (Bourtzis et
al. 2016).
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Table 1. Degree of advancement of various genetic control methods against four families of vectors and livestock
pest insects.

Technology

Sterile insect
technique (SIT)
Incompatible insect
technique (IIT)
Replacement
(Wolbachia)
Combined SIT/IIT
Paratransgenesis

Gene silencing using
RNA interference
(RNAI)

Release of insects
carrying a dominant
lethal gene (RIDL)
Gene drive

References

Screwworm

operational

laboratory
evaluation (genetic
sexing strain)

Conchaetal. 2016;
Vargas-Teran et al.
1994; Wyss 2006

Tsetse
operational

concept (Wolbachia)

laboratory
evaluation (Sodalis)
laboratory
evaluation

Bourtzis et al. 2016;
Dicko et al. 2014;
Vreysen et al. 2000;
Walshe et al. 2009;

Mosquito
pilot field trials
pilot field trials

pilot field trials, in
course of extension
pilot field trials
semi-field trials
(Asaia)

laboratory
evaluation

pilot field trials, in
course of extension

laboratory
evaluation

Alphey 2014;
Bourtzis et al. 2016;
Gantzetal. 2015;
Hammond et al.

Stomoxes

pilot field trials

laboratory
evaluation

O'Brochta et al.
2000; Patterson et
al. 1981

2016; Haut Conseil
des Biotechnologies
2017; Mancinietal.
2016

Whyard et al. 2015

When considering applications of SIT to insect vectors of human disease (as opposed to
agricultural pests, for which there is no such concern), special attention must be dedicated to
the risk of introducing radiation-induced mutations in the natural insect population. Mutations
in mosquito immune genes could render them hyper-susceptible to a human pathogen they
can vector; therefore, 100% sterility of the released males must be guaranteed to exclude the
possibility of accidentally introducing mutations that could elevate the vector competence of the
mosquito population, especially when a strategy of long term reduction is selected, whereby a
fraction of the initial population is preserved and might be modified by the intervention.

The incompatible insect technique

The incompatible insect technique (IIT) is an approach akin to SIT based on cytoplasmic
incompatibility conferred by certain strains of Wolbachia bacteria, and that can be uni or bi-
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directional2. This technique has been mostly developed against Aedes mosquitoes where it is
currently tested in pilot field trials to reduce target populations (O’Connor et al. 2012). Wolbachia
induces cytoplasmic incompatibility (Cl), i.e. embryonic lethality corresponding to a sperm-egg
incompatibility occurring when infected males mate either with uninfected females or with females
infected with different, incompatible Wolbachia strains. This technique was tested successfully
in laboratory cages in La Réunion, with the introduction of highly competitive infected Culex
quinquefasciatus Say males resulting in a demographic crash (Atyame et al. 2011). It is presently
being tested in a pilot trial in French Polynesia against Aedes polynesiensis (Marks) (H. Bossin,
personal communication; O'Connor et al. 2012).

One of the important risks associated to this strategy is to release, in addition to the intended
males, a few females infected with the Wolbachia strain used for control that may quickly establish
the Wolbachia infection in the target population, thus ‘immunizing’this population against further
IIT interventions. To curb this risk, it could be beneficial to combine IIT with SIT. Actually, a low
irradiation dose suffices to ensure complete sterilization of females, which as a result cannot
establish the Wolbachia infection in the target population, while male sterility is ensured by the
combination of Wolbachia-induced Cland irradiation (Bourtzis et al. 2016). This strategy is presently
tested in a pilot trial in Thailand against Aedes aegypti (P. Kittayapong, personal communication)
and in China against Ae. albopictus (Zhang et al. 2015).

Population replacement using Wolbachia

Transinfection consists in transferring specific bacteria from their natural host to a new host. In the
case of the Wolbachia endosymbiont, this can result in stable novel infections causing cytoplasmic
incompatibility and pathogen interference, two properties that can be exploited in vector control.
The pathogen interference (Pl) strategy has been used successfully to modify local Ae. aegypti
populations in pilot trials in Australia (Hoffmann et al. 2011), even if additional studies will be
necessary to demonstrate the epidemiological impact of this modification, particularly on Dengue
transmission (see below). A variant of Pl is to genetically modify a symbiont (paratransgenesis) to
prevent the transmission of pathogens. This has been successfully tested in laboratory conditions
on Sodalis symbionts of tsetse resulting in fly resistance to trypanosomes (Aksoy et al. 2008) but
never in field conditions at the time of writing. More recently, large cage tests have demonstrated
the ability of genetically modified Asaia bacteria to spread in Anopheles stephensi Liston and
Anopheles gambiae Giles mosquito populations, confirming that using Asaia to deliver anti-
malarial compounds in the mosquito is a valid perspective (Mancini et al. 2016).

Gene silencing using RNA interference

Silencing specific gene expression through RNA interference in larvae proved to be efficient in
the lab to kill Ae. aegypti females by targeting the female-specific isoform of a sex determination
gene (doublesex), concomitantly with testis-expressed genes, which produced a population of
mosquitoes that was both highly male-biased and sterile (Whyard et al. 2015). In these experiments,
double-stranded RNA was produced in bacteria and delivered to the larvae by feeding, a cost-
effective gene silencing method that is potentially compatible with mass rearing with a built-in
sex sorting component. The main challenge with this approach will be the homogeneous delivery
of the RNAi-triggering molecules under large-scale mass rearing conditions to achieve 100%

2 Cytoplasmic incompatibility is unidirectional when released males are sterilizing for wild females, and bidirectional
when, in addition, wild males would be sterilizing for accidentally released females.
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efficiency, but the possibility to produce large amounts of double-stranded RNA using bacteria
or yeast makes it a promising option in the near future. Much work is however still needed to
explore the field competitiveness of such males, especially when they are produced in mass-
rearing conditions, before it becomes available for operational use.

It has also been suggested that the delivery of RNAi elements to mosquitoes through bacteria,
algae or yeasts might also be used to silence essential genes to induce a specific larvicidal effect
(Kumar et al. 2013).

Release of insects carrying a dominant lethal gene

RIDL consists in releasing mosquito males that have been genetically engineered to carry a
dominant lethal gene (Figure 1).

The repression of the lethal gene using tetracycline as a dietary supplement has been the subject
of criticism. Transgenic Ae. aegypti larvae are rescued from lethality by a diet supplemented with
this antibiotic, but even in its absence, up to 3-4% of transgenic larvae survive to adulthood (Phuc
et al. 2007). However, the massive fitness cost conferred by the transgene will lead to its rapid
disappearance in the natural environment. The main associated drawback is that this might cause
a partial modification of the target population through the ‘pollution’ of the local strains with
some of the genetic background of the transgenic strain (from Asian origin, and colonized 14 years

A tTAV DsRed

0,
Production unit 8 99.99%

B Wy

10,000-100,000/day

Figure 1. Principle of the release of insects carrying a dominant lethal gene (RIDL). (A) scheme of the transgene.
The tetracycline activator variant (tTAV) protein binds to its own promoter, activates its own transcription and
perturbs overall gene expression in the cells, resulting in mosquito death, unless tetracycline that binds and
inactivates tTAV is provided. (B) During mass rearing in the production unit, mosquitoes develop normally in the
presence of tetracycline. For an intervention, males are sorted at the pupal stage (based on the smaller size of
male pupae). Once released, they mate with wild females whose progeny will die due to unrestricted tTAV activity.

440 Pests and vector-borne diseases in the livestock industry



- Monday, September 10, 2018 6:55:08 AM - |P Address:188.21.2.78

-90-8686-863-6_14

${ protocol} ://www.wageningenacademic.com/doi/pdf/10.3920/978

14. Genetic control of vectors

ago), with unforeseen effects on vector competence for example. Field trials of this technique are
presented below.

Gene drive

The most diffusive technology at the time of writing is gene drive based on the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system, which
has the potential to invade a full target population from only one or few released individuals
(see below) (Adelman and Tu 2016). Gene drive is based on the super-Mendelian inheritance of a
homing endonuclease-like gene specifically designed to home into, and disrupt, a specific locus
(Burt 2003; Windbichler et al. 2011). On cleaving its specific genomic sequence on the homologous
(non-transgenic) chromosome in a heterozygous individual, this selfish transgene can replicate by
homing with an efficiency reaching 90 to 100% (Figure 2). This underlies its remarkable selective
advantage and spread in the target insect population.

A gene drive construct can be designed to carry another sequence (cargo) in its insertion locus.
After mating with a released gene drive transgenic male, almost all the offspring of a wild female
would thus inherit the construct, theoretically leading to its invasion of the entire population of
the target species within a few generations (Esvelt et al. 2014). Although this concept is relatively
old, the recent advent of the CRISPR-Cas9 system has recently boosted its development in insects

gene drive  wild-type in germ cells of germ cells become
mosquito ™ mosquito F1 progeny homozygous
target locus
e Cas9
—>
* I  gRNA coding gene(s)
1 cargo

Figure 2. Principle of a CRISPR-Cas9 based gene drive in mosquitoes. A compound transgene composed of Cas9
and guide RNA (gRNA) coding genes, and in some designs of a cargo and/or selection marker genes, is inserted on
a mosquito chromosome exactly inside the target site recognized by the gRNA. In embryos formed when such a
transgenic mosquito fertilizes a wild mosquito, the wild chromosome gets cut by Cas9 at the gRNA recognition site.
This DNA break is usually repaired by homologous recombination with the intact chromosome. As a consequence,
the transgene is copied onto the repaired chromosome, which becomes transgenic. Should this mechanism be
100% efficient, inheritance of the transgene would be 100% instead of 50%.
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(Gantzetal. 2015; Hammond et al. 2016). Two vector control approaches based on gene drive are
envisioned: gene drives aiming at population suppression or even elimination, and gene drives
aiming at population modification to decrease vectorial capacity (see below).

Case studies
Recent improvements in the use of SIT against tsetse flies

One of the recent examples of the use of the SIT against vectors is a tsetse fly eradication project
that has beenimplemented in the Niayes area of Senegal, based on an integrated pest management
strategy (Vreysen et al. in press). In 2005, this country initiated a project entitled ‘Projet de lutte
contre les glossines dans les Niayes' (tsetse control program in the Niayes) with the aim of creating
a zone free of Glossina palpalis gambiensis (Vanderplank) in that area. The project received
technical and financial support from the IAEA, the FAOQ, the Centre de Coopération Internationale
en Recherche Agronomique pour le Développement (CIRAD), and the US Department of State
through the Peaceful Uses Initiative (PUI), and was implemented in the context of the Pan African
Tsetse and Trypanosomiasis Eradication Campaign (PATTEC). The project was implemented
following a phased conditional approach (PCA), that entails programme implementation in
distinct phases in which support to the next phase is conditional upon completion of all (or at
least the majority) activities in the previous phase. In the case of the tsetse project in Senegal,
the PCA consisted of 4 phases: (1) training and commitment of all stakeholders; (2) baseline data
collection and feasibility studies; (3) pre-operational activities; and (4) operational activities.

Activities of phase 2 focused on the collection of entomological (Bouyer et al. 2010), veterinary
(Seck et al. 2010), socio-economic (Bouyer et al. 2014) and environmental baseline data, and a
population genetics study that proved that the target population was isolated (Solano et al. 2010).
These data enabled the tsetse infested area to be delimited, the impact of animal trypanosomosis
on the farmers’ welfare to be quantified, and the formulation of an area-wide integrated pest
management strategy to eradicate the isolated tsetse populations from the Niayes that included
a sterile insect (SIT) component.

This project benefited from a strong applied research component and each stage involved
methodological and technological developments. During the pre-operational phase, a series of
activities were carried out that were needed to implement the operational phase.

The operational phase included a reduction of tsetse densities using insecticide traps and
insecticide treatment of cattle followed by the aerial release of sterile males. Habitats suitable to
the tsetse fly were identified by remote sensing based on a population distribution model (Dicko
et al. 2014). Using this model, a low trap density of only 1-3.4 per km? allowed reducing tsetse
populations by more than 95%, thanks to the targeting of the most suitable habitats.

The SIT component included the development of transport methods for long distance shipments
of sterile male pupae. These sterile males were actually produced and irradiated in Burkina Faso
at CIRDES (Centre International de Recherche-Développement sur I'Elevage en Zone Subhumide),
and in Slovakia, by the Slovak Academy of Sciences. They were transported to Senegal by express
delivery under regulated conditions. A specific transport method was developed to guarantee
their survival (in particular, a temperature of 10 °C) (Pagabeleguem et al. 2015) and a quality
control method originally developed in fruit flies SIT programmes was transferred to tsetse to
ascertain that highly competitive sterile males would be released (Seck et al. 2015). They were
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then reared for six days in an insectarium at ISRA, Senegal (Institut Sénégalais de Recherches
Agricoles). Sterile males were released by an automatic machine loaded onto a gyrocopter (Figure
3). This machine, developed by a Mexican company, is piloted by a geographic information system
(GIS) that can adjust the density of sterile males to be released in order to achieve the objective
(Mubarqui et al. 2014). Installed on an Android tablet, this GIS enables the pilot to concentrate
on following release lines, with the machine automatically beginning the release upon entering
the target zone, and ceasing upon exit. Release densities of sterile males were thus adjusted
depending on the availability of suitable habitat predicted by the distribution model (10 sterile
males per km? if the habitat is unsuitable; 100 if it is suitable). The competitiveness of sterile males
was very good (Fried? index ranging from 0.3 to 0.5) (Bouyer et al. 2012; Fried 1971).

Theinnovative elements of this project are currently being transferred to other tsetse fly eradication
projects in Africa, like the tsetse eradication campaign in the Deme valley of Ethiopia, within the
framework of PATTEC. This successful experience can be used as an example for improving or
starting vector control in other parts of the world.

RIDL against mosquitoes

RIDL has been developed (Phuc et al. 2007) and tested by the British-based company Oxitec
against Ae. aegypti in Cayman Islands, Panama and Brazil within small pilot trials (10 to 16 ha)
(Carvalhoetal. 2015; Harris et al. 2011; Lacroix et al. 2012). It is currently extended to larger areas in
Brazil, encompassing 12 km? with nearly 60,000 residents which will allow evaluating its potential

3 Fried index measures the propensity of a wild female to mate with a sterile male if it is given the choice between this
sterile male and a wild male. It is calculated using the ratio of sterile to wild males and the induced sterility in the target
population. For example, the female will mate twice more often with a wild than a sterile male if the Fried index is 0.5.

Figure 3. A gyrocopter releasing sterile tsetse male Glossina palpalis gambiensis in Senegal thanks to an
automatic release machine (photo by Jérémy Bouyer).
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impact on virus transmission (Servick 2016). In the system tested (OX513A strain), the progeny
of transgenic males are killed by the transgene (Alphey 2014). In pilot trials, the target larvae
populations were suppressed by 80 to 96% but an overall low competitiveness of the transgenic
males was observed in the field, ranging from 3 to 6% (Carvalho et al. 2015). This can be partly
blamed on the current legislation inappropriately considering transgenic strains as medicines,
making it necessary to use the originally registered strain everywhere without adjusting its genetic
background (Mexican for OX513A in this case) (Haut Conseil des Biotechnologies 2017), which is
better adapted to laboratory conditions than to the environmental conditions in the target areas.

Finally, the cost of this technique is still high, estimated at $ 5 per person per year in Brazil (Servick
2016) while the total treated area remains minuscule compared to the extent of Ae. aegypti
distribution in this country.

Use of transinfected Wolbachia to transform mosquito populations

A successful trial was conducted in 2011 in two natural Ae. aegypti populations in Australia, using
a strain of Ae. aegypti transinfected with the wMel Wolbachia strain from Drosophila melanogaster
(Hoffmann et al. 2011). The Wolbachia strain, released using infected males at a density allowing
to reach the invasion threshold of 30% (which is quite high due to a loss of fitness in the infected
adults), successfully invaded the two wild populations, reaching near-fixation in a few months, in
the release areas only, following releases (Hoffmann et al. 2011). Pathogen interference from this
Wolbachia strain blocks the transmission of various pathogens including dengue virus, thanks to
a mechanism that is still not fully understood at the time of writing.

A follow-up study demonstrated that the strain was still fixed in the Australian target populations
in 2013 and 2014 (Hoffmann et al. 2014). The strain also did not diffuse outside of treated areas,
which is probably due to the low dispersal capacities of Ae. aegypti combined with the high
invasion threshold necessary to fix wMel Wolbachia because of its intrinsic fitness cost. Moreover,
wMel mosquitoes collected from these localities in January 2012 and challenged with three
dengue virus serotypes still showed little vector competence in comparison to the wild type
(Frentiu et al. 2014).

These open releases were approved by the Australian Pesticides and Veterinary Medicines
Authority (Hoffmann et al. 2011). However, these field releases stimulated debates in the scientific
community about the potential risks associated with this technique (Dobson et al. 2016; Loreto
and Wallau 2016b; O'Neill 2016). One of the controversial points was that this particular symbiotic
association would have a very low probability to appear without human intervention, even if
other Wolbachia strains were previously detected in Ae. aegypti (Coon et al. 2016; Klasson et al.
2009; Woolfit et al. 2009). Still, the man-stimulated spread of such a symbiotic association in a
natural population is currently not raising as much public concern as transgenes. Nevertheless,
predicting how transmitted viruses will react to this new selection pressure is difficult, all the more
so as the mechanism blocking their transmission is still unknown. It cannot be excluded that virus
strains evolve to evade the Wolbachia-mediated mosquito resistance, perhaps with increased
pathogenicity for vectors or even hosts.

Finally, this technique is also costly at the time of writing, although the Eliminate Dengue program
in Brazil plans to bring its cost down to $ 1 per person or less (Servick 2016).
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Gene drive to control mosquitoes

The elimination approach was tested by designing gene drive cassettes homing into three different
female fertility genes (Hammond et al. 2016). In preliminary cage experiments, the frequency
of one of the constructs increased from an initial 50 to 75% within 4 generations, consistent
with a model of invasion - and suppression- of a wild mosquito population in case of release of
this construct. However, the efficacy of these gene drives is currently limited by the unexpected
sterility of heterozygous females. The loss-of-function mutations in these fertility genes should
be recessive, but due to somatic activity of the drive - in addition to the desired activity in the
germ line - females that are initially heterozygous become somatically homozygous and sterile,
hampering a female contribution to the spread of the transgene. In addition, gene drive spread in
nature is likely to be limited by natural genetic diversity and by the appearance of drive-resistant
mutations due to the drive mechanism itself (Champer et al. 2017; Unckless et al. 2017). Work is in
progress to solve these roadblocks and generate more efficient elimination drives. However, it is
important to note that decisions regarding field implementation of elimination drives will have to
consider the possible undesired ecological consequences of the elimination of an entire species
(Hochkirch et al. 2017).

In contrast to these elimination drives, an example of a population modifying gene drive has been
provided for An. stephensi, in which antipathogen effector genes targeting Plasmodium falciparum
and transcribed in female only thanks to blood meal-regulated expression were successfully
transmitted at a very high rate (~99.5%) (Gantz et al. 2015). These results illustrate the possibility
to transform wild populations of vectors in order to interrupt pathogen transmission.

In Ae. aegypti, it was suggested that CRISPR-Cas9 might be used to target the mosquito male
determining factor (M factor) to drive maleness to control wild mosquito populations (Adelman
and Tu 2016). Ectopic expression of M in genetic females would result in female masculinization
or death, whereas males may carry the masculinizing transgene on to their progeny. This would
lead to a fast spread of the transgene in the population, ideally each new transgenic generation
being constituted of transgenic males only. The M factor has only been recently discovered in Ae.
aegypti (Hall et al. 2015) and even more recently in An. gambiae (Krzywinska et al. 2016).

Although very attractive - regarded by some as a silver bullet - gene drive strategies offer the
possibility to alter entire wild populations and therefore ecosystems, and must include robust
safeguards and methods of control (Esvelt et al. 2014). Moreover, two primary risks related to
undesired spread have been identified. First, rare fertile hybridisation events may allow the drive
to affect closely related species (in the Anopheles complex for example). It should be possible to
mitigate this risk by using precision drives (subspecies-specific sequences) to target sequences
unique to the targeted vector. Second, where this method would be employed against invasive
species such as Aedes mosquitoes, the construct might spread from the targeted invasive
populations back into the native distribution range and lead to species eradication. This risk poses
ethical concerns about the desirability of eradicating entire species. It will thus be critical that all
decisions involving the use of suppression drives involve extensive deliberations including but
not limited to ecologists and citizens of potentially affected communities (Esvelt et al. 2014). In
addition, given that these transgenes have the potential to disseminate through borders, their
use will demand international debates and regulations.

A committee of experts appointed by the US National Academies of Sciences, Engineering,
and Medicine has recently estimated that current evaluation and regulatory procedures are
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not adequate to address the risks and requirements of this technology (National Academies of
Sciences, Engineering and Medicine 2016). Therefore, a wide consultation involving regulatory
bodies, scientists, medical authorities, vector control agents and the public is needed to establish
the risk/benefit evaluation and regulatory procedures that are necessary to move this research
from the lab to field implementation (James et al. 2018).

Involving public research and industries

Collaboration between public research and the private sector is needed for the large-scale use
of genetic methods that require mass-rearing and area-wide releases of insects. Gene drive is a
notable exception, since it theoretically requires the release of only few individuals to initiate
target population invasion by the transgene.

In the case of SIT, the large-scale use of sterile insects implies mobilising extensive research and
development programmes, such as the ones leading to the eradication of the screwworm in North
America, Central America and Libya, and of the Mediterranean fruit fly, of agricultural concern,
in Mexico (Enkerlin et al. 2015). However, public research cannot implement these programmes
alone, but can contribute to them by conducting the operational research essential to their
optimisation, success and regulation.

Pesticide industries are faced with increasingly strict regulations limiting the number of approved
molecules and with the shorter lifespan of these molecules because of the spread of genetic
resistance in insects. It is therefore in their interest to invest in the development of new non-toxic
control methods, and to deploy these within an integrated pest control framework, taking into
account lessons learned from past experience. Public research can make significant contributions
to both processes.

Another area of collaboration is the assessment of risks associated with the use of transgenic
insects which requires a case-by-case analysis of risks, which depend on the genetic mechanisms
used, and in particular on their potential for dissemination. In Europe, this analysis can be based
on the European Food Safety Authority recommendations (EFSA 2013).

Although genetic control has potential that must be exploited, no technique should be
automatically ruled out, and it is essential to analyse the advantages, disadvantages and risks
associated with each one. This implies gaining further knowledge of the ecology of target vector
populations, but also of the socio-ecosystems concerned by vector control. It will then be possible
to achieve an optimal and integrative combination of several different methods, with the help of
modelling studies.

Perspectives

Beyond the emerging genetic methods described above, other integrated strategies have been
proposed to amplify the impact of genetic control. For example, implementing SIT requires
sufficient quantities of sterile males to overwhelm wild males in the target population, which
is generally very costly or even impossible when suppression techniques are not fully efficient,
like in the case of Aedes mosquito species. To overcome these obstacles, a variant of SIT, named
‘boosted SIT, has been proposed (Bouyer and Lefrangois 2014). It aims to reduce by 90 to 99%
the quantity of sterile males needed to control or eradicate a target population. In this variant
strategy, sterile males are considered as a specific means of contaminating females with a control
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agent. This agent may be an active substance, bacteria, a fungus or a virus, or even recombinant
versions of these pathogens. An example of proposed association to sterile males are densoviruses
(Bouyer et al. 2016), that are very specific to the target species or closely related species (Carlson
et al. 2006). In the case of the AeDNV virus isolated from Ae. albopictus for example, only other
Aedes or Culex species are sensitive to the virus, while all other insects or crustaceans are not. The
double specificity of action warranted by specific contamination of the target species and larval
habitats through the sterile males and the restricted host range of the virus might allow proposing
efficient and safe vector control methods in the near future.

Conclusion

Genetic control appears as a major alternative to the use of large spectrum insecticides in the
global war opposing humans to pest and vector arthropod species. No technology represents
a solution on its own, but the SIT, the ancestor of all the techniques presented in this chapter,
represents a biological alternative with validated successes in the past and that appears as the
safest alternative at the time of writing. Many opportunities have emerged recently, stimulated
by the spread of vector-borne diseases, particularly mosquito-borne arboviruses like dengue,
chikungunya or Zika. But these opportunities are also accompanied by ecological and ethical
challenges that will necessitate unbiased assessments of potential benefits and risks at an
international level before they can be used at an operational scale.
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