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Abstract

The application of (synthetic) gene drives is a powerful tool to control populations of
insects that are agricultural pests, vectors of diseases, or a threat to biodiversity
potentially leading to the local or global eradication of a species. The potential use of
gene drive organisms has triggered a heated discussion regarding their
environmental impacts and regulatory oversight. However, experience exists in
assessing the environmental impacts of a number of established agricultural pest
control methods that require the release of living organisms, that provide high levels
of area-wide control and that might be irreversible. This includes classical biological
control, the sterile insect technique, the incompatible insect technique that is based
on the cytoplasmic incompatibility caused by Wolbachia endosymbionts, and
genetically modified insects containing self-limiting traits. The different technologies
are described, the regulatory practice and experience is summarized and pathways
through which these control technologies could harm valued ecosystem services are
presented. With a focus on the application of gene drives in agriculture, using the
invasive Drosophila suzukii (Diptera: Drosophilidae) as a case study we then discuss
to what extent the existing frameworks could assist the risk assessment of insects
carrying gene drives. We suggest that drawing on existing practices, experiences and
legislative frameworks will provide a pragmatic and proportionate approach to
evaluate the environmental risks of novel solutions based on gene drive

technologies.
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Abbreviations

SIT - Sterile insect technique

lIT — Incompatible insect technique
ERA — Environmental risk assessment

BCA - Biological control agents
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CBC - Classical biological control

ClI - Cytoplasmic incompatibility

HGT - Horizontal gene transfer

HEG - Homing endonuclease gene
PTH - Pathways to harm

GMO - Genetically modified organism
TPP - Target product profiles

1. INTRODUCTION

While estimates of the number of species on earth vary, insects are by far the
dominating class among the animals (Mora et al., 2011). Some species are a threat
to agricultural production causing significant losses at the pre- and post-harvest stage
(Culliney, 2014; Oerke, 2006; Savary et al., 2019), affect human or animal health by
transmitting diseases (Lounibos, 2002), or have direct or indirect effects on native
biodiversity (Kenis et al., 2009). Consequently, humans have always aimed to control
populations of such harmful species. Increasing challenges such as the invasion of
non-native insect species, e.g., as a consequence of increasing trade (Hulme, 2009)
or climate change (Hulme, 2017), and increasing resistance to commonly used
chemical insecticides (Borel, 2017) require the development and deployment of novel
insect-control techniques. Genetics-based methods provide possible solutions
(Alphey, 2014; Alphey and Bonsall, 2018).

Insect control strategies aim to reduce population size and even eliminate damaging
species (Myers et al., 1998). The Global Eradication and Response Database
(GERDA) currently contains incursion response and eradication programmes against
a total of 183 arthropod species (Kean et al., 2019). Control strategies include the
use of chemical or biological insecticides, resistant crop varieties (bred conventionally
or by genetic engineering), biological control, and genetic control methods such as
the sterile insect technique (SIT) or the incompatible insect technique (IIT) that is
based on the cytoplasmic incompatibility caused by Wolbachia endosymbionts.
Prominent examples of successful suppression or eradication of the target species
are provided in Box 1. While it is recognized that the removal of one species can
have adverse effects on the environment, for example, through food-web effects
(Fang, 2010), only some of the technologies used for insect control are regulated and

need to pass an environmental (and human and animal health) risk assessment
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before being implemented.

It is in this context of currently used insect pest or vector management practices that,
through a comparative approach, the application of (synthetic) gene drives has to be
considered. The term gene drive, first used by Hamilton (1967), describes the
phenomenon of genetic elements spreading through populations because they are
transmitted with a non-Mendelian (greater than 50%) rate to the next generation (Burt
and Trivers, 2006). Natural gene drives or selfish DNA elements such as
transposable elements, meiotic drive elements, endonucleases, B chromosomes,
homing endonuclease genes and Wolbachia endosymbionts have been described
(Burt and Trivers, 2006; Curtis and Sinkins, 1998; Lindholm et al., 2016; Sinkins and
Gould, 2006). The development and adoption of gene drive constructs for insect pest
management is not new and dates back to the 1940s (e.g., Curtis, 1968; Hastings,
1994; Hickey and Craig, 1966a,b; Serebrovsky, 1940). For instance, in ground-
breaking work, Curtis (1968) illustrated that high threshold drives (based on
chromosome inversions) could be used for insect vector management and work
through the 1970s developed, implemented and monitored modified mosquitoes in
field studies (Lorimer, 1981; Lorimer et al., 1976; McDonald et al., 1977). More
recently, Burt (2003) proposed the idea of engineering such genes to target host
DNA sequences and thus manipulate natural populations. The power of gene drives
lies in the fact that they spread genetic elements through populations even though
they are detrimental to the organism. While the concept of gene drives is not new,
discussion about the use and potential risks of synthetic gene drives (= engineered
gene drive) has evolved in recent years and a better understanding of the underlying
mechanisms can help in the design of effective and safe synthetic drive systems
(Lindholm et al., 2016; Sinkins and Gould, 2006).

The advent of molecular biology has allowed these sorts of genetic systems to be
engineered in novel and unique ways. Methods such as chromosome inversions, the
use of endonucleases and most recently the application of CRISPR/Cas9-based
gene editing approaches (Sternberg and Doudna, 2015) have allowed genomes to
be manipulated to bias inheritance away from standard Mendelian patterns. This has

the potential to provide novel gene drive tools in various organisms (Champer et al.,
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2016; Esvelt et al., 2014; Gantz and Bier, 2015; NASEM, 2016). Currently foreseen
approaches for using CRISPR/Cas9-based synthetic gene drives fall into two broad
categories: suppression and modification drives (Alphey, 2014; Champer et al.,
2016). Suppression drives are designed to reduce or eradicate the target organism
populations, like the multitude of other control methods currently applied.
Replacement or modification drives are designed to spread a genetic modification
throughout a population.

The emerging potential of synthetic gene drives has triggered a discussion regarding
environmental and health concerns (Esvelt et al., 2014) as well as ethical
considerations (Caplan et al., 2015; Thompson, 2018). There have been wide
ranging calls for control and regulation of gene drive research and applications
(Adelman et al., 2017; Akbari et al., 2015; Ledford, 2015; Oye et al., 2014 ) and for
consent amongst all communities likely affected by these technologies to be involved
in decisions (Kofler et al., 2018). As a consequence of this debate, a consortium of
NGOs has called for a moratorium on any gene drive research; this has been
rejected by the UN Convention on Biodiversity on several occasions since given the
potential of gene drives it seemed disproportional to block further research (Callaway,
2016, 2018). Redford et al. (2019) provide a good review on the discussion within the
International Union for Conservation of Nature (IUCN) in this respect.

All of this notwithstanding, it is necessary to consider risk assessment frameworks for
synthetic gene drive technologies. Most of the current research on the application of
synthetic gene drives in insects is focused on vector control of mosquitoes (e.g.,
malaria-transmitting Anopheles) to reduce human disease burden (James et al.,
2018). Gene drives could equally play a role in the eradication of invasive species,
disease transmitting vectors, and agricultural pests (Scott et al., 2018; Redford et al.,
2019), and in this article we concentrate on the latter.

Here, we present environmental risk assessment practices and experience with other
agricultural insect pest control technologies that require the release of living insects
(see Box 1) and discuss to what extent these frameworks could assist the risk
assessment of insects carrying gene drives. We focus on the application of gene
drives in agriculture, using Drosophila suzukii (Diptera: Drosophilidae) as a case

study.
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2. EXPERIENCE WITH EXISTING FRAMEWORKS FOR ARTHROPOD CONTROL
Several established agricultural pest control options require the release of living
organisms. Below we provide an overview of the use, existing regulations and
experiences with environmental risk assessment (ERA) of selected control
technologies. This summary is not intended to be comprehensive.

The initial stage in ERA is problem formulation. At this stage the scope of the
assessment is defined, taking into account the policy protection goals (Gray, 2012;
Raybould, 2006; Wolt et al., 2010). This includes the identification of specific or
operational protection goals and the constructions of pathways by which the planned
intervention could harm the entities to be protected (Devos et al., 2015, 2019). This
approach thus ensures that the focus is put on hazards that could potentially lead to
harm. Based on this, risk hypotheses are developed that can subsequently be tested.
Environmental protection goals, as laid down in regulations, describe what elements
of the environment are valued and should be protected from harm. Such policy
protection goals, however, are typically very broad and vague and thus need to be
translated into operational or specific protection goals that “delineate the
environmental components that need to be protected, where and over what time
period, and the maximum impacts that can be tolerated” (Devos et al., 2015; Sanvido
et al., 2012). A policy protection goal that typically applies to arthropod pest control
methods is that of biodiversity, which covers important ecosystem services (Millenium
Ecosystem Assessment; MEA, 2005). For the purpose of this paper we will focus on
regulatory risk frameworks for assessing protection goals around the ecosystem
services of biological control provided by natural enemies (such as predators and
parasitoids).

At the outset, it is important to emphasize that some of the information requested by
regulatory authorities on a particular organism/product aim to characterize the
regulated entity or product and are not required for ERA. The differentiation is often

difficult to make.

2.1. Classical Biological Control

2.1.1. Background

Releasing biological control agents (BCA) such as predators and parasitoids to
control arthropod pests is an important pest management tool. There are two

principal applications of BCA (Heimpel and Mills, 2017). In augmentative biological
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control, native or exotic species are mass-reared and repeatedly released in the field
or the greenhouse; establishment and dispersal is not intended. The aim is a short-
term or season-long suppression of the target pest. In the case of Classical Biological
Control (CBC), natural enemies of invasive arthropod pests are (typically) introduced
from the pest’s area of origin. They are released with the aim to establish and to
provide long-term control of the target pest, potentially even leading to the eradication
of the exotic pest (Box 1). Consequently, potential environmental effects caused by
this release are likely to be irreversible (Barratt and Ehlers, 2017). The application of
CBC could thus serve as a model for ERA of arthropods with gene drives (Webber et
al., 2015).

The story of CBC started with a spectacular success when in 1888/89 the ladybird
beetle Rodolia cardinalis (Coleoptera: Coccinellidae) was introduced to California
from New Zealand to control the cottony cushion scale Icerya purchasi (Hemiptera:
Monophlebidae) (Caltagirone and Doutt, 1989). Since then (until 2010) a total of 6158
introductions have been recorded, using 2384 different natural enemies against 588
pest species in 148 countries for classical biological control of plant and arthropod
pests worldwide (BIOCAT database; Cock et al., 2016; Greathead and Greathead,
1992). In 32.6% of cases, the introduced species established in the new
environment. Despite this long history, the prevalence of the risk associated with
CBC only came to light in the 1980s following a series of publications that
emphasized the potential harmful effects of exotic natural enemies (Howarth, 1983,
1991; Simberloff and Stiling, 1996). Numerous hazards of releasing exotic BCA to
non-target organisms have been identified (Barratt and Ehlers, 2017; Heimpel and
Mills, 2017; van Lenteren et al., 2003). These potential effects could be direct, e.qg.,
the exotic species attacks native species, or indirect, caused e.g., by competition
with, or displacement of, native natural enemies, or by hybridization with closely
related native species. Therefore, an ERA should precede the release of exotic
biocontrol agents. Over the years, regulators have become more risk-averse and, as
a consequence, it is expected today that CBC programmes do follow appropriate risk

evaluations and focus on only deploying highly specialist natural enemies.

2.1.2. Regulations
Guidelines for ERA procedures and data requirements concerning the use of exotic

BCA have been produced by various international organizations including the Food
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and Agriculture Organization of the United Nations (FAO, 2005), the Organisation for
Economic Co-operation and Development (OECD, 2004), the European and
Mediterranean Plant Protection Organization (EPPO, 2014), the North American
Plant Protection Organization (NAPPO, 2015) and the Western Palaearctic Regional
Section of the International Organization for Biological Control of Noxious Animals
and Plants (IOBC/WPRS) (Bigler et al., 2005). While these guidelines have been
transcribed into national legislation to varying degrees, several countries still have no
specific types of regulations for biological control agents (Mason et al., 2017). ERA
procedures and data requirements vary significantly. For example, many countries in
Europe do not regulate the use and release of BCAs as long as they are not GMO.
However, for CBC agents a harmonised approach is warranted, as has been
achieved for the NAPPO region (Canada, USA, and Mexico) (Hunt et al., 2008;
Mason et al., 2017), since biological control organisms released in this region are

intended to establish and potentially disperse across the Americas.

2.1.3 Experience with Environmental Risk Assessment

The organism under consideration needs to be characterized in detail. In many
jurisdictions, this includes a statement on the strain and biotype that is used, as it has
become increasingly evident that the success (and thus also the potential risk) of a
BCA differs between strains and/or biotypes as they can, for example, differ in their
ability to diapause (Barratt and Ehlers, 2017; Barratt et al., 2010).

Exotic BCAs used in CBC programmes are intended to establish in the area of
introduction and the focus of the ERA is on non-target effects within the receiving
ecosystem(s). Three elements are important to assess this risk (Barratt and Ehlers,
2017): (i) information on the host/prey specificity of the BCA in its native range of
distribution, (ii) information on host/prey specificity and non-target effects available
from other countries/areas where the same BCA has already been introduced, and
(i) information from host/prey specificity testing.

Arthropod agents that are regarded as potentially useful based on the current
knowledge of their host/prey-range (elements (i) and (ii) above) can then be
introduced into a quarantine facility in the country designated for release (Barratt et
al., 2010; Hunt et al., 2008). Under quarantine conditions, the host/prey range of the
agent is subsequently tested using non-target species from the area of planned

release. Once host/prey-specificity data have been collected, an application for full
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environmental release can be submitted.

For host/prey-specificity testing, non-target species are selected that (i) have
phylogenetic/taxonomic affinities to the target(s) of the BCA, (ii) have ecological
similarities (e.g., occupy the same habitat or niche) with the target(s), or (iii) are of
particular value (e.g., species of economic or iconic value, species that are
threatened or endangered, keystone species) (Barratt and Ehlers, 2017; Kuhlmann et
al., 2006). The non-target species list compiled has to be approved (or at least
acknowledged) by the regulatory authority in some jurisdictions (Hunt et al., 2008). In
recent CBC programmes for arthropod control, between 12 and 25 non-target
species have been tested for a single BCA (De Clercq et al., 2011).

In the first instance, no-choice experiments are conducted (van Lenteren et al.,
2006). Such tests are considered worst-case and establish the physiological host
range of the BCA. They often overestimate the ecological host range (resulting in
false positives) since the ecological host range is also affected by numerous other
factors that include species distribution, phenology and ecoclimatic tolerance
(Babendreier et al., 2005; Jenner et al., 2014; Louda et al., 2003). This
overestimation is desirable in an ERA since it minimizes the occurrence of false-
negative results and the chance that potentially harmful organisms are released.
However, on the other hand, false-positive results may lead to the unnecessary
rejection of potentially safe agents. Thus, “One of the main challenges for future
research is to develop techniques for carrying out more ‘natural’ laboratory bioassays
which will inform the ecological host range investigations from within the confines of
guarantine facilities, and which may also be designed to better allow the expression
of natural host finding and acceptance behaviors of the insects in confinement, ...”
(Barratt et al., 2010).

In cases where non-target species are successfully attacked by the BCA under
(worst-case) laboratory conditions, the ecological host/prey range needs to be
established. Experimentally this can, for example, involve the use of choice
experiments where the extent to which the BCA prefers the non-target species over
the target species is tested (van Lenteren et al., 2006). While there is no guidance on
the use of semi field or restricted field releases, experiments may be conducted in the
area of origin of the CBC agent, if applicable (Heimpel and Mills, 2017).

In addition to host-range testing, the quarantine phase is important to confirm the

species identity and quality control of cultures, including evidence that the reared
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population is free of contaminants such as other antagonists (e.g., hyperparasitoids)
or diseases (e.g., Bigler et al., 2005; EPPO, 2014; Mason et al., 2017).

Unique to the regulation of BCAs is the fact that a risk/benefit analysis is conducted
as part of the ERA in some jurisdictions (e.g., New Zealand, HSNO Act 1996;
recommended also in the new EPPO standard PM6/4) as well as the effects of
alternative pest control methods (Barratt and Ehlers, 2017; Bigler et al., 2005; EPPO,
2014; Mason et al., 2017; OECD, 2004).

2.1.4 Risk Management Considerations

Post-release monitoring is a pre-requisite for the release of exotic BCAs in some
jurisdictions (e.g., NAPPO, 2015) and also recommended in others (EPPO, 2014).
The aim of this monitoring is to assess the efficacy of the CBC programme as well as
the complex indirect, ecological interactions that may emerge. This includes, for
example, monitoring the spread of the BCA and population establishment, attack on
target and non-target organisms, and changes in target/non-target population and
community level processes/structures. This information plays an important role in
improving the predictions of the impacts of candidate control agents in the future.
Reversibility of the release is not specifically considered in any CBC programme. It
has, however, been suggested that the impact of a CBC agent could be reversed by

introducing an additional natural enemy (Heimpel and Mills, 2017).

2.2. Sterile Insect Technique (SIT)

2.2.1. Background

The SIT involves the repetitive release of mass-produced sterilized insects (typically
males) (Dyck et al., 2005; Krafsur, 1998). The target species is mass-reared, sexes
are separated (where practical), males are sterilized and subsequently released.
Offspring of wild females that have mated with the released sterilized males are
nonviable.

SIT was first implemented in pest-management programmes against the New World
screwworm (Cochliomya hominivorax; Diptera: Calliphoridae) in the USA in the
1950s (see Box 1). Since then a number of species have been targeted; SIT has
been most successful in controlling lepidopteran and dipteran pests (Klassen and
Curtis, 2005; Krafsur, 1998). Most SIT programmes have been directed against

populations of exotic (invasive) species targeting the population in the area of

10
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introduction rather than the whole natural range (Nagel and Peveling, 2005).

In the context of our work here, we focus on the most common approach of
sterilization, i.e. using ionizing radiation, which causes dominant lethal mutations in
the sperm (Bakri et al., 2005). In Lepidopterans, induced inherited sterility, where the
radiation-induced deleterious effects are inherited by the F1 generation, has been
found to be the optimal strategy (Carpenter et al., 2005). It requires a lower dose of
radiation than when causing immediate sterility and has less effects on the fitness
and mating competitiveness of the released males with wild type males. Sterility,
however, can also be obtained by other means, including chemical sterilants, genetic
engineering (Alphey, 2014; Phuc et al., 2007; see 2.4), by incompatible insect
technique such as that created by Wolbachia infections (Nikolouli et al., 2018; see
2.3), or through hybrid sterility (Robinson, 2005).

The success of any SIT programme depends on a number of factors (Nikolouli et al.,
2018, Suckling, 2003): (i) the target population must be present at low levels; (ii)
good knowledge of the genetics, biology and ecology of the target species (e.g.,
migration and mating behaviour, host range); (iii) availability of mass-rearing facilities
to produce large numbers of high quality insects; (iv) an efficient sexing tool should
be available; and, (v) established technology for release and monitoring of the sterile
insects over large areas, covering the whole target population should be available.
Effectiveness of SIT is associated with the fitness of the sterilized male insects as
related to their dispersal ability, longevity, and ability to compete with wild males for
mating with wild females. These parameters are evaluated not only under laboratory
conditions but also in field cages and open field experiments (Calkins and Parker,
2005). In general, chemical or radiation techniques cause significant fithess decrease
in sterilized males (Bakri et al., 2005; Calkins and Parker, 2005) and it is essential to
select a dose that optimizes fitness and sterility (Suckling, 2003). The
competitiveness of the sterilized insects is impacted by various factors including the
strain used, the rearing system, the sterilization process, the handling, shipping and
release methods. It is thus important that quality control and assurance protocols are
developed (e.qg., for fruit flies; FAO/IAEA/USDA, 2003) to ensure that the released
insects meet minimum quality standards. For SIT programmes to be effective it is
important that the target population is overflooded with sterilized insects in sufficient
numbers to outmatch natural population growth. While the ratio of sterile to wild

insects to be released varies among species, it can reach ratios of more than 100:1

11
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(Nagel and Peveling, 2005) as for example recommended for codling moth control in
New Zealand (Horner et al., 2016). The efficiency of SIT increases with decreasing
target pest population. A prerequisite for successful SIT application is that the target
pest population is already reduced by other control means and the technology is best
applied within an area-wide integrated pest management programme (Hendrichs et
al., 2005; Klassen, 2005; Mangan, 2005).

SIT programmes require repeated releases of sterilized insects, typically over long
timescales. Successful programmes can lead to area-wide eradications of the target
pests (see Box 1). SIT is also used as a preventative strategy to block the invasion of
pest species, as for example in a buffer zone between North and South America to
prevent the reinvasion of screwworms (Scott et al., 2017).

2.2.2. Regulations

There is some uncertainty regarding the regulatory oversight of the release of
sterilized insects as part of SIT programmes. Historically, sterile insects were not
considered to be biological control agents since they are not self-replicating
(Robinson and Hendrichs, 2005). It took until the 2005 revision of the Guidelines for
the Export, Shipment, Import and Release of Biological Control Agents and other
Beneficial Organisms: International Standard for Phytosanitary Measures 3, for sterile
insects to be included as “beneficials” (FAO, 2005). Recently, in France, the High
Council of Public Health has released recommendations related to the authorization
of the release of SIT mosquitoes for the purpose of vector control (HCSP, 2018).
There, the most important ecological risks identified include species replacement, the
residual fertility of irradiated mosquitoes and the impact on mosquito predators such
as bats. Beyond this (to our knowledge), sterilized insects are not specifically
addressed in any other regulatory documents or guidelines. Any regulation of SIT is
triggered by (i) the fact that the species to be introduced and mass-produced is
exotic; or (ii) the use of particular radioactive isotopes for sterilization or (iii) by the

use of genetic engineering (for the latter see section 2.4.).

2.2.3. Experience with Environmental Risk Assessment
It is generally acknowledged that sterile insects pose a low risk to the environment
(Krafsur, 1998; Nagel and Peveling, 2005). The SIT works through mating, so the

induced sterility is directed exclusively to the target species, and no direct adverse

12
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effects on non-target species are expected or have been reported (Nagel and
Peveling, 2005). A number of indirect environmental risks related to SIT are
discussed (Nagel and Peveling, 2005). These include, first, risks related to the
handling of the sterilants: the use of radioactive isotopes as sterilants requires that
facilities are operated according to nuclear safety standards. Second, the release of
large numbers of sterilized insects and the suppression of the target pest can lead to
changes in interactions among species and food webs. While this is difficult to
assess, the impact is generally regarded as being negligible as the effects caused by
the mass-release of sterilized insects are short-lived since the insects cannot
reproduce and the pests are typically invasive (non-native) in the area in which they
are targeted. A third risk is that of unintentional releases or escapes of fertile insects
(Parker, 2005). Consequently, setting up mass-rearing facilities within the potential
habitats of the target pest population requires adherence to strict quarantine
guidelines during production and shipping (Nagel and Peveling, 2005). In some
cases, production is only allowed in regions where the pest is already established or
where environmental conditions prevent establishment. An example is sterile fruit fly
production in the USA (USDA, 2001). In addition, it is recommended that responsible
authorities verify the effectiveness of the sterilizing treatments prior to the release
(FAO, 2005). A fourth risk of SIT programmes relates to adverse effects caused by
conventional control techniques (e.g., insecticides) that are used for population
suppression prior to the release of sterilized insects (Nagel and Peveling, 2005). In

general there is no formal ERA procedures in place for SIT.

2.2.4. Risk Management Considerations

Monitoring the effectiveness of a SIT release is an integral part of any programme
(Parker, 2005). The FAO (2005) standard mentions, in particular, the marking of the
sterile insects to differentiate them from wild insects to be able to monitor the release
of the organisms “in order to evaluate and, as necessary, respond to the impact on
the target and non-target organisms”. Each batch is monitored for radiation dose to
ensure reasonable levels of sterilization occur. Otherwise, no additional risk
management schemes are deployed after release, given that the sterilized insects
are not able to reproduce, and thus any adverse impact would be highly localized and

could (if required) be controlled using conventional (e.g., insecticide) methods.

13
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2.3. Wolbachia-infected Insects

2.3.1. Background

Wolbachia (type species W. pipientis, Rickettsiales: Rickettsiaceae) are intracellular,
maternally inherited endosymbionts that manipulate the reproduction of their host in
various ways to favour their own maternal transmission (Werren et al., 2008). They
are estimated to be present in 40 - 60% of insect species (Hilgenboecker et al., 2008;
Weinert et al., 2015; Zug and Hammerstein, 2012). In addition to vertical
transmission, they can also transmit horizontally to infect new host species (Werren
et al., 1995, 2008), however, this appears to be a very rare event (Sinkins and Gould,
2006). While the transfer of Wolbachia between arthropod herbivores and their
predators has not been observed (Hurst et al., 2012; Popovici et al., 2010) it does
occur in parasitoid-host relationships both from host to parasitoid and also between
parasitoids attacking the same host (Ahmed et al., 2015; Heath et al., 1999;
Pattabhiramaiah et al., 2011; Stouthamer et al., 1999). There is evidence that
horizontal gene transfer occurs between Wolbachia and its host (Choi et al., 2015;
Klasson et al., 2009).

Wolbachia strains are regarded as selfish genetic elements that are deployed in
incompatible insect technique (IIT) programs (Alphey, 2014). Cytoplasmic
incompatibility (ClI) (i.e., sperm-egg incompatibility) is the most common drive system
of Wolbachia (O’Neill et al., 1997; Werren et al., 2008). The molecular basis of ClI
was recently described by LePage et al. (2017) and Lindsey et al. (2018). Under
natural conditions, for example, the rapid spread of Wolbachia wRi-infected strains
has been observed in Drosophila simulans in California (Turelli and Hoffmann, 1991;
Weeks et al., 2007) and in Australia (Kriesner et al., 2013).

Unidirectional Cl occurs between Wolbachia-infected and uninfected populations.
Uninfected females only produce viable offspring when they mate with uninfected
males but not when they mate with infected males. Infected females, however, can
successfully mate with infected and uninfected males and thus have a reproductive
advantage. Consequently, the Wolbachia infection will spread through the population
(Alphey, 2014; O’'Neill et al., 1997). Bidirectional Cl is found in populations that are
infected with different (incompatible) Wolbachia strains. In this case, only matings
between females and males carrying the same Wolbachia strain will result in
offspring.

Cl caused by Wolbachia can be deployed for the control or alteration of pest
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populations in two main ways. First, the release of Wolbachia-infected males that are
incompatible with the resident (uninfected) females could lead to population
suppression (as though the males were sterilized) (termed incompatible insect
technique, IIT). As males are dead-end hosts for the Wolbachia, the introduced strain
does not establish in the target population. The first success of this approach was
achieved in the 1960s (Laven, 1967) (see Box 1). At that time, however, the role of
Wolbachia was unknown. More recently, control of natural Ae. albopictus populations
by the release of males infected with the Wolbachia ZAP (also known as wPip) strain
has been reported from the USA and a product (ZAP Males®) was approved by the
US EPA in November 2017 (US EPA, 2017; Waltz 2017). As for SIT, large numbers
of infected males have to be released. For example, a release ratio of 10 Wolbachia-
infected males per 1 wild male is recommended (releases twice per week) for ZAP
Males® (US EPA, 2017). Recently, Zheng et al. (2019) demonstrated that the release
of wPip-infected Ae. albopictus (that were exposed to low-dose radiation to sterilize
females prior to release) caused more than 90% population suppression on two
islands in a river in Guongzhou, China. Second, Wolbachia can also be deployed to
alter/replace a population of the target species (Bourtzis et al., 2014). This could for
example be used to cause disease resistance in an insect vector population as
certain strains of Wolbachia are known to limit their hosts’ ability to transmit
mosquito-borne pathogens (Iturbe-Ormaexte et al., 2011). The feasibility of this
approach has been documented in semi-field experiments (Walker et al., 2011) and
in the open field in Australia, where the wMel Wolbachia infection introduced into the
Dengue vector mosquito Aedes aegypti (Diptera: Culicidae) was found to have
successfully invaded the natural Ae. aegypti populations reaching near-fixation within
a few months (Hoffmann et al., 2011, 2014; Schmidt et al., 2017).

The possibility of transferring Wolbachia mechanically into novel hosts
(transinfection) to create associations not restricted by mating barriers has vastly
increased the possibilities for application of this technology (Hughes and Rasgon,
2014). The most widespread and successful technique is that of microinjection of
early embryos (Hughes and Rasgon, 2014). For example, using this technique,
Wolbachia have been successfully introduced into a naturally uninfected pest, the
Mediterranean fruit fly Ceratitis capitata (Diptera: Tephritidae) (Zabalou et al., 2004),
and the mosquitoes Ae. aegypti (Xi et al. 2005) and Anopheles stephensi (Bian et al.,
2013). In the case of C. capitata, strong unidirectional Cl causes crosses between
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infected males and uninfected females to produce virtually no viable offspring,
resulting in population suppression in cage experiments (Zabalou et al., 2004, 2009).
The use of novel Wolbachia-host associations for pest control requires the selection
of an appropriate Wolbachia strain, successful transinfection and adaptations,
investigations to detect potential fithess costs, and that the original host effects
associated with a particular Wolbachia strain persist after transfer to the new host
(Hoffmann et al., 2015; Hughes and Rasgon, 2014). Continuous selection is key to
establish a stable transinfected line. When population suppression is the goal, it is
advantageous to select a strain with a low invasion threshold (i.e., a strain with a low
fithess cost associated with the Wolbachia infection) to limit the number of infected
insects that need to be released (Hoffmann et al., 2015). As with SIT, it is
advantageous to reduce the target populations, for example by insecticides, prior to

the releases to reach higher levels of efficacy.

2.3.2. Regulations

Regulatory experience with the assessment of Wolbachia-infected insects has so far
only been gained with mosquitoes. In the US, EPA has been regulating Wolbachia as
a biopesticide since 2011. This includes experimental use permits for Ae.
polynesiensis, Ae. albopictus, and Ae. aegypti (Dobson et al., 2016). In November
2017, US EPA approved the release of Wolbachia-infected Aedes albopictus males
(ZAP Males®) to control this important vector in the USA (US EPA, 2017; Waltz,
2017). The agency evaluated the Wolbachia ZAP strain as a new microbial pesticide
under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and its use in
male Ae. albopictus. In Australia, the case involved the release of Aedes aegypti.
Since both the mosquitoes and the Wolbachia strain (wMel) used occur naturally in
Australia, this “novel organism association” did not fall under the various legislation
that regulates the release of species in Australia (De Barro et al., 2011). After
circulating through the various Federal agencies it was finally assessed in a similar
manner to veterinary chemical products, i.e., considering Wolbachia as a
“substance”, by the Australian Pesticides and Veterinary Medicines Authority
(APVMA) (De Barro et al., 2011). In Europe, both the bacterium and the host
arthropod are regarded and regulated as biocidal products and regulated accordingly,
while their combination is not (EU, 2018).
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2.3.3. Experience with Environmental Risk Assessment

In the case of Wolbachia-infected mosquitoes, the risk assessments conducted
focused on the (i) effects on humans, and (ii) effects on the environment. Effects on
humans were regarded as negligible given the fact that exposure is close to zero
since only infected males are released, and male mosquitoes do not bite. It is
important, however, that no Wolbachia-infected females are released since this could
lead to the spread of the infection and consequently to population replacement rather
than the intended suppression (Bourtzis et al., 2014). Consequently, a highly efficient
sex-separation tool needs to be available or the methodology has to be combined
with other tools such as low-dose irradiation to sterilize any females present
(Nikolouli et al., 2018). For example, in the population suppression application of
Wolbachia ZAP Males®, the sex separation technique applied is so efficient that the
ratio at release is 1 infected female to 250,000 infected males (US EPA, 2017).

In respect of environmental impacts, the assessments focused on the horizontal
transfer of Wolbachia, the impact on non-target species that consume the infected
mosquitoes, and on food-web effects (Murphy et al., 2010; Murray et al., 2016; US
EPA, 2017). In general, horizontal transfers of Wolbachia are possible but appear to
be very uncommon and may pose no new threat given that Wolbachia is naturally
very common in arthropods and nematodes (O’Neill et al., 1997; Sinkins and Gould,
2006; Werren et al., 2008). Given that only males are released, which cannot
transmit the Wolbachia vertically, exposure is limited to the lifespan of the males
(O’'Connor et al., 2012). Also, direct effects on mammals, birds and insects after
ingestion of the Wolbachia-infected mosquitoes were considered to be negligible.
The environmental risk of Wolbachia-infected mosquitoes has been assessed for Ae.
aegypti in Australia (Murphy et al., 2010; Murray et al., 2016) and in Vietnam
(Vietnam Eliminate Dengue Project, 2011). In the case of Ae. aegypti in Australia,
food-web effects were regarded as negligible given the fact that the species was not
considered to be an important component of the environment and the fact that

alternative (current) control measures deliberately reduce the population.

2.3.4 Risk Management Considerations
Monitoring is recommended to inform on the effectiveness and success of the
release, but no formal risk management options are required. There appears to be no

formal requirement to collect information during the post-release phase to confirm the
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ERA assumptions and conclusions.

2.4. Genetically Modified Insects

2.4.1. Background

Insects are genetically modified to introduce new traits, among them traits to
suppress target insect populations (Slade and Morrison, 2014). Current applications
of genetically modified (GM) insects are restricted to insects containing a self-limiting
trait (Beech and Miller, 2013), that result in non-viable offspring due to the
introduction of a repressible lethal genetic system (Phuc et al., 2007). As with SIT,
this control strategy is based on repetitive release of mass-produced males carrying
the lethal trait, which mate with females resulting in offspring that die before
adulthood (Beech et al., 2009). The second generation of genetically modified insects
was developed in such a way that male offspring survive thereby allowing additional
mating cycles to reduce the pest population (Slade and Morrison, 2014).

This self-limiting technology has been used in open releases with the first generation
mosquito Aedes aegypti OX513A to suppress local Ae. aegypti populations, vector of
viruses causing diseases such as dengue and Zika (Alphey and Beech, 2012)
resulting in more than 90% population suppression. OX513A has been tested since
2009 in trials in Malaysia (Lacroix et al., 2012; Lee et al., 2013), the Cayman Islands
(Harris et al., 2011, 2012), Brazil (Carvalho et al., 2015), and Panama (Gorman et al.,
2015), and activities are planned in Florida (USA) and India. In 2018, field trials with
the second generation RIDL Ae. aegypti were also started in Brazil.

This self-limiting technology is also being developed to control arthropod pest species
such as the fall army worm (Spodotera frugiperda), diamondback moth (Plutella
xylostella), olive fly (Bactrocera olea), Mediterranean fruit fly (Ceratitis capitata) and
the spotted wing drosophila (Drosophila suzukii) (www.oxitec.com). Small scale field
trials took place in 2017 in Geneva (NY, USA) with the OX4319L diamondback moth
to test dispersal, survival and efficacy in suppression of the local diamondback moth
population on cotton (Bolton et al., 2019). Previous glasshouse experiments have
demonstrated the effectiveness of this approach (Harvey-Samuel et al., 2015).

The only larger scale field releases with GM agricultural pests were performed with
radiation-sterilized pink bollworms genetically modified to express the fluorescent
marker DsRed2. About 20 million insects were released and demonstrated field

performance similar to that of a standard strain (Simmons et al., 2007, 2011).
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2.4.2. Regulations

GM insects are regulated in almost all jurisdictions under specific GMO legislation
and regulatory experience has therefore been gained in countries where actual
releases have taken place. In all jurisdictions an ERA is performed before GM insects
can be released in the open, to assess potential adverse effects on the environment,
including effects on human health. Guidance documents have been developed over
the last few years that are specific to the use of GM insects. The World Health
Organisation (WHO) has been at the forefront of developing guidance on the use of
GM mosquitoes for many years, setting up projects for a harmonized framework of
assessment (WHO, 2014). In 2016 additional guidance was published for living
modified (LM) insects that act as vector of human and animal diseases, under the
Cartagena Protocol on Biosafety (CBD, 2016). Regional approaches for GM insects
have also been developed: NAPPO Standard RSPM 27 (NAPPO, 2007) and
European Food Safety Authority Risk Assessment Guidance for GM Animals (EFSA,
2013) (Alphey and Beech, 2012, Beech and Miller, 2013; Wentworth, 2014). These
guidelines do not differ greatly with respect to the ERA approach, but they do have
different scopes. The WHO guidance is applicable for GM mosquitoes in all stages of
release in the context of human health, the NAPPO standard (2007) is meant for
importation and confined field release of GM arthropods in a phytosanitary context
and the EFSA Guidance (2013) covers unconfined releases of all GM insects in the
context of environmental safety. Other differences are the baseline used for
comparison, the inclusion (or not) of efficacy measurement, and consideration of
potential benefits of the application. Benefits are considered only in the WHO
guidance, not in the other guidance mentioned.

An important aspect in these guidance documents is a phased approach for testing
new technologies such as GM insects (Beech et al., 2012). A step-wise approach is
advised to assess their potential risks, from laboratory to open release. Steps
between the laboratory and open releases include ecologically (e.g., release in
regions where organisms cannot overwinter) or physically (e.g., releases on islands)
confined field trials and staged open field trials (WHO, 2014). During these steps the
exposure to the environment is increased and containment of trials is reduced in a
step-wise manner, but only if evaluation of the earlier steps indicates that the next

step can be taken in terms of environmental safety (Glandorf and Breyer, 2016).
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2.4.3. Experience with Environmental Risk Assessment

Experience with the ERA over the last few years involved Ae. aegypti OX513A and
was focused on direct and indirect effects on (i) human health and (ii) the
environment. For GM insects the ERA focusses on hazards related to the newly
introduced traits (or expressed metabolites) in the insect (Mumford, 2012).

Most recent ERAs of Ae. aegypti OX513A are for an open release in Florida (FDA,
2016) and for a potential release on the island of Saba (Glandorf, 2017). With respect
to the environment, the risk assessment focused on effects resulting from, for
example, any fitness increase in the GM mosquito due to the introduced trait,
consequences of horizontal gene transfer (HGT) of the introduced genes, interactions
with non-target organisms after ingestion of GM insects, and effects on the food web
resulting from lack of food due to suppression the natural Aedes populations. No
fitness increase due to the newly introduced trait was observed. The probability of
HGT was considered to be very unlikely, given the stable integration of the newly
introduced genes in the genome of the GM mosquito. Even if HGT did occur, no
adverse effects would be expected based on the nature of the transferred traits.
Potential negative effects on non-target organism that consume GM Aedes were
considered unlikely, based on feeding studies and the non-toxic and non-allergenic
nature of the newly expressed proteins. Effects on the food web were considered to
be negligible, since Ae. aegypti is not a keystone species as it occupies a narrow
anthropophilic niche. In the context of the current vector control, potential adverse
effects of GM Ae. aegypti on human health and the environment are therefore
considered to be negligible (FDA, 2016; Glandorf, 2017), thereby confirming earlier
conclusions of Brazil from 2014 (CTNBio, 2014).

2.4.4 Risk Management Considerations

If risks are identified in the ERA, risk management measures (confinement
measures) can be imposed on the release. As with SIT, monitoring of the insects and
their efficacy is part of any programme (Parker, 2005). Monitoring of GM insects is
enabled by a specific genetic marker to differentiate them from their wild counterpart,
such as fluorescence based on the DsREd marker (Phuc et al., 2007) carried by all of
Oxitec’s genetically modified insects. The primary goal of monitoring GM insects is to
detect potential adverse effects on human health and the environment (CBD, 2016)

and is part of most field trials. Recently, hybridization between the released
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population of OX513A Ae. aegypti and the native population has been reported in
Brazil (Evans et al., 2019). The hybrid offspring, however, did not contain any
transgenes and no evidence for environmental harm resulting from transferred
background genes was provided.

In the EU, post-market monitoring for GM insects is obligatory but this may not be the
case in all jurisdictions. In case of adverse effects, the releases of GM insects can be
terminated, after which their number is expected to decline given their limited

survival. Treatment with insecticides is another option to manage populations.

2.5. Defining Pathways to Harm

The ecosystem service of biological pest control (i.e., the regulation of herbivores by
arthropod predators and parasitoids) is an environmental component that is valued
(in terms of human wellbeing) and should not be harmed by agricultural interventions
(MEA, 2005). Across the different technologies described in section 2 that aim to
suppress target pest(s), some principal pathways can be identified through which
control interventions might harm biological control (Fig. 1):

1) The intended target pest population suppression could result in a lack of food for
natural enemies and thus to a reduction in their populations with consequences for
biological control. This indirect effect is an inevitable consequence of the intended
effect, whatever the method used, and thus is typically accepted (Romeis et al.,
2008) (#1 in Fig. 1).

2) The fitness of naturally occurring natural enemies might be adversely affected
when consuming the released (SIT, Wolbachia-infected, GM) organisms. This could
be due to the fact that the organisms have reduced quality as prey/hosts or caused
directly by the intended modification (i.e., toxic effects of a gene drive construct or
expressed proteins). This effect could be aggravated if the less fit released
organisms were easier to catch or because they were released in large masses (in
the case of SIT). This fitness effect could directly or indirectly (through reduced
population sizes) lead to adverse outcomes in the biological control function they
provide (#2 in Fig. 1).

3) In the case of Wolbachia-infected and GM organisms, both direct and indirect
adverse effects could occur when natural enemies are feeding on herbivores that
have hybridized with the released organisms (#3 in Fig. 1).

4) In the case of released biocontrol organisms, the native natural enemy populations
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could be directly affected when hybridizing with the released species (#4 in Fig. 1) if
the hybrids have a reduced fitness, altered behaviour etc., or indirectly when they are
attacked or out-competed by the released species for example when sharing the
same food source (#5 in Fig. 1).

5) In case of Wolbachia-infected and GM insects, the endosymbiont or the introduced
gene could be transferred by horizontal gene transfer and then enter the food web
with possible adverse outcomes for natural enemies feeding on those organisms (#6
in Fig. 1).

Only two of the technologies described in section 2 (i.e., Wolbachia-infected and GM
insects) could also be deployed to achieve population alterations. In this case
pathways #2, 3, and 6 caused by the reduced quality of prey/hosts of the altered
organisms, by hybridization of the altered organisms with other species, and
horizontal gene transfer would be equally relevant. There is, however, one obvious
difference from the population suppression technologies: Pathway #1 is irrelevant (or
less relevant) since the pest population size is not expected to change significantly
(some reduction may occur if the released insects have a lower fitness than

wildtype).

3. SYNTHETIC GENE DRIVES

3.1. Synthetic Gene Drive Constructs

Over the last three decades, the development of synthetic genetic constructs has
increased tremendously and our ability to engineer genomes offers novel potential for
control of insect pests. In this section, we briefly review two broad classes of
synthetic gene drives and their potential for insect pest control.

Toxin-antidote systems such as maternal-effect selfish genetic elements that were
first described in flour beetles (Tribolium castaneum; Beeman et al., 1992) select for
their own survival by inducing maternally driven lethality of all offspring not inheriting
the specific selfish gene(s) from the maternal and/or paternal genome. These selfish
elements have been developed in a number of insect systems (Buchman et al., 2018;
Chen et al., 2007; Lorenzen et al., 2008). Synthetically engineered maternal factors

are gene drives that rely on the combination of toxin-antidote system. One such
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combination is a miRNA toxin (that disrupts embryonic development) expressed
during egg formation in females that is linked to an antidote expressed during
development. If the toxin is passed onto offspring from the miRNA-bearing mother,
then development is disrupted. However, if the offspring also inherits the antidote (a
MIiRNA resistant gene expressed only during development) normal development can
be restored. Recently, it has been demonstrated that this sort of toxin-antidote
system is potentially feasible for the control of Drosophila suzukii (Buchman et al.,
2018).

Another broad class of synthetic gene drive system is based on nucleases.
Nucleases are enzymes that break phosphodiester bonds and effect single- or
double-stranded breaks in target molecules such as DNA. Nucleases need to
associate with groups of (or single) nucleic acids and therefore carry specific site-
recognition sequences (which might vary in base pair length). Specific engineered
nucleases have been developed to bias sex ratios (through X-chromosome
shredding), reduce fertility, alter refractoriness to pathogens or are linked to specific
genes that induce lethality.

Nucleases can bias inheritance pattern through a process known as ‘homing’. Alleles
that carry a synthetic homing gene (say H+), an effector (the gene of action) that
reduces fitness, will cut susceptible alleles (say H-) initiating repair of the damaged
DNA. Using base sequence patterns on the undamaged (H+) chromosome (allele)
that carries the nuclease this gene is copied into the cut site. Hence heterozygotes
(H+/H-) are converted to homozygotes (H+/H+). This homing and cleaving of
recognition sites with high efficiency and using cellular mechanisms of DNA repair
(through recombination-driven repair - homology-directed repair) is applied by
engineering gene drive constructs to target particular DNA sequences to achieve
desired effects.

Synthetic nuclease constructs have been developed for insect disease vectors. For
instance, homing endonuclease genes (HEGSs) have been developed for Anopheles
mosquitoes (e.g., Windbichler et al., 2007). One synthetic HEG, I-Ppol (which cuts
DNA on the X-chromosome), has been shown to cause cytotoxicity, arresting cell
proliferation in Anopheles cell lines. Targeting specific (highly conserved) ribosomal
rDNA repeats located on the X-chromosome in Anopheles, when this HEG is
expressed specifically during male meiosis, it can disrupt X-bearing sperm and lead

to male biased sex ratios. Similar meiotic drive effects have been reported in other
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insect systems (such as Aedes and Culex mosquitoes - see Wood and Newton,
1991).

The principles of synthetic gene drives have recently been extended to CRISPR-Cas
systems. Like homing nucleases, these synthetic drives aim to cut DNA to disrupt or
replace an original gene by converting heterozygote drive carriers into homozygote
drive carriers. Guided by specific RNA (usually around 17-20 nucleotides in length) to
loci on the DNA, the Cas nuclease enzyme induces a double strand break in the
DNA. Homology-directed repair then copies the drive (and effector sequences carried
by the CRISPR-Cas construct) into the adjacent break site. The advantage of
CRISPR-Cas based systems is the ease by which gene editing can be developed.
Major drawbacks of these CRISPR-Cas systems are potential off-target effects
(guide RNAs misaligning) and the need to develop specific guide RNAs. Further,
breaks in DNA can be repaired through an alternative mechanism (non-homologous
end joining) which essentially glues the broken ends of the DNA together, mostly
likely leading to the loss of the drive element. To date, synthetic CRISPR-Cas drive
constructs have been developed as tools towards the control of several insect pests
and vectors (Gantz et al., 2015; Hammond et al., 2016; Huang et al., 2016; Kyrou et
al., 2018).

3.2. Application of synthetic gene drive constructs

The application of synthetic gene drives constructs is wide. Low or no threshold
drives (those that require low frequency of releases for establishment and spread)
focus on the panmictic spread of constructs. In agricultural pest control, suppression
drives - those aimed at developing genetic constructs that induce lethality, induce
flightlessness or bias sex ratios so that populations decline - might be most
applicable, although population alteration for vectors of plant diseases are also
potential applications of synthetic drives.

Given that gene drives have the potential to be wide-spread, even panmictic, this
technology might therefore lead to effects across large spatial and/or temporal
scales. Developing gene drive systems that are spatially or temporally restricted,
contained or confined in their ability to spread is the current focus of biotechnological
development (e.g., Li et al., 2019; Noble et al., 2019; Oberhofer et al., 2019).
Furthermore, precaution can be added during the early phase of gene drive

development by testing the organisms in “ecologically and/or physically contained
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environments”, i.e. in regions/habitats where the organisms cannot establish in the
case of escapes or on islands (NASEM, 2016; WHO, 2014).

One of the first things to bear in mind is that synthetic, loci-specific drives might have
different population biologies (such as the rate of spread, fithess costs and replication
frequency) than naturally occurring transposable elements that insert and spread
rapidly through populations. Understanding the population genetic process of the
synthetic construct spread in the relevant ecological context is essential to the
application of these technologies.

Given the need for appropriate population biological understanding, we consider two
broad aspects to the applicability of gene drive system for agricultural pest
management. One of these might focus on the threshold allele frequency which must
be exceeded to make the drive spread and the second might focus on designing
contained drives. While clearly not mutually exclusive, we will explore the
consequences of these approaches separately.

Synthetic nucleases, low threshold drives, require only a small seed (low numbers of
released modified insects) for sufficient spread of the (costly) genetic element.
Alternatively, developing high threshold drives might be more acceptable as only
once the frequency of the releases is high enough will the element spread and if this
frequency falls spread rates will fall. Accidental spill-over into a new population may
be unlikely to spread if the threshold is fairly high. Designing drives with this sort of
genetic structure through under-dominant genetic mechanisms (Davis et al., 2001;
Khamis et al., 2018) might be one approach to developing acceptable synthetic drive
systems for insect pest management.

Spatially and/or temporally contained drivers might be engineered in such a way that
the drive element is dissociated from the effector (the gene of action). An effector
gene that dynamically biases its own inheritance but is spread in a Mendelian fashion
might be one such construct to limit spread. An alternative might be to consider a
‘daisy-chain’ drive system whereby each genetic element in the chain drives the next.
In a CRISPR based drive system, dissociating the guide RNA from the Cas enzyme
and from an effector might be one way to achieve this contained spread. As the
effector is only spread in the presence of a cutting Cas, which is only spread in the
presence of a guide RNA, fitness costs incurred over time of the effector would
ensure that it is eventually lost through selection against genes with deleterious

fithness consequences (Del Amo et al., 2019a; Esvelt and Gemmell, 2017). In this way
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dissociated split gene drives are predicted to deliver physical or ecological
containment while leading to local suppression of the pest insect. An alternative
approach proposed is to activate the gene drive element by the application of a

synthetic small molecule (Del Amo et al., 2019b).

3.3. Phased approach to developing gene drive organisms

The development and application of synthetic gene drive constructs should address
an impending ecological or economic problem caused by an agricultural pest or
invasive species. Regulating gene drive products should then focus on aspects of
efficacy and biosafety of the product through proportionate and appropriately
formulated risk-based hypotheses. As for the other technologies described above,
the differentiation between efficacy and risk is not very apparent and the evaluations
are not clearly separated. It appears, though, that moving to the next developmental

phase with a GD organism requires risk mitigations to be sufficiently effective.

3.3.1. Risk Hypotheses: Efficacy and Biosafety Aspects

Building on existing risk assessment paradigms, the efficacy and biosafety of
synthetic gene drives for insect control has centred on a phased approach (EFSA
2013; Hayes et al., 2018; NASEM, 2016; WHO, 2014). While existing legislative
frameworks might provide some guidance, the release of gene-drive products may
present novel aspects related to biosafety. Guidance on a phased testing approach
evaluates risks from the laboratory through to contained and confined small scale
experiments then onto large scale field trials onwards to commercial release. At each
phase, risk assessments and mitigation strategies evaluate whether, based on
efficacy and/or biosafety criteria, a genetic modification can be moved on to the next
tier of testing (Hayes et al., 2018; NASEM, 2016; WHO, 2014).

However, for gene drive constructs this tiered phasing needs careful scrutiny since by
their very nature these gene drives products are expected to spread, like classic
biocontrol agents, beyond the point of release. This makes all development phases
beyond the tight confines of the laboratory a continuum rather than a discrete set of
tiers where risk evaluation is evaluated at each point of the tier. Before moving
forward, the risk for synthetic gene drive products should be evaluated across the
whole tiered phase testing scheme. To address this challenge, at an early stage of

gene drive development, organism might be tested or released under “ecologically

26



868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901

and/or physically contained” environments as described above.

Risk hypotheses cover the adverse effects to wider biodiversity and/or human health.
Yet for synthetic gene drive products, where a suppression drive is expected to
reduce population abundance, that is a demonstrable expectation of the product.
Impact on ecosystem processes and services may require different risk evaluations
depending on the type of drive (low vs high threshold) and whether the aim is to

suppress or replace the pest population.

3.3.2. Target product profiling for informing synthetic gene drive risk assessments
Identifying specific uses or targets (e.g., agricultural pest control; plant disease
reductions) for a particular product or regulated entity within an ERA is essential in
defining plausible pathways to harm. Target Product Profiles (TPPs) used together
with phased testing allow the relevant criteria (e.g., desired target, expected
outcome; safety and efficacy characteristics) that profile products for development,
release and/or commercialisation to be identified. This approach of developing
product or application profiles is a valuable tool in early engagement with policy and
decision makers (NASEM, 2016). Widely used in other product-driven disciplines
such as pesticide development, they are now emerging tools in evaluating the
efficacy of gene drive constructs for insect vector control (e.g., Carballar-Lejarazu
and James, 2017; Killeen et al., 2011). TPPs align the needs of end-user application
with the efficacy characteristics and biosafety criteria of the ERA together with the
cost-efficiency targets that product developers should aim to meet.

These sorts of frameworks also provide evidence for informing an environmental risk
assessment as they highlight the ideal outcomes and minimal acceptable outcomes
from a product. These outcomes define boundaries for what can be deemed as ‘good
enough’ for a product to pass the environmental risk assessment.

Identifying key measurable parameters provides information on efficacy criteria. For
agricultural pests, these parameters might focus on pest life history (longevity,
fecundity, dispersal, density dependence; population structure) or on the synthetic
genetic construct (e.g., homing rate). Life history theory (e.g., Stearns, 1992) and
evolutionary genetic theory (e.g., Charlesworth and Charlesworth, 2010) can help
inform about the key aspects of product design, description and risk evaluation. For
instance, life history parameters can be used to predict ecological rates of spread

(e.g., through estimates on intrinsic rates of increase). Life history parameters might
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feed into entomological endpoints (e.g., reduction of population size) or economic
endpoints (e.qg., crop yield criteria) on gene drive spread or expected duration of
persistence.

Cost-effectiveness frameworks (Alphey et al., 2011; Hackett and Bonsall, 2016;
Khamis et al., 2018) provide an appropriate way to connect how production,
distribution and monitoring costs can be incorporated into efficacy, biosafety and
product specification. For instance, considering how to monitor the impact and
efficacy of a suppression gene drive requires appropriate cost comparators (e.g.,
conventional control intervention costs; national or local budgets for pest control).
Furthermore, economic criteria such as discounting on the durability of the product
and the emergence of resistance might also inform on efficacy or biosafety risk
criteria associated with synthetic gene drive products for agricultural pest control.
As noted, within the risk assessment paradigm it is important to consider whether it is
the specific molecular construct or the pest strain (phenotype) that is the product
under regulatory scrutiny as this will inform the product profiling, efficacy and safety
criteria. Mathematical modelling of synthetic gene drives is essential and within this
modelling parameter sensitivity is critical to understanding acceptable risks (and risk
mitigation strategies) posed by the release of synthetic gene drive constructs (de
Jong, 2017).

4. CASE STUDY Drosophila suzukii

4.1. Background

The spotted wing Drosophila, D. suzukii is of Asian origin but has established widely
in Europe, North- and South America in recent years (Asplen et al., 2015) and
possesses the potential for further spread into Africa and Australia (dos Santos et al.,
2017). Drosophila suzukii can oviposit into undamaged, ripening fruit with sufficiently
soft skin and developing larvae render fruits unmarketable. Serious revenue losses
for berry-, stone- and vine- fruit producers (Farnsworth et al., 2017; Mazzi et al.,
2017) require efficient pest control measures. However, control of D. suzukii is
challenging as developing larvae within the fruit are protected from the application of
insecticides and numerous overlapping generations (Tochen et al., 2014) mean that
newly emerging adults have to be targeted multiple times. Oviposition into almost ripe
fruit and rapid development of larvae challenge farmers to meet the legally required

pre-harvest intervals after pesticide application. Adults of D. suzukii can also re-infest
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orchards after sheltering and reproducing in semi-natural habitats (Santoiemma et
al., 2018). Physical control measures such as intensive orchard sanitation (Leach et
al. 2018), exclusion netting (Leach et al., 2016), or the application of kaolin, lime and
rock dusts to alter the fruit surface (Strack et al., 2017) have shown to reduce fruit
damage but are either extremely labour intensive, costly or not sufficiently effective to

meet markets’ zero-tolerance of D. suzukii infestation (Mazzi et al., 2017).

4.2. Tools for area-wide D. suzukii management

Area-wide management strategies have entered the focus of attention for the control
of D. suzukii. Classical biological control using larval parasitoids of the families
Braconidae and Figitidae (in particular: Ganaspis cf. brasiliensis) is currently being
considered (Girod et al., 2018b; Wang et al., 2018). Another strategy aims to reduce
offspring production in wild females by SIT using radiation-sterilized males
(Lanouette et al., 2017). Also, IIT is a potential option given that Wolbachia are well-
known from Drosophila and the rapid spread of an incompatibility factor within a
natural population of Drosophila simulans has been observed in California (Turelli et
al., 1991). Cattel et al. (2018) have infected D. suzukii with Wolbachia that induce CI.
However, such a strategy for control of D. suzukii would require an efficient sexing
technique or a sterilization of females with lower doses of radiation as a few
accidentally released females carrying the Wolbachia-strain would compromise the
efficacy of the IIT (Nikolouli et al., 2018). This, however, appears to be a challenge
for D. suzukii (Cattel et al., 2018). In addition, horizontal gene transfer might be an
issue that could lead to harm; for example in D. ananassae, an integrated whole
genome of Wolbachia has been described (Choi et al., 2015).

Genetic modifications to control D. suzukii are also being considered and a dominant
lethal genetic system (RIDL) is under development (https://www.oxitec.com/). The
development of GM- based control strategies is not only fostered by the above-
mentioned economic pressure but also by the extensive knowledge base that exists
in similar systems. First, SIT (including genetically modified sterile insects) is well
developed for various fruit flies (Tephritidae) that live in similar habitats and have a
similar ecology to D. suzukii. Challenges such as developing efficient mass-rearing
and to overcome reduced competitiveness of released males due to effects from
domestication and storage (Gilchrist et al., 2012) can be addressed based on

knowledge generated in these fruit fly systems. Second, D. suzukii is closely related
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to D. melanogaster, the most common model arthropod species for genetic research.
Knowledge generated for the latter species could be transferred to D. suzukii, for
example the recently developed CRISPR-based system, which allows sterile males
to be produced (Kandul et al., 2019).

4.3. Developing Gene Drives to control D. suzukii

Embryonic lethal transgenes have been introduced into D. melanogaster (Horn and
Wimmer, 2003) and could be adapted to D. suzukii. Cas9 and many of the promoters
that have been developed for CRISPR/Cas9 systems in D. melanogaster (Port et al.,
2014) also function in D. suzukii (Schetelig et al., 2018) making genome editing in
this species feasible. For example, a CRISPR/Cas9 system in D. suzukii has been
used to introduce site-specific mutations in a gene for eye colour to phenotypically
mark individuals and in the master gene for female development Sx| to impair
reproduction (Kalajdzic and Schetelig, 2017; Li and Scott, 2016). D. melanogaster
females that are homozygous for the mutation in Sxl die early during development
(Cline 1993) and embryos of D. suzukii injected with a plasmid containing the
construct developed abnormal reproductive organs (Li and Scott, 2016). The
construct has previously been used to engineer germline and somatic tissue in D.
melanogaster (Kondo and Ueda, 2013; Port et al., 2014).

In a second system a piggyback transposon vector has been used to insert a female-
specific lethality effector together with a fluorescent protein marker into D. suzukii
(Schetelig and Handler, 2013) to eventually implement a conditional lethality system
in this species. Whereas these systems could be used to remove females and to
mark males for implementation of SIT, they have not yet been used for the
construction of a gene drive in D. suzukii.

HEG-based gene drives are being investigated in the D. melanogaster model (Chan
et al., 2013). As noted above, a Medea drive system, originally developed in D.
melanogaster (Akbari et al., 2013; Chen et al., 2007), has recently been adapted to
D. suzukii and patented in the United States (W02017132207-Al). The system
comprises a DNA sequence encoding a microRNA toxin under the control of a
maternal germline-specific promoter and a second DNA sequence encoding an
antidote under the control of an early embryo-specific promoter resulting in maternal-
effect lethality. Crossing experiments demonstrated inheritance rates of up to 100%,

depending on strain, while long term population cage experiments with a wild type

30



1004  strain carrying pre-existing resistance and subsequent mathematical modelling

1005 revealed self-limiting dynamics of the system that confers a rather large fithness cost
1006  (Buchman et al., 2018).

1007

1008 4.4. Pathways to harm for D. suzukii carrying a suppression drive

1009 Globally, the genus Drosophila contains about 2000 known species (O’Grady and
1010 DeSalle, 2018). While Drosophila spp. are best known for their role as decomposers
1011  of plant material, some species such as D. suzukii are considered important pests of
1012 fruit while others play a role as pollinators or predators (Markow and O’Grady, 2008;
1013  Skevington and Dang, 2002).

1014  Focussing on the release of GM D. suzukii that contain a suppression drive with the
1015 aim to eradicate this pest in invaded areas, a number of potential harms to

1016 biodiversity have been identified that should be addressed in an ERA. These harms
1017 relate to important ecosystem services including regulating services (i.e., biological
1018 pest control), provisioning services (i.e., crop yield), supporting services (i.e,

1019 decomposition of organic matter, pollination). Figure 2 illustrates plausible pathways
1020 to harm (PTH) for those protection goals. In the following we will briefly summarize
1021 some of the evidence available to help address those PTHSs.

1022

1023 4.4.1. Impact on natural enemies

1024  In the invaded regions (USA and Europe), D. suzukii is attacked by generalist

1025 predators (Gabarra et al., 2015; Schmidt et al., 2019; Woltz and Lee, 2017; Wolf et
1026 al., 2018) and by pupal parasitoids of Drosophila spp. (Gabarra et al., 2015; Knoll et
1027 al., 2017; Mazzetto et al., 2016; Miller et al., 2015; Rossi-Stacconi et al., 2015). A
1028 similar natural enemy complex attacks the species in its region of origin (Daane et al.,
1029 2016; Guerrieri et al., 2016).

1030 Indirect, food-web effects could occur as a consequence of the intended large-scale
1031 reduction in D. suzukii populations (Fig. 2, PTH #1). This is expected to be negligible
1032 ininvaded areas where D. suzukii is not likely to become a key component in newly
1033 established prey/host-natural enemy associations (similar to Ae. gambiae; Collins et
1034 al., 2019). The situation might, however, be different in the area of origin. Asplen et
1035 al. (2015) highlight that this drosophilid can be common and cause damage to

1036 various fruits in East Asia indicating that it may be an important food-web component.

1037 In addition, apparently highly specialized parasitoids have been described (Nomano
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et al., 2017; Girod et al., 2018a,b) and natural enemies that consume D. suzukii could
be adversely affected by toxic properties of the trait or protein encoded by the gene
drive construct or due to the fact that the released insects have a reduced quality as
prey or hosts (Fig. 2, PTH #2). Additional information might be required to assess the
food-web effects of GD D. suzukii and the population suppression in the area of
origin in case that movement of the released GD D. suzukii to those world areas

cannot be excluded.

4.4.2. Hybridization and horizontal gene transfer

One risk associated with the use of synthetic gene drives is that the drive element
could be transferred to other distinct species. Gene transfer among Drosophila
species could occur during hybridization of separate but closely related species (Fig.
2, PTH #3). The genus Drosophila contains a number of species groups. One of
which is the melanogaster species group, an Old World clade with 193 species
(Markow and O’Grady, 2005; O’Grady and DeSalle, 2018; Yang et al., 2012). The
melanogaster species group is further separated into 12 species subgroups, one of
which is suzukii (Bock, 1980). Hybrid crosses resulting in viable offspring have been
reported for closely related species (same species group) under laboratory conditions
(Bock, 1984). A few instances of natural interspecific hybridization have also been
reported; the phenomenon, however, appears to be a rare event (Bock, 1984;
Garrigan et al., 2012). In the case of D. suzukii, Fuyama (1983) reported
hybridization with D. pulchrella under laboratory conditions. Studying Wolbachia
infections, Conner et al. (2017) provide evidence for hybridization with D.
subpulchrella from the suzukii species subgroup. D. subpulchrella has been
described from Japan and southern China (Takamori et al., 2006), uses a similar
habitat and food sources and shows a similar seasonal pattern to D. suzukii (Mitsui et
al., 2010). Neither D. subpulchrella or D. pulchrella are yet present in the areas
invaded by D. suzukii. Consequently, hybridization of GD D. suzukii with other
Drosophila species is to be expected in the area of origin. Whether D. suzukii is able
to hybridize in other world areas, e.g., Europe, is unclear. To address this issue, the
species that are present in the planned release area, their phylogenetic relatedness

with D. suzukii and potential to hybridize would have to be investigated.
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Horizontal transfer of transposable elements has been reported for Drosophila spp.
and may be more common than originally anticipated (Bartolomé et al., 2009;
Herédia et al., 2004; Hill and Betancourt, 2018; Loreto et al., 2008).

Introgression of the drive in non-target species due to hybridization or horizontal gene
transfer does not automatically lead to a functional gene drive (Rudelsheim and
Smets, 2018). First, many factors determine the success of a drive. This includes the
biology/ecology of the species, the driver’s efficacy and fithess costs. Second, drives
are multi-component systems and extremely sensitive to sequence variation in their
recognition sequence. Despite the fact that the likelihood of a functional gene drive
transfer between species is extremely low it should be evaluated before any
environmental release (NASEM, 2016). Worst-case scenarios to be considered in the
case of GD D. suzukii would include hybridization experiments with D. subpulchrella
or D. pulchrella to test whether the GD mechanism is still functional in the resulting
progeny.

Environmental harm could result when (a) the hybridized species would show an
increased damage potential on fruit crops or (b) when the hybrids would have a

reduced fitness leading to a reduction in important ecosystem services (Fig. 2).

5. DISCUSSION

To our knowledge problem formulation and pathways to harm (PTHSs) to support the
environmental risk assessment of organisms with gene drives are not yet well
developed and have so far only been described for mosquitoes to eradicate malaria
(Roberts et al., 2017; Teem et al., 2019). As yet, no PTHSs are described for other
applications of gene drives, such as for suppression drives in the control of
agricultural insect pests. Above (and in Fig. 2), we discuss PTHSs leading to the
potential reduction of valued ecosystem services by introduction of D. suzukii
carrying a suppression drive. We focus mainly on PTHSs resulting in loss of biological
control provided by natural enemies (i.e., parasitoids and predators). While we
describe PTHSs for a suppression drive, we do not expect that they will differ for
alteration drives. However, the importance of specific PTH under various drive
scenarios may differ given the greater temporal and/or spatial exposure times. It
appears that the PTHSs for gene drive D. suzukii leading to loss of biological control
(Fig. 2) are the same as for the other agricultural insect pest control technologies

described in this paper such as classical biocontrol, SIT, Wolbachia and use of GM
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insects (PTH #1-3 in Fig. 1).

If genetic technology is used to introduce or create a gene drive, the resulting
organism will be a GMO and subject to regulation and the respective ERA. While
novel environmental harms associated with gene drive insects are unlikely, we
acknowledge that the environmental effects of gene drives could be more severe due
to a higher exposure (e.g., large scale, population wide) than with other technologies.
In addition, aspects / knowledge / experience from classical biocontrol and Wolbachia
application can be used to assess the environmental risks of gene drives.

It appears that gene drive insects may have some specific peculiarities that need to
be addressed. These include: (i) the introduced trait spreads quickly even when it has
negative fithess consequences for its carrier; (ii) the genetic effect will spread and
influence populations or even entire species; (iii) the effect is potentially irreversible.
While this depends on whether we deal with a low or high threshold drive, we have
focused on the worst-case scenario (i.e., a low threshold drive). These specifics of
gene drives could make loss of biological control (Figs. 1, 2; PTHs #1-3) more likely
than for other insect control techniques.

However, and most importantly, these peculiarities of gene drive organisms (i-iii
above) are not new. We have experience in assessing the environmental risks of
insects released to control target agricultural pests. These control strategies can
provide high levels of area-wide control and be irreversible. Potential risks that need
thorough evaluation are that area-wide and irreversible effects can also occur
through hybridisation of genetically modified insects with closely related species,
resulting in increased fitness or that are subject to selection pressure (comparable to
100 % gene flow). A non-drive trait will only spread if it has selective advantage or
positive selection pressure. However, gene drive traits could spread even with
negative fitness effects. An example from experience with GM crops is that of oil
seed rape, which can outcross with wild relatives. If the transferred trait gives the wild
relative a selective advantage in the specific receiving environment, this trait can also
spread though that population. However, it is the consequence of spread that informs
the risk assessment and decision making process.

Given the potential of a low threshold gene drive to have potential population-wide
effects over larger geographical areas, an ERA for gene drive insects has to take into
account all receiving environments. Appropriate comparators for the effects of gene

drive insects must focus on the use of other methods for the control or eradication of
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the agricultural pest. The use of a gene drive organism must thus be placed in the
context of existing arthropod control/ replacement strategies (Roberts et al., 2017).
Similar to classical biological control, studies conducted under confined conditions
must ensure that environmental harm is unlikely to occur or similar to acceptable
harm relative to expected benefits after release of the organisms into the
environment since it is unlikely that they can be recovered. Appropriate interventions
for controlling unwarranted spread or unwanted genetic outcomes must be
considered. So, in contrast to most other technologies, a step-wise safety
assessment from lab to glasshouse to restricted field release to open field release is
not feasible in many cases. Further aspects of biosafety could be enhanced in the
risk assessment by testing the functional trait and the drive mechanisms separately
before combining them (Akbari et al., 2015).

As for other GM applications, risk management considerations are important to
mitigate environmental risks. These include the following:

- Use of high threshold drives or contained drives (e.g., daisy drive)

- A gene drive insect with a low threshold should not be released without risk
management measures; for example, a safeguard drive system could be developed
that overwrites a previous one (Wu et al., 2016).

- Risks can be linked to the accidental escape of gene drive organisms.
Containment is thus very important. This includes laboratory containment, field cage
containment, ecological containment (testing in regions where no natural population
of the same insect can occur and interbreeding is not possible), geographical
containment (e.g., releases on islands), and/or molecular containment (Akbari et al.,
2015; Benedict et al., 2018; Di Carlo et al., 2015; James et al., 2918; NASEM, 2016;
van der Vlugt et al., 2018).

Other aspects with specific relevance for use of gene drive insects, not directly
related to environmental safety, include the question about the establishment and
spread of the GMO. This focuses concerns on questions about the coexistence of
different agricultural production systems (e.g., organic versus conventional) but also
on transboundary movements (e.g., covered by the Cartagena Protocol (Marshall,
2010, 2011)). A number of international treaties are critically relevant to the global
governance of gene drives (Brown, 2017; Redford et al., 2019). Besides the CBD,
these include the International Plant Protection Convention (IPPC) which governs
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phytosanitary standards that have been used to develop to international norms
surrounding classical biocontrol (also see IPPC Standards for wood packaging, ISPM
15). The WHO has also developed guidelines for the governance of GM mosquitoes
for malaria control (WHO, 2014) which is applicable to other gene drive organisms.
Furthermore, the use of gene drive organisms has also already triggered debate
about whether it is ethical, or seen as a risk, to attempt to eradicate an entire species
(Simon et al., 2018; Thompson, 2018). It is important, however, to place all these
guestions into context and consider both risks and benefits. Species control might be
achievable through a range of (more or less harmful) approaches and evaluating
these requires appropriate benefits and risks of gene drives to be evaluated, as
suggested by UK House of Lords (2015).

6. CONCLUSIONS

Synthetic gene drive constructs have the potential to provide a suite of additional
tools for the control of agricultural insect pests. Regulatory frameworks should be
proportionate to risk-benefit considerations and consider the following facts:

- We have experience in assessing the environmental effects of insects
released to control target pests. These can provide high levels of area-wide control
and be irreversible.

- While we do not envisage any unforeseen risks with the use of gene drive
organisms to control agricultural pests, effects might be more severe (e.g., large
scale, population wide) (e.g., release of biocontrol agents)

- Existing risk assessment frameworks can be used to assess the potential
adverse effects from insects carrying gene drives to control agricultural pests.

- Care has to be taken when requiring data for GD organisms to define whether
data are required with the purpose of product characterization or to support ERA.

- The context (e.g., agricultural vs. conservation or human/animal health) in
which the gene drive organisms are used has to be considered in the environmental
risk assessment.

- Within the particular context it is important that the assessment also takes into
account the benefits of using the technology. In particular, this relates to the
environmental effects that are a direct consequence of the intended reduction of the

target pest.
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1208 Gene drive technologies offer novel solutions to the control of insect pests and
1209 vectors. Drawing on existing practices, experiences and legislative frameworks
1210 provides a pragmatic and proportionate approach to evaluating the environmental
1211  risks of these technologies.
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Figure captions

Fig. 1. Plausible pathways on how control interventions that require the release of
living insects to suppress populations of target pest(s) might harm the valued
ecosystem service of biological control. Note that steps for which data are requested
as part of an environmental risk assessment are coloured according to the particular

technology.
Fig. 2. Plausible pathways on how the release of Drosophila suzukii carrying a

suppression drive could lead to harm to valued ecosystem services involving

biological control.
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