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Abstract
Gene drive organisms (GDOs) have been suggested as approaches to combat some of the most pressing
environmental and public health issues. No such organisms have so far been released into the environment, but it remains unclear whether the relevant regulatory provisions will be fit for purpose to cover
their potential environmental, human and animal health risks if environmental releases of GDOs are
envisaged. We evaluate the novel features of GDOs and outline the resulting challenges for the environmental risk assessment. These are related to the definition of the receiving environment, the use of the
comparative approach, the definition of potential harm, the stepwise testing approach, the assessment
of long-term and large-scale risks at population and ecosystem level and the post-release monitoring of
adverse effects. Fundamental adaptations as well as the development of adequate risk assessment methodologies are needed in order to enable an operational risk assessment for globally spreading GDOs before
these organisms are released into environments in the EU.
Keywords
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Introduction
New genetic engineering tools for manipulating genetic material in plants, animals and
microorganisms have received considerable attention over the last years. Many of these
techniques are novel and based on recent developments in molecular biology. Some of
these techniques can be used to modify genomes of organisms in a way that increases
Copyright Marion Dolezel et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited..
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the inheritance of particular genes during sexual reproduction. The higher prevalence
of these genes in the offspring leads to increased spread of the genes in the whole
population – a mechanism termed “gene drive”. This enhancement of the ability of a
genetic element to pass from the parent to its offspring through sexual reproduction
is a basic feature of all gene drive systems (NAS 2016). Different mechanisms have so
far been used to achieve gene drive in different target populations, such as transposable elements (Marshall and Akbari 2016), meiotic drives (Lindholm et al. 2016), or
combinations of genes coding for toxins and antidotes such as MEDEA or underdominance systems (Akbari et al. 2013, 2014). Also intracellular bacteria (e.g. Wolbachia)
have been used to spread genes in specific target populations (Sinkins and Gould 2006;
Iturbe-Ormaetxe et al. 2011). In recent years, nuclease-based techniques for genetic
engineering have been developed for the specific design of synthetic (in contrast to
natural) gene drive approaches. Nucleases are enzymes that typically induce doublestrand breaks at specific target sites in the genomic DNA. Homing endonuclease genes
(HEG) express an endonuclease, which can be designed to cleave specific target sequences in the host genome, followed by repair using the HEG-bearing chromosome
as a template (Burt 2003; Marshall and Akbari 2016). “Homing” is referred to as the
copying of the HEG into the target recognition site of the wild-type chromosome by
homology-directed repair (Marshall and Akbari 2016). As a result, a heterozygote is
converted into a homozygote with both chromosomes containing a copy of the homing endonuclease gene (Burt 2003).
With the discovery of CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein), the development of gene drive approaches was simplified and accelerated, as many of the targeting and stability problems observed in other nuclease-based genetic engineering techniques could be overcome (Esvelt et al. 2014; Min et al. 2018). Guide RNAs (gRNA) are attached to the
nuclease, directing the nuclease-RNA complex to the genomic DNA target sequence,
which is complementary to the sequence of the gRNA. By using synthetic gRNAs, one
or several target sequences can be specifically addressed. The gene drive is achieved as
with other nuclease-based systems, e.g. by providing a repair template for homologous
recombination and subsequent incorporation into both chromosomes. The newly incorporated sequences serve as a constant source for further conversion of heterozygous
to homozygous alleles. In recent years, a range of proof of concept studies have shown
the feasibility of synthetic CRISPR-based gene drives in different organisms, such as
yeast (DiCarlo et al. 2015a, b), the fruit fly Drosophila melanogaster (Gantz and Bier
2015), mosquitoes (Gantz et al. 2015; Hammond et al. 2016) and partly also mammals (Grunwald et al. 2019).
Several potential applications for gene drive systems in three main fields have been
suggested, i.e. in public health (e.g. vector control of human pathogens), in agriculture
(e.g. control of weeds or pests), and in environmental protection and nature conservation (e.g. the control of noxious non-native species) (Esvelt et al. 2014; NAS
2016; AAS 2017). The latest comprehensive overview of applications and their current status can be found in CSS, ENSSER & VDW (2019). Strikingly, the potential of
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the gene drive approaches to be used as effective remedies for insect-borne diseases
such as malaria or dengue by control of their vectors has fuelled the optimism regarding their public health benefits (NAS 2016; O’Brochta 2016; Hammond and Galizi
2018). Considerations to apply gene drives as a public health tool are mirrored by
genetic approaches to combat malaria in sub-Sahara Africa. Using a phased development pathway, a research consortium intends to start with the release of genetically
modified (GM) mosquitoes and plans to ultimately adopt a gene drive based approach
to bias the sex ratio of Anopheles mosquito populations in order to drastically reduce
the number of vectors (Target Malaria 2019). The alleged application of such a gene
drive approach in sub-Sahara African countries raises the question whether the appropriate legal and regulatory conditions for the releases are existent in these countries.
Moreover, responsibilities for the efficacy and sustainability of such health interventions are unclear, also considering potential environmental and health implications if
the desirable outcome of the intervention is not reached. While most of the gene drive
applications have so far only been envisioned, only a few actually are in the research
and development stage (see overview in CSS, ENSSER & VDW 2019).
Substantial differences in gene drive applications have been identified compared to
conventional genetically modified organisms (GMOs) such as GM crops or GM insects, both with regard to the general strategy applied to cope with agricultural, public
health or environmental issues and to the anticipated benefit (Simon et al. 2018). In
addition, the potential environmental implications and adverse ecological outcomes
for wild populations of species and ecosystems (e.g. Hayes et al. 2018) as well as challenges for the governance and the regulation of gene drive applications were emphasised (Oye et al. 2014; NAS 2016; AAS 2017; Callaway 2017b; Simon et al. 2018).
Based on their potential for serious ecological and societal effects and the apparent
gaps in the regulatory oversight and governance of gene drive applications, the release
of gene drive organisms (GDOs) into the environment has been strongly opposed by
some (Civil Society Working Group on Gene Drives 2016). In addition, increased
transparency of scientific research projects and the involvement of the public and the
civil society when implementing gene drive applications have been called for (Esvelt
2017). Others have emphasised the potential benefits of gene drive applications and
have called for continued laboratory research and controlled field trials as well as novel
governance forms (NAS 2016; Kofler et al. 2018; Hartley et al. 2019; Kuzma 2019).
Due to the novelty in the strategy and the predicted power of impact of gene drive
applications, the assessment of their potential risks to the environment and human
and animal health will be of high importance if these organisms are to be deliberately
released into the environment. The potential of GDOs for unlimited spread throughout wild populations, once released, and the apparently inexhaustible possibilities of
multiple and rapid modifications of the genome in a vast variety of organisms, including higher organisms such as vertebrates, pose specific challenges for the application
of adequate risk assessment methodologies. The suitability and practicability of existing regulatory policies and risk assessment regimes when deploying GDOs have been
discussed for the Australian (AAS 2017) and the US regulatory system as well as at
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international level (Oye et al. 2014). The Australian regulatory framework for GMOs
foresees regulation of GDOs if these are created by the use of site-directed nucleases,
such as CRISPR/Cas, although also other legislative provisions and acts may apply,
depending on the specific case (AAS 2017). In the US, gene drives are currently regulated as veterinary medicines or toxins, if genetically modified DNA constructs affect
the structure and function of an animal. It has been questioned whether this accounts
for gene drives applications targeting invasive species or insects (Oye et al. 2014). For
the European Union, an evaluation is still pending. The High Level Group of the European Commission`s Scientific Advice Mechanism highlighted risks in case GDOs
were accidentally released, and noted that such risks may not be sufficiently covered by
current regulatory frameworks (European Commission 2017).
In this article, we evaluate the novel features of gene drive approaches compared
to conventional GMOs and outline the resulting challenges for the environmental
risk assessment, which is an integral part of the EU’s regulatory approval procedure.
Although we mainly refer to CRISPR/Cas-based gene drive approaches, the analysis
is also applicable for other types of GDOs, if these have the potential to spread globally. First, we briefly discuss regulatory provisions in the EU, such as those for GMOs,
invasive alien species and biological control agents, with respect to their suitability to
cover risks of global gene drive approaches. We outline the advantages and appropriateness of GMO regulation for GDOs in the European Union. We then address the
major distinctive features of GDOs compared to GMOs without gene drive and highlight challenges with respect to the basic principles of environmental risk assessment
for GMOs in the EU. For the evaluation of environmental risks, we refer to Directive
2001/18/EC (European Commission 2001) and its recent amendments (European
Commission 2018a, 2018b) as well as relevant guidance documents issued by EFSA
(e.g. EFSA 2010a, EFSA 2010b, EFSA 2013).

Discussion
Regulation of GDOs in the EU
Due to the versatility of gene drive applications regarding the underlying methodology
applied and the targeted species, the decision which regulatory framework to apply
might not be without ambiguity. Approaches to control pest species by the large-scale
deployment of GM insects or GDOs may have similar environmental implications as
biological control agents (NAS 2016). For example, Wolbachia-infected mosquitoes
have been released into the environment with the aim to control dengue in Australia
(Hoffmann et al. 2011). Although not being genetically modified, Wolbachia-infected mosquitoes have been mentioned as gene drive-like approaches (e.g. Macias et al.
2017; Leftwich et al. 2018), most likely due to the ability of the bacterial symbiont
to invade and spread within insect host populations, thereby achieving a self-sustaining modification of the vector population. The mosquitoes were regarded neither as
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GMO, nor as biological control agent, and the release of the mosquitoes was regulated
as a veterinary chemical product, albeit using the risk analysis framework for GMOs
(De Barro et al. 2011).
In Europe, the introduction and deployment of invertebrate biological control
agents is subject to national rules and regulatory provisions, if such are available. Individual EU Member States as well as Switzerland have introduced national legislation that differs in scope and risk assessment requirements (Hunt et al. 2007; Aebi
and Schoenenberger 2016). Guidelines for information requirements for the import
and the release of invertebrate biocontrol agents in Europe have been published by
the International Organization for Biological Control of noxious animals and plants
Commission (Bigler et al. 2005). These guidelines have been recommended as the
official European standard (Hunt et al. 2007). The guidelines cover only invertebrate
species and focus on insects, mites and nematodes. Although the guidelines refer to
native and non-native organisms, it has been recommended to apply regulation only
to exotic, non-native biological control agents (Hunt et al. 2007). The information requirements for environmental risks comprise the potential for dispersal and establishment, the host-range assessment, effects on plants, as well as direct and indirect nontarget effects. In addition, human health risks are addressed. Even fewer information
requirements apply for native biological control agents. Hence, only basic information
requirements would apply to the use of native invertebrate GDOs in the EU if these
were regulated as invertebrate biocontrol agents. The assessment of environmental and
human health risks of GDOs with the potential for global spread would be subject to
individual national regulatory provisions.
In the European Union, Regulation 1143/2014 on Invasive Alien Species (IAS)
provides for a set of measures to be taken across the EU for those IAS included on a list
of IAS of Union concern. The Regulation refers to animals, plants, fungi and microorganisms. The measures relate not only to the detection, eradication and management
of already present or even well-established invasive species, but also aim at preventing
species of Union concern from entering the EU, intentionally or unintentionally. Based
on a risk assessment process, the regulation intends to prevent the introduction and
spread of IAS with the potential to establish a viable population, to spread and to have
a significant adverse impact on biodiversity or the related ecosystem services, on human
health or the economy (Regulation (EU) No 1143/2014, Art. 4). As this Regulation
refers only to organisms outside their natural range, it would not cover native GDOs.
GMOs are subject to regulation under the provisions of Directive 2001/18/EC for
the deliberate release of GMOs into the environment, requiring an environmental risk
assessment (ERA), possibly risk management measures and an obligatory post-market
monitoring (European Commission 2001). If techniques according to Annex I A, part
1, of Directive 2001/18/EC are used to genetically engineer a gene drive organism, this
will be considered a GMO falling under the provisions of the Directive. This would be
of relevance for currently proposed synthetic gene drive approaches because they have
specific recombinant genetic elements inserted, i.e. elements necessary for the functionality of the drive, such as elements encoding the nuclease, the guide RNA and
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specific cargo genes, either by use of a vector system or by direct introduction into the
target genome. Of particular relevance for the ERA is Annex II of Directive 2001/18/
EC, which lays down the principles for the environmental risk assessment as well as
the recent amendments of Annexes II and III of Directive 2001/18/EC (European
Commission 2018a, b). In addition, the European Food Safety Authority (EFSA) issued guidance documents for the ERA of GM plants and animals (e.g. EFSA 2010a, b;
EFSA 2013). Thereby, the European regulatory provisions for GMOs provide for the
assessment of environmental and human health risks before an organism is released into
the environment. In addition to a stringent pre-release environmental risk assessment,
a post-release monitoring of adverse effects for human health and the environment is
mandatory (European Commission 2001, Articles 4, 13). Such features do not exist
to this extent in regulations of IAS or guidelines for the introduction of invertebrate
biological control agents. Directive 2001/18/EC covers all types of organisms, i.e. “any
biological entity capable of replication or of transferring genetic material” (Article 2), with
no restrictions regarding their origin or taxonomy. In addition, the risk assessment requirements provide for an assessment of the novel traits on a case-by-case basis, considering the species targeted, the specific modification at the genomic and phenotypic
level and the specific receiving environment into which the organism is intended to be
released. This is particularly important since a range of molecular methodologies is currently available to enable gene drive in organisms (see e.g. Burt and Crisanti 2018). All
of them have their specificities regarding the effectiveness of spread and spread dynamics (e.g. low threshold drives vs. high threshold drives) or the likelihood of developing
resistance (e.g. Sinkins and Gould 2006, Burt and Crisanti 2018; Rode et al. 2019).
The methodology used to achieve gene drive as well as the specific construction and
assembly of the genetic elements used are important information requirements for the
ERA of GMOs. For example, the type of promoter used will affect the genetic constitution of the adult organism and consequently adult fitness (de Jong 2017; Rode et al.
2019). In combination with the effect of the introduced cargo gene and the receiving
environment, the success of the drive and any potential risks are likely to vary, if taking
genotype-environment interactions into account (de Jong 2017). Additionally, off-target effects may occur depending on the design and specificity of the gRNA (Sander and
Joung 2014; Rode et al. 2019). Finally, the type of organism used for gene drive applications will also influence the potential environmental risks. The inherent biological and
ecological characteristics of the different target organisms can affect a molecular drive
system in different ways, e.g. due to their genetic diversity, the prevalence of existing
resistance alleles in wildtype populations, the presence of taxonomically related species,
their spread, migration and mating behaviour, generation time or population structure.
All these aspects affect the effectiveness of the gene drive as well as the potential risks
for the environment. Consequently, only the regulatory provisions for GMOs in the
EU provide for a case-by-case pre-release assessment of risks together with a post-release
monitoring of adverse effects for any types of organisms (plants, animals, native or nonnative) considering the specific novel trait(s) and the receiving environment into which
the GDO is intended for release.
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Novel features of gene drives
Novel feature 1: Alteration of wild populations with novel traits instead of “familiar” crop species and traits
A major difference between “classic” GMOs and GDOs is the intentional alteration of
wild populations (e.g. mosquitoes) instead of domesticated and “familiar” crop species
with limited ability to disperse. So far, GMOs were agricultural crop species with a
“history of safe use” (EFSA 2010a). These GM crop species (e.g. GM maize) are highly
domesticated, genetically uniform and well-studied (Bowman et al. 2003; Meyer and
Purugganan 2013). Crop species are grown within agricultural fields that are managed
by humans with respect to nutritional parameters and the ecological interactions with
competitors, predators and pathogens. In contrast, the habitats of wild populations
of plants or animals are characterised by variable resource availabilities and differing
physical and biological conditions. Hence, the plasticity in genotype, phenotype, behaviour or ecological niche use can be extensive for wild populations. For example,
Australian populations of the house mouse Mus domesticus exhibit differences in reproductive and behavioural patterns compared to house mouse populations from other
continents (Singelton and Redhead 1990). As another example, two molecular forms
of the mosquito Anopheles gambiae exhibit larval habitat segregation and different larval anti-predator responses (Gimonneau et al. 2010).
Genetically modified traits used so far with GM crops (insect resistance or herbicide tolerance) presumably have no or negligible selective advantage in the absence of
selective pressure, i.e. the herbicide application or the attack of the pest species (EFSA
2011). Such traits are subject to natural selection pressure and genetic drift and are
mostly considered to be lost from the population (Ellstrand et al. 2013). In contrast,
the modified genes and traits in GDOs are novel, intending to change the vectorial or
parasite capacity of the host species or the ecological behaviour of the candidate organism such as host seeking and feeding behaviour (Deredec et al. 2011). Moreover, the
goal of gene drive applications is to introduce a permanent change in the ecosystem,
either by introducing a phenotypic change or by drastically reducing or eradicating a
local population or a species. This is a fundamental difference to GM crops for which
each single generation of hybrid seed is genetically modified, released into and removed from the environment after a relatively short period.
Novel feature 2: Intentional and potentially unlimited spread of synthetic genes in
wild populations and natural ecosystems
The specific gene drive mechanism deployed in GDOs will determine the potential
for spread within target populations, but also to populations of sexually compatible
organisms. So-called threshold-dependent drive systems require a certain release frequency of the GDOs in order to achieve spread in a target population (Marshall and
Akbari 2018). If this threshold is not reached, e.g. in a non-target population of a
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sexually compatible species where only few individuals come into contact with the
wild relative, further spread of the driving elements will not be effective (Marshall and
Akbari 2018). So-called threshold-independent drive systems spread at very low initial
frequencies into the target population until fixation of the introduced genetic change
in the population is achieved, or until the gene drive has disappeared together with
the population or species. Such low threshold drives can more easily migrate between
populations. Modelling has shown that even small releases of first generation CRISPR/
Cas-based gene drive applications are likely to result in a global spread of GDOs (Noble et al. 2017).
In the EU, GM crops so far considered for environmental release were not intended to deliberately transfer GM traits to other species. Gene flow of GM traits from
“classic” GMOs was therefore viewed as an unintended consequence of the release due
to the intrinsic biology of the plant species used for genetic engineering. Similarly, the
possibility of the GM plant to persist as a feral population (e.g. GM oilseed rape) or to
invade (semi-)natural habitats was an unintended consequence of the GM crop release
into those environments where the GM plant was able to spread and persist, or where
wild relatives existed. Gene flow of synthetic genes from crop to wild plants may entail
several adverse ecological impacts, such as depletion of the genetic diversity (of the targeted population), increased weediness or invasiveness of the GM plants or GM-wild
hybrids, as well as the risk of extinction of wild species (Ellstrand 2003; Ellstrand et al.
2013). Recognising the potential for these adverse effects, certain countries explicitly
consider the uncontrolled dispersal and spread of GMOs and their traits in the environment or to other organisms undesirable (e.g. in Switzerland, where this is regulated
in the Swiss Gene Technology Act and the Swiss Release Ordinance). For the same
reasons, the monitoring of spontaneous GM plant populations in the environment
has been demanded (EAA 2011; Bühler et al. 2018). Consequently, the assessment of
environmental risks of organisms that deliberately transfer synthetic genes and GM
traits to the same or other species is an unprecedented case for GMO risk assessment
in the EU.
Novel feature 3: Possibility for long-term risks to populations and ecosystems
The novelty of GDOs and their distinctiveness from “classic” GMOs is based on the
novel mechanism of inheritance and the ability to genetically engineer a wide range
of genes in many different types of organisms. An important and distinct feature of
GDOs is their potential to introduce long-term, if not infinite, changes in populations as well as the large-scale, if not complete, spread of novel genetic and phenotypic
traits through a target population due to the repeated genomic intervention in each
subsequent generation. Due to this “lab in the field” approach (Simon et al. 2018),
the potential adverse effects of GDOs are also likely to be novel compared to those of
conventional GMOs. The specific novel molecular and phenotypic characteristics may
also induce novel and application-specific causal pathways for environmental effects
(Hayes et al. 2018).
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The evolutionary stability of this potentially “infinite” copying mechanism of the
genomic drive cassette is subject to some debate due to the formation of resistant alleles
at the target site. The development of resistance to the gene drive in target populations
has been proposed for many gene drive approaches, although for some gene drive systems (e.g. HEGs) the occurrence of resistance is a greater concern than for others (Bull
2015; Marshall and Akbari 2018). Resistance has not only been theoretically explored
in proof-of-concept studies (e.g. Gantz and Bier 2015; Gantz et al. 2015; Unckless
et al. 2015; Hammond et al. 2016; Champer et al. 2017), but recently also shown in
cage experiments with Anopheles gambiae (Callaway 2017a; Hammond et al. 2017).
Several molecular mechanisms and approaches have been proposed to circumvent the
development of resistance (Noble et al. 2017; Vella et al. 2017; Kyrou et al. 2018). For
example, it has been shown that specific molecular mechanisms can guarantee the evolutionary stability of gene drives, e.g. by creating successive generations of cyclic gene
drive elements, by blocking drive-resistant alleles or by targeting highly conserved sequences (Kyrou et al. 2018; Min et al. 2018). However, the reliability of the proposed
mechanisms under environmental conditions is questionable. In addition, the use of
multiple gRNAs in order to achieve multiple and simultaneous genomic interventions
has also been proposed to maintain the evolutionary stability of the gene drive and
overcome resistant allele formation (Noble et al. 2017; Marshall et al. 2017; Champer
et al. 2018). Such multiplexed genetic engineering is already being applied in plant research and can result in unpredictable phenotypic outcomes (Eckerstorfer et al. 2019).
Resistance development in target populations may not be considered as an ecological risk per se, but can entail ecological risks as well as consequences for human health
(e.g. Murphy et al. 2010; David et al. 2013). If resistance occurs and the functionality
and effectiveness of the gene drive is no longer provided, the ultimate goal of the gene
drive will not be achieved, with unknown epidemiological and ecological consequences. For example, not re-sensitizing already resistant weeds may result in delayed adverse
agricultural and environmental consequences, if conventional management measures
have been interrupted during the release of the GDOs. Similarly, suspending the control of human pathogen vector populations may have immediate and severe health
implications (Bull 2017; Hayes et al. 2018).
Regarding long-term ecological impacts, novel mortality factors and selection pressures that are introduced into a population can have significant evolutionary consequences on target and non-target organisms. Experience from the introduction of nonnative biological control agents and from invasive alien species shows that ecological
impacts can vary from negligible to significant and even devastating, depending on
the species and the recipient ecosystem (Louda et al. 2003, see summary in Blackburn
et al. 2014). In particular, gene drive applications aiming at suppression of the target
population have the potential to change the ecological food web by inducing a loss of
prey populations, thereby impacting predators and diminishing food sources for different trophic levels (David et al. 2013; NAS 2016). Depending on the specific role
of the targeted species in the ecosystem, such ecological effects may affect prey species, predators, competitors or even complex ecological interactions, ecological func-
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tions and ecosystem services. The long-term changes in population densities of target
populations may induce indirect and cascading effects on communities and ecosystems
(David et al. 2013).
A consequence of the permanent suppression of pathogen-transmitting vector
populations can also be the altered virulence of the pathogen (David et al. 2013).
Modelling of evolutionary responses of transgenic dengue control options showed that
the blocking of the disease transmission and of mosquito biting increased the risk of
enhancing the virulence of the pathogen to humans (Medlock et al. 2009). The strong
selection exerted on the pathogen may result in evolutionary adaptive processes by
extending the host range of the pathogen to other species (Benedict et al. 2010; Bull
2015). Such a “vector switching” has been shown for other diseases transmitted by
mosquitoes (David et al. 2013). Interactions between different pathogen strains within
a host and transmitted between hosts may also affect their virulence (David et al.
2013). Such adaptive processes in the vector species can occur with respect to changes
in the vector capacity, i.e. the suitability of a vector species to transmit the parasite or
human pathogen. This may result in the regain of competency of the mosquito species
for the target pathogen or the acquisition of new competencies for other pathogens.
Hence, effects on related pathogens, their vectors and their control also need to be considered when deploying gene drive approaches that aim at the reduction of pathogen
competence of mosquitoes (Benedict et al. 2010). Changes in the relative abundance
of different vectors (e.g. different mosquito species or strains) due to the relief from
competition can result in increases in population sizes of secondary vectors (other than
the targeted) which may also result in increased target disease transmission or new
disease transmission levels (David et al. 2013).
Last but not least, the introduction of a novel control practice may affect existing
control measures of a noxious species or pathogen-transmitting vector species. In case
of population alteration or replacement of vector species, conventional control strategies such as the application of insecticides could compromise the novel control method
(Benedict et al. 2010; Murphy et al. 2010).

Challenges of gene drives for the ERA in the European Union
Challenge 1: The receiving environment cannot be defined for GDOs with the
ability to spread globally
One fundamental principle for the ERA of GMOs is the case-by-case principle laid
down in Directive 2001/18/EC (EFSA 2010a). This principle combines several factors
that may affect the type and likelihood of adverse effects to occur, such as the type of
GMO, the genetic modification, the intended use and, importantly, the receiving environment (EFSA 2010a). The receiving environments are defined as the environments
into which the GM animal or GM plant will be released, the GMO, their effluents or
parts of the plant or animal may spread or escape, actively or passively, and into which
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the transgene or recombinant DNA may spread (EFSA 2010a; EFSA 2013). The receiving environment is characterised by the accessible ecosystem or geographical zone
of cultivation and the management systems into which the GMO will be embedded
(EFSA 2010a; EFSA 2013).
The release of GM crops into the environment is locally restricted to specific production areas where the respective crop can only be grown if the specific climatic, agronomic and environmental conditions are appropriate. In contrast, spread of GDOs
into populations beyond a spatially defined location is highly likely (e.g. in case of low
threshold drives). For wild populations habitat heterogeneity is common, notably for
arthropod pest species, which can either simultaneously or successively occupy diverse
habitats and may have a range of host species, in particular if they are generalists and
polyphagous. For example, the invasive pest Drosophila suzukii occupies a range of different crop and non-crop habitats, some of which serve as refuges (Santoiemma et al.
2018). Different races of the major pest species in maize, Ostrinia nubilalis, can exhibit
different host-plant preferences, thereby feeding not only on maize in agricultural plots
but also on other host plants like hop and mugwort in natural habitats which is also
reflected by different molecular forms (Bourguet et al. 2000; Martel et al. 2003; Bethenod et al. 2005). Similarly, different molecular forms of the malaria-transmitting mosquito Anopheles gambiae exhibit larval habitat segregation (Gimonneau et al. 2010).
In a specific receiving environment, genotype-environment interactions play a crucial role, not only for the success of the gene drive application, but also concerning the
potential risks for the environment. In order to achieve the successful spread of GDOs,
the fitness costs involved with the gene drive construct for the target organisms are of
high relevance, as they can affect the threshold which is necessary for successful spread
and fixation (de Jong 2017). Such fitness costs are usually estimated by modelling but
may differ from the predictions under realistic conditions. Novel fitness costs may
occur under certain environmental conditions, possibly counteracting the intended
gene drive (Iturbe-Ormaetxe et al. 2011). For example, molecular resistance to the
gene drive mechanism can vary between organisms with different genetic backgrounds,
which is relevant for target populations with high standing genetic diversity (Miles et
al. 2017; Champer et al. 2017). Genotype-environment interactions have been shown
to be important even for conventional GM crops as they can modulate the plants phenotypic and environmental performance (Zeller et al. 2010; Trtikova et al. 2015). Such
interactions can also influence the phenotype of GM animals such as fish, with deriving ecological consequences (Devlin et al. 2004; Sundström et al. 2007). Genotypeenvironment interactions are therefore important aspects to be considered during ERA
and require knowledge about the receiving environment(s) into which the GMO will
be released. In ERA, testing the performance and environmental behaviour of a GMO
in a specific receiving environment, typically done in field-testing, therefore serves to
provide knowledge about the specific genotype-environment interactions of the GMO
in question (EFSA 2010a). The establishment of relevant baseline data of the receiving
environment before release of a GMO provides a reference framework against which
potential environmental changes can be compared to after the release (EFSA 2010a).
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If, for wild plant or animal (meta)populations a range of genotype-environment interactions are possible, then the testing environments need to be spatially limited for
the ERA.
It has been proposed to carry out field trials with GDOs intended for pathogenvector control in locations where no vectors are naturally present, as an instrument for
ecological confinement of GDOs (Akbari et al. 2015; NAS 2016). However, such an
approach can only be of limited value to inform the ERA, because it ignores that the
functionality and the environmental implications of the respective gene drive application depend on the environmental specificities of the location of release.
Challenge 2: The safety of a GDO cannot be established based on a comparative
assessment
The comparative safety assessment of the GMO with a non-modified organism is the
starting point for the ERA of GM plants and animals (EFSA 2010a; EFSA 2013). For
the assessment of GM crops, a conventional plant with a similar genetic background
shall be used as a comparator in order to identify any differences and hazards, based on
the “history of safe use” of conventional crops (EFSA 2010a). For GM animals, a comparison with wild populations of the same or closely related species has been proposed,
taking into account that individuals are used which are derived from the location into
which the GM animal is expected to be released and which exploit a similar ecological
niche as the GM animal in accessible ecosystems (EFSA 2013). The use of non-GM
surrogate animals with similar traits to those of the GM animal has also been recommended, in addition to the comparison of the management systems (EFSA 2013). At
least for GM crops, the concept behind the comparative safety assessment is the assumption that conventionally cultivated plants are safe for consumers, animals and the
environment (Constable et al. 2007).
Gene drive approaches generally target wild populations with no genetic uniformity, familiarity or history of safe use instead of domesticated animals or crops. If wild
populations of the target species or closely related species in target environments serve
as a baseline in order to assess any phenotypic and ecological differences to the GDO,
then the reference framework for comparison must not only consider the organism
as such but also include the environment in which the comparator thrives. Identified differences between the GDO and wild populations do therefore not necessarily
indicate a hazard but may be due to the phenotypic and ecological plasticity of the
target population. For wild populations of animals, it will be even more difficult than
for GM crops to identify whether such differences are due to the novel GM trait or
due to the range of behavioural and ecological characteristics present in the population. Although the comparative assessment certainly has an indicative value for a basic
phenotypic characterisation and comparison of the GDO with the wild population
from which it derives, it will have to be complemented with criteria for the relevance
of observed differences. Ideally, these criteria should be available before an assessment
of a specific GDO needs to be done.
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Consequently, an assessment of differences between GDOs and their wildtype
comparators will be impractical for wild populations intended for a global gene drive.
The availability of relevant baseline information regarding a range of biological and
ecological parameters of both target and non-target populations in the envisaged receiving environment is a prerequisite in order to identify differences between the GDO
and its comparators, to evaluate its relevance and to derive risk scenarios. However, this
is only feasible if gene drive applications can be spatially restricted and confined to a
specific environment. If such a local gene drive is envisaged, an assessment of the genetic, phenotypic, behavioural and ecological baseline data may be feasible, depending
on the degree of population differentiation in the target species at the specific location.
Logically, such a comparative assessment will be redundant for gene drive applications
aiming at suppression and elimination of the target population where no viable offspring is available.
Challenge 3: The environmental impact of gene flow of GDOs cannot be assessed
with the current ERA
The novelty of gene drive applications is the deliberate and intended transfer of modified genetic elements to one or several populations of the target species. Due to intraand interspecific gene flow, gene drive may also spread to populations other than the
targeted. Depending on the aim of the gene drive approach, this may be considered as
a beneficial effect of a particular gene drive based control strategy (David et al. 2013;
Hayes et al. 2018). Interspecific gene flow and hybridization between the mosquito
species Anopheles gambiae and other disease-transmitting vector species, such as A. arabiensis, has been shown (Besansky et al. 1997). In addition, intraspecific hybridization
between different molecular or chromosomal forms of A. gambiae may also be relevant
(Oliveira et al. 2008; David et al. 2013). The genetic heterogeneity and diversity of
wild populations can be extensive, as has been recently shown for A. gambiae from 15
locations in Africa, demonstrating the potential for adaptive gene flow in these species
across the entire continent (Miles et al. 2017).
A thorough knowledge of the occurrence of potentially compatible species, the
population dynamics and genetics of non-target populations, including knowledge of
reproductive or other isolating mechanisms between populations, is therefore highly
relevant in order to estimate the risk of gene flow to non-target populations. The large
knowledge gaps with regard to the phylogenetic relatedness and ability for hybridization in many wild species hampers the assessment of risks for gene drives that are able
to spread beyond a certain meta-population.
Consequences of intra- as well as interspecific gene flow of GDOs can be decreased
fitness, population declines and reduced phenotypic diversity and displacement of native species (David et al. 2013). Unpredicted fitness effects have been reported in offspring crop-wild hybrids of GM crops (Xia et al. 2016; Yang et al. 2017). The inclusion
of the assessment of the offspring generations of the GDO and potential changes in
fitness-related parameters of these will therefore need to inform the ERA with respect
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to unintended consequences due to different genetic backgrounds of target and nontarget populations.
Both, the ERA for GM crops and for GM animals provide the basis for an assessment of spread, persistence and invasiveness including gene flow (EFSA 2010a;
EFSA 2013). In order to determine the relevance of an observed effect (e.g. increased
persistence, fitness or changes in the population range of feral plants or wild compatible relatives), EFSA refers to a separate – yet unspecified – assessment to determine
the environmental impact (EFSA 2010a). For GM animals, the environmental consequences and the potential harm due to gene flow and its resulting impacts on the
receiving environments have to be determined during ERA (EFSA 2013). However,
environmental harm has not yet been assessed or determined in ERA, even for “classic”
GMOs. Specification of environmental harm due to spread, persistence or gene transfer by the application of GDOs could include: gene transfer to non-target organisms in
target environments, e.g. mosquito species without disease transfer capacity, or spread
and dispersal of GDO populations to non-target environments (e.g. natural habitats).
Such spread into non-target habitats has been observed e.g. for non-native biocontrol
agents (Louda et al. 2003).
Challenge 4: Testing of GDOs in the field is hardly possible
A major principle in the European GMO regulation is the step-by-step principle, also
referred to as stepwise approach (EFSA 2010a). This principle refers to the gradual
reduction of containment of a GMO and the gradual increase of the scale of release,
including field-testing at the research stage in the ecosystems which could be affected
by their use (European Commission 2001, recitals 24 and 25). Such a phased testing
and release strategy has also been recommended for GM mosquitoes and GDOs, starting with laboratory tests, proceeding to cage testing before conducting confined and
open field releases (WHO 2014; Hayes et al. 2018). Gradually decreasing the containment of a GMO by field-testing enables to build up specific knowledge of the GMO
and its environmental behaviour. Thus, uncertainties about environmental risks can
be reduced.
Already for laboratory experiments with GDOs, developers of gene drive applications have proposed extensive ecological, physical and molecular confinement methods
in order to avoid escape of organisms from the lab (Akbari et al. 2015; RIVM 2016,
2018; NAS 2016). Notification procedures and monitoring of accidental releases of
GDOs from the laboratory or transportation compartments still have to be developed
(RIVM 2016, 2018).
The first release of GDOs into the environment presents a particular challenge for
risk assessors and risk managers, because of the lacking experience and comparability with previous releases. Any deliberate release of a GDO for field-testing needs to
consider that a single release of GDOs into the environment may have the potential
for unlimited and global spread into wild populations. EFSA already recognizes the
difficulty of conducting field trials with GM insects due to the irretrievability of GM

Environmental risk assessment of global gene drives

15

insects in certain cases (EFSA 2013). The potential irreversibility concerns not only the
GDOs themselves but also their potential environmental effects, which remain, even
if the GDOs have been removed or have disappeared from the environment after the
release. In many cases, such field testing under realistic environmental conditions is
considered to be crucial, e.g. for the determination of functionality and efficacy of the
gene drive application in-situ, but also for the assessment of ecological parameters and
effects on local, wild-type organisms. Without information gained from field trials,
there is a lack of data regarding the potential impact on target organisms, the GDOs'
dispersal and population dynamics, and their possible ecological impact in the receiving environment. This will hamper the determination of the efficacy of the gene drive
approach, but also of probabilities regarding the occurrence of potential adverse effects
on human health and the environment. However, such probabilities are needed in
order to characterise the potential risks.
Self-limiting approaches of GDOs have been suggested in order to control and
halt further spread of GDOs into the environment, such as locally fixed gene drives
(Sudweeks et al. 2019) or precision drives (Esvelt et al. 2014) which exclusively target
a specific subpopulation. Other approaches for confinement of gene drives during field
tests have been suggested, such as choosing environments without non-target populations for first releases of the GDO, the use of multiple levels of molecular containment
and the use of visible markers in GDOs (Oye et al. 2014; NAS 2016). Presumed
“self-exhausting” gene drive approaches (i.e. local drives) and strategies for countering
drive systems and restoring wild-type populations have also been proposed (Noble et
al. 2017; Min et al. 2018). However, these are theoretical approaches and proof-ofconcept studies are still lacking. As long as functional confinement strategies, employable marker systems and methods for monitoring and the retrievability of GDOs are
missing, the release of GDOs for testing purposes should be avoided.
Challenge 5: Long-term risks at the population and ecosystem level cannot be assessed with current ERA methods
One particularity of the European GMO regulation is the assessment of long-term, indirect and delayed effects, referring to effects on human health or the environment “…
which may not be observed during the period of the release of the GMO, but become apparent as a direct or indirect effect either at a later stage or after termination of the release”
(European Commission 2001).The regulatory provisions distinguish direct from indirect effects, delineating direct effects on human health or the environment from those
occurring through a causal chain of events. Commission Directive (EU) 2018/350
specifically mentions long-term effects of GMO which result “… either from a delayed
response by organisms or their progeny to long-term or chronic exposure to a GMO or from
an extensive use of a GMO in time and space”. Long-term effects should be assessed by
desk-based studies, considering a) practical knowledge and empirical data from the
previous releases, either field testing or commercial use; b) available data sets or literature and c) mathematical modelling (European Commission 2018a). For GM crops,
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the use of models has been proposed, in particular for effects that cannot be assessed
experimentally or at field scale (EFSA 2010a; EFSA 2013).
Currently, there is no practical knowledge or empirical data from environmental
releases of GM insects or GM animals in the EU. No GM animals have so far been
notified; neither for placing on the market nor for field-testing. It has been argued that
the ERA of GDOs can be informed by experience gained with the release of biological
control organisms (Devos et al. 2019), because there are some similarities regarding the
release of GDOs and biological control agents released to control pest species (NAS
2016). While this may be true for certain biological aspects (e.g. host-specificity, retrievability issues, spread out of the intended area), it has to be considered that biological control organisms are mostly non-native species released into an “unfamiliar” environment which often leads to unpredictable outcomes (Louda et al. 2003). In contrast,
gene drive applications aim to control native species in their “original” environment or
non-native species that have already been present for some time in the new environment. In addition, long-term evaluations of biological control organisms are largely
lacking, also due to the time delays between their introduction and the occurrence of
harmful effects (EFSA 2013). Hence, any predictions of large-scale and long-term ecosystem effects of GDOs should not be based on the experiences with biological control
organisms alone and consider the unique features of GDOs.
Literature of impacts of GDOs is currently limited to theoretical modelling exercises regarding the spread and functionality of specific gene drive constructs (see e.g.
Marshall and Hay 2012; Akbari et al. 2013; Noble et al. 2017, 2018). In addition,
there is a range of literature available that evaluates the pros and cons of different
gene drive applications on a theoretical level (see e.g. Champer et al. 2016). Likewise,
potential ecological implications have been discussed on a theoretical level only (e.g.
David et al. 2013; Simon et al. 2018).
Experience with mathematical modelling for ERA purposes is available for GM
crops such as Bt maize (e.g. EFSA 2012a, b). For risks of insecticidal Bt maize on nontarget Lepidoptera, a model has been developed to evaluate the exposure of lepidopteran larvae to the maize pollen on the butterflies’ host plants (Perry et al. 2010; Perry
et al. 2011, 2012). This model was then used for ERA purposes and the derivation of
risk management strategies by EFSA (EFSA 2012a, b, 2015). However, the underlying
assumptions of the model have been highly debated in the scientific literature (Holst
et al. 2013; Kruse-Plass et al. 2017; Perry et al. 2017), which encouraged EFSA to
re-evaluate the model (EFSA 2019). Although not used for ERA purposes, modelling
studies have also been used to predict the persistence and dispersal of GM oilseed rape
in agricultural landscapes, e.g. by quantitative extrapolation of effects through upscaling (Breckling et al. 2009; Middelhoff et al. 2011; Reuter et al. 2011). Modelling has
also been used to assess agricultural risks of co-existence of GM and non-GM crops,
e.g. due to cross contamination (e.g. Colbach et al. 2001a, b; Angevin et al. 2008;
Colbach et al. 2008). For GDOs, mathematical models were used so far to address the
spread of the cargo genes in the target population and the occurrence of resistant alleles
(e.g. Unckless et al. 2015; Eckhoff et al. 2016; Noble et al. 2018).
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The controversies around the ERA in general and the model used in the ERA of Bt
maize in particular have not ceased yet, even though many GM crops have been risk
assessed over the years and, thus, some experience with the cultivation of Bt maize in
the EU and a good data basis for the model input parameters is available. In contrast,
no data to assess long-term risks of GDOs are available and mathematical models still
have to be developed in order to specifically address the ecological processes that may
be affected if GDOs are to be released into the environment.
Challenge 6: Improved environmental monitoring and risk management must be
operational before deploying GDOs
Considering that a high level of uncertainty has been attributed to the environmental
and human health risks of GDOs, the application of appropriate risk management
strategies is of paramount importance. Risk management strategies should control the
identified risk, cover the uncertainties and need to be available and functional at the
time of first release. When cultivating GM crops, risk management involves the establishment of an insect resistance management plan, e.g. for insect resistant Bt maize, to
minimize the risk of resistance development of the targeted pest species (EFSA 2012b).
Also for GDOs, resistant phenotypes can compromise the functionality of the gene
drive approach. Therefore molecular approaches have been suggested, which are presumed to undo genomic changes of a previous drive or occurring resistant phenotypes,
e.g. by overwriting one or all previous genomic changes (i.e. “reversal” drive; Esvelt et
al. 2014). This still theoretical approach aims to reverse the effect of GDOs and has
been proposed as a kind of rescue of the original, wild-type sequence or phenotype
(Min et al. 2018). All these proposals use the same technological approach as the original gene drive application. Therefore such “reversal drives” are also subject to the same
regulatory requirements and evolutionary constraints as the originally deployed drive
system. Even if the original molecular sequences will be re-established by the use of
such drives, certain synthetic molecular elements will remain in the target population
(e.g. coding for the nuclease or gRNA, Esvelt et al. 2014). Recently, certain molecular
targets have been proposed with no observed selection of resistance alleles that impair
the functionality of the drive (Kyrou et al. 2018). Although these “safe by design” approaches are in principle preferable, these are still conceptual and are currently far from
being deployable.
In the EU, a post-release monitoring plan has to be submitted by the applicant of a
GMO with the purpose (1) to validate the results of the ERA (i.e. case specific monitoring) and (2) to address any adverse effects which were not anticipated in the ERA, also
referred to as general surveillance (European Commission 2001). In particular, general
surveillance serves to detect indirect, delayed and/or long-term effects, thereby acting
as an early warning system in order to rapidly implement or modify risk management
measures and reduce consequences for the environment and human health. Due to the
long-term and persistent character of gene drive applications in the environment, and
the high level of uncertainty of adverse effects, monitoring must not only focus on the
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efficacy of the gene drive control strategy. Specifically, it needs to include monitoring
of the occurrence and prevalence of the GDOs in those environmental compartments
and habitats where these organisms are expected to occur. Monitoring has also been
demanded in order to minimize risks for misuse of gene drive applications, e.g. by
sequencing of populations and environments at risk if these contain genetic elements
relevant for gene drive (Min et al. 2018). Long-term monitoring is particularly necessary if gene drive approaches are deployed as a public health tool, i.e. for control of disease-transmitting vectors, in order to guarantee long-term efficacy of the intervention.
Thereby, adverse effects on human health due to the potential lack of functionality of
the drive can be avoided. Monitoring approaches analogous to the pharmacovigilance
of human medicinal products have also been demanded (WHO 2014). In addition,
new data and information gained from monitoring can be used to inform the ERA,
which should be regularly reviewed and updated, also with the aim to possibly adapt
any risk management measures that have been applied (EAA 2011).
For insect-resistant GM crops, resistance monitoring has been shown to be effective in areas of cultivation of Bt maize (Camargo et al. 2018). In contrast, post-market
environmental monitoring carried out for “classic” GM crops in the EU is not functional with respect to its objectives, design, data analysis, and selection of monitoring
networks as well as the lack of a standardised methodology (EAA 2011). In addition,
a comprehensive monitoring of the presence of GMOs in the environment has also
been demanded for “classic” GMOs, but is currently not realised EU-wide (EAA 2011,
Bühler et al. 2018). Due to these shortcomings of post-release environmental monitoring of GM crops in the EU, the monitoring aims, designs, methodologies and involved
networks need to be adapted accordingly to address the specificities of gene drive applications before release into EU environments.

Conclusions
The use of genetically modified organisms with the ability for gene drive has been
proposed to combat some of the most pressing human health, agronomic or environmental problems. Due to the potentially unlimited spread, both spatially and in
time, gene drive applications may have severe consequences for target as well as nontarget populations, but also entire ecosystems or public health. Therefore, a cautious
handling of these organisms is strongly suggested; the assessment of environmental
risks, provisions for post-release monitoring and risk management measures should
be standard requirements before release of GDOs into the environment. In order to
achieve this, the regulatory oversight of GMOs in the EU has to be scrutinised to
evaluate whether it is fit for purpose to cover the novel risks and challenges posed by
gene drive applications.
Regulating GDOs according to the provisions of Directive 2001/18/EC for the
deliberate release into the environment of GMOs provides the advantage that each
environmental release requires a specific authorization, a preceding environmental
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risk assessment, including a phased release into the environment and a mandatory
post-release environmental (and possibly human health) monitoring. This regulatory
framework provides an EU-wide harmonised and robust approach in which potential adverse effects of gene drives to human health and the environment have to be
determined, their likelihood assessed, the risks managed and monitored. The current
regulatory provisions for GMOs in the EU are aligned to single-generation GMOs
with no intentional spread or persistence in the environment; hence, consent for use is
given for a maximum period of 10 years with the possibility for renewal. Any GDO to
be released into the environment would have to comply with these regulatory requirements. From a regulatory view, it will be difficult to handle GDOs designed to disperse
in the environment beyond a specific time frame, in particular if retrievability of these
organisms is not readily available.
With the emergence and increased application of new genetic engineering techniques used inter alia for the construction of GDOs, an efficient risk assessment will
have to address specific risk aspects for a range of different organisms at different taxonomic hierarchies. The major differences of gene drive approaches to conventional
GM approaches refer to the targeting of wild populations and the intentional spread
of synthetic genetic elements or novel traits throughout target populations and entire
ecosystems with the potential for long-term adverse effects. These specificities have
major implications for the ERA, with respect to the definition of the receiving environment, for the use of the comparative approach, the assessment of environmental
harm due to gene flow and the testing of the organisms in the field, the assessment of
long-term risks as well as for monitoring and risk management.
Specifically, long-term effects on whole populations or ecosystems including potential evolutionary changes in target and non-target populations are highly unpredictable and difficult to model. They pose a specific challenge for the risk assessment of
GDOs. Uncertainties in the assessment of the likelihood of the occurrence and of the
consequences of such long-term effects may result in highly speculative risk estimations. A comprehensive empirical data basis, new and systematic scientific approaches
and improved predictive modelling of long-term effects at ecosystem level will be indispensable to evaluate such risks. In addition, a scientifically sound ERA needs a spatial and temporal reference framework for any GMO, which implies that ERA is not
possible for globally spreading GDOs. This also implies that decisions on acceptable
risks can only be made if enough data are available to assess the specific risk and if clear
decision criteria are available regarding the acceptability of such risks, both for ERA
and for monitoring. Last but not least, more emphasis than for “classic” GMOs needs
to be put on post-release monitoring and the availability of risk management measures
in order to enable timely detection of adverse effects on the environment and the possibility to halt or even reverse the spread of GDOs in the receiving environment. The
decision of first release into the environment of a GDO, e.g. during field-testing, will
not be easily tackled. The trade-off between gaining necessary information on efficacy
and biosafety of the specific application in the receiving environment and the assessment of risks, based solely on data from confined environments, will have to be solved

20

Marion Dolezel et al. / BioRisk 15: 1–29 (2020)

already at the beginning of the ERA. The final decision to release GDOs into the environment will, however, not be a purely scientific question, but will need some form of
broader stakeholder engagement and the commitment to specific protection goals for
human health and the environment.
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