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ABSTRACT

Potential future application of engineered gene drives (GDs), which bias their own inheritance
and can spread genetic modifications in wild target populations, has sparked both enthusiasm
and concern. Engineered GDs in insects could potentially be used to address long-standing chal-
lenges in control of disease vectors, agricultural pests and invasive species, or help to rescue
endangered species, and thus provide important public benefits. However, there are concerns
that the deliberate environmental release of GD modified insects may pose different or new
harms to animal and human health and the wider environment, and raise novel challenges for
risk assessment. Risk assessors, risk managers, developers, potential applicants and other stake-
holders at many levels are currently discussing whether there is a need to develop new or add-
itional risk assessment guidance for the environmental release of GD modified organisms,
including insects. Developing new or additional guidance that is useful and practical is a chal-
lenge, especially at an international level, as risk assessors, risk managers and many other stake-
holders have different, often contrasting, opinions and perspectives toward the environmental
release of GD modified organisms, and on the adequacy of current risk assessment frameworks
for such organisms. Here, we offer recommendations to overcome some of the challenges associ-
ated with the potential future development of new or additional risk assessment guidance for
GD modified insects and provide considerations on areas where further risk assessment guidance
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may be required.

Introduction

For centuries, humans have sought to control insect
disease vectors (such as disease-transmitting mosqui-
toes and ticks), agricultural insect pests and non-native
invasive insect species through a variety of methods.
These methods include: the use of biological or chem-
ical insecticides, insect-resistant crops, biological con-
trol, and genetic control methods such as the sterile
insect technique (SIT) and Wolbachia-mediated incom-
patible insect technique (IIT) [1-3]. Controlling disease
transmission by mosquitoes, for example, is a long-
standing public health goal [4,5]. While effective on a
local/regional scale, current control methods have not
prevented the spread of mosquito-vectored diseases,

not least due to the evolution of resistance to com-
monly used insecticides, difficulty in reaching all breed-
ing/resting sites, increased human population densities,
climate change and global trade [6,7]. This has
prompted the development of new, yet complemen-
tary, genetic control approaches, such as Wolbachia-
mediated pathogen interference (Pl) and genetically
modified insects (GMIs) carrying a dominant (female)
lethal gene [(fs)RIDL] or containing engineered gene
drives (GDs), to combat the spread of mosquito- and
other vector-borne diseases worldwide [5,8]. Genetic
control of insects involves the intended release of indi-
viduals that contain the heritable genetic modification
of interest (for the purposes of control) that is

CONTACT Yann Devos @ Yann.Devos@efsa.europa.eu e Via Carlo Magno 1A, Parma, 43126, Italy.

© 2021 European Food Safety Authority (EFSA). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in

any way.


http://crossmark.crossref.org/dialog/?doi=10.1080/07388551.2021.1933891&domain=pdf&date_stamp=2022-01-28
http://orcid.org/0000-0002-4067-7871
http://orcid.org/0000-0001-8964-1784
http://orcid.org/0000-0003-0250-0423
http://orcid.org/0000-0002-5126-9371
http://orcid.org/0000-0003-1242-8293
http://orcid.org/0000-0003-3743-5107
http://orcid.org/0000-0003-0619-4638
http://orcid.org/0000-0002-2480-2804
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com

introduced and disseminated into wild populations via
mating [1]. Similarly, challenges associated with
increased insecticide resistance in agricultural insect
pests and the invasion of non-native insect species are
driving the exploration of novel genetic control
approaches, including (fs)RIDL and engineered
GDs [3,9-111.

GDs can be described as genetic elements that bias
their own inheritance from generation to generation in
order to gain a transmission advantage over the rest of
the genome [12]. During the sexual reproduction of
diploid organisms, each of the two copies of a gene
present in each parent has a 50% chance of being
inherited according to Mendelian laws of inheritance.
GDs can increase this probability and be transmitted to
subsequent generations at a frequency greater than the
expected 50%. This preferential inheritance may allow
GDs to rapidly spread in interbreeding populations,
increasing their prevalence and that of any genetically
linked cargo/payload genes, even if the introduced
genetic modification imposes some fitness costs on
their host. The speed of this process is inversely corre-
lated with the generation time of the organism (i.e. the
shorter the generation time, the faster is the GD poten-
tial to spread) [12].

First reported in 1920, naturally occurring GDs (such
as transposable elements, homing endonuclease genes,
segregation distorters, Medea, Wolbachia endosym-
bionts) have been observed in a variety of organisms
[13]. While the idea of harnessing naturally occurring
GDs against disease vectors, agricultural pests and inva-
sive species is not new [14], it has proved difficult to
engineer efficient GD systems using classical genetic
approaches. Recent advances in molecular and syn-
thetic biology (e.g. gene editing using the clustered
regularly interspaced short palindromic repeats
[CRISPR] and CRISPR-associated protein 9 [Cas9] system)
enable the engineering of GDs with much greater ease
in a wide range of organisms, with an initial focus
on insects.

In this review, which builds on our experience as
main contributors to a Scientific Opinion by the Panel
of Genetically Modified Organisms (GMOs) of the
European Food Safety Authority (EFSA) [15], we (1)
describe engineered GD strategies and approaches in
insects, (2) address the potential benefits of GD tech-
nologies and risk concerns associated with the deliber-
ate environmental release (termed hereafter release) of
GMls containing engineered GDs (termed hereafter GD
modified insects [GDMIs]), (3) present some of the latest
international/regional developments on the need to
develop new or further (i.e. additional to the existing)

CRITICAL REVIEWS IN BIOTECHNOLOGY @ 255

risk assessment guidance for releases of GD modified
organisms (GDMOs), (4), offer recommendations to
overcome some of the challenges anticipated for the
development of practical and useful guidance on engi-
neered GDs, and (5) highlight some risk assessment
issues for GDMIs that may require further guidance.

Engineered gene drive strategies and
approaches in insects

Engineered GDs can be designed to either suppress tar-
get insect populations (population suppression) or
modify them (population modification). Suppressive
engineered GDs aim to reduce target populations. This
can be achieved by imposing a substantial fitness cost
through the inactivation of important genes involved in
(sex-specific) survival (e.g. non-developing females) or
reproduction of the target population (e.g. reduced off-
spring fertility, biased sex ratio to males), or via the
introduction of genes that reduce the lifespan [16].
Such strategies are expected to result in population
reduction or even collapse, and theoretically may lead
to (global) eradication of the target organism.
Engineered GDs for population modification, primarily
for disease vector control, are intended to modify the
genetic makeup of target populations to be less able to
transmit disease (impaired vector competence includ-
ing disease refractory traits). Such strategies are based
on the introduction of genes that kill the pathogen in
the insect or produce molecules blocking pathogen
development. They can also involve the inactivation of
genes required for the target organism to transmit the
pathogen [16]. Cargo/payload genes must be genetic-
ally linked to the engineered GD to ensure they are
inherited alongside the drive.

Depending on the engineered GD system (whose
design and mode of action are diverse), theoretically, a
genetic modification could spread spatially beyond tar-
get populations (non-localized) and persist indefinitely
(self-sustaining), or be restricted in its spread (localized)
or persistence (self-limiting). Self-sustaining systems can
be designed to spread a genetic modification rapidly,
widely and for an indeterminate time, perhaps for
many generations or until the target population is
either eliminated or modified, or until a viable resistant
mutation becomes established. Self-sustaining systems
that are spatially unrestricted could introgress into any
interbreeding target species that has vertical gene flow
with the target population where the GD modified indi-
viduals are released, within a relevant timeframe [17].
Self-limiting engineered GDs, on the other hand, are
those in which the genetic modification is expected to
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be temporally limited and disappears from the target
population in the absence of additional releases.

Inherent to many engineered GD systems is the
requirement for individuals to be released above a cer-
tain threshold density before they will drive the genetic
modification through the target population [1,18-21].
This threshold refers to the proportion of GD modified
individuals with respect to the total target population
that will reliably initiate the spread of the genetic modi-
fication. The lower the threshold, the more likely that
dispersal of low numbers of GD modified individuals
could initiate the establishment of the genetic modifi-
cation in (neighboring) target populations of the same
species. High threshold GDs only spread if the density
of the modified individuals reaches a high proportion
within the target population. With relatively low levels
of dispersal, a further spread would be inhibited, as the
genetic modification would fail to reach the threshold
density needed to drive into areas neighboring a
release area, thus enabling local confinement.

Current research efforts have focused on the develop-
ment of engineered GDs that are specific, stable and
avoid or delay the evolution of resistance against them.
Resistance evolution can impede the continued spread of
an engineered GD, inducing GD failure [22-24].
Resistance can result from genetic variation in the popu-
lation or can be induced by the nuclease activity itself,
where repair by end-joining or imprecise/incomplete
homology-directed repair can produce variant, non-cleav-
able alleles [25]. In the case of CRISPR-Cas9-mediated
homing-based GDs, single nucleotide differences at the
guide RNA (gRNA) target site can make it resistant to rec-
ognition by Cas9 and preclude further cutting/homing,
because CRISPR-Cas9 cleavage requires a near-perfect
match between the ~ 20 base pair gRNA sequence and
the genomic target site [26]. Since population modifica-
tion strategies operate over long periods of time, resist-
ance due to spontaneous mutation in target sequences is
more likely to be selected for in such systems [25]. In sup-
pressive GD systems, declining population numbers
reduce the frequency of potential mutation events that
could lead to resistance, despite the higher selection
pressure for resistance mutations compared to popula-
tion modification GDs. Various strategies are currently
being explored to overcome resistance evolution: multi-
plexing gRNA targeting different target DNAs [26,27], tar-
geting ultra-conserved and functionally constrained
genes essential for survival or fertility [28-30], optimising/
regulating GD expression to reduce end-joining activity
[31], stacking multiple cargo/payload genes in the same
host individual [32], designing engineered GDs that tar-
get conserved or haploinsufficient genes that also carry a

recoded cDNA restoring endogenous gene activities
[30,33-37], minimizing fitness costs [38], and combining
multiple engineered GD approaches [39]. While potential
future GD failure (i.e. loss of efficacy) is often mentioned
as a concern, it is not unique to engineered GDs or other
genetic control systems [23,40].

Recent research efforts also aim to develop engi-
neered GDs that are confinable (i.e. limited in their
spread and persistence) and reversible (i.e. recallable
from the environment in the event of unwanted conse-
quences) [24,41-44]. Several approaches have been pro-
posed to restrict the spread of engineered GDs within a
specified target population or geographic region, or to
reduce their persistence in target populations over the
course of several generations [44-46]. Theoretically,
localized GDs are not expected to establish themselves
in neighboring target populations when dispersal is low
[47]. Engineered localized GDs may thus constitute a
form of biological or molecular confinement that could
supplement physical and ecological confinement [16].
Reversal GDs have been proposed as genetic remedi-
ation or neutralizing systems that could reverse the
effects of a previously released GDMO in the event of
unintended consequences. The development of reversal
GDs is proceeding in insects such as mosquitoes and
fruit flies, and their potential use is explored with popu-
lation genetic models [42,48,49]. Systems have also been
designed to either turn on or turn off GD activity in the
presence or absence of small organic molecules that can
easily enter cells [50,51]. While reversal and inducible GD
systems hold promise, developers themselves caution
against unforeseen consequences [49], and indicate that
reversal GDs may not necessarily be the first choice for
remediation efforts due to the associated uncertainty of
introducing another GD approach [52].

While current research is investigating the develop-
ment of engineered GDs in insect populations and
deploying them, it will take many years before they can
be applied to practical disease vector/pest manage-
ment. At present, some GDMIs are either in develop-
ment or have been tested experimentally in the
laboratory, often with multigenerational data and
model simulations [17,19,20,27,28,33,35,39,43,45,46,
53-67]. However, no “contemporary” GDMIs have been
assessed in small-scale physically and/or ecologically
confined field trials, or open release trials [5,8,10,15,68].

Potential benefits and risk concerns

Potential future application of engineered GDs has
sparked both enthusiasm and concern [69]. GDMIs
could potentially be used to address long-standing
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Table 1. Overview of current and emerging genetic disease vector/pest control strategies in insects (reprinted and adapted

from [15]).

Potential to spread and persist in target populations

Self-limiting

Self-sustaining

Intended outcome High threshold (localized)

Low threshold (non-localized)®  High threshold (localized)

Low threshold (non-localized)

-Wolbachia-mediated IIT
-SIT

-RIDL

-fsRIDL

-pgSIT

-Gene drive technologies
Gene drive technologies

Population suppression

Population modification

Gene drive technologies

Gene drive technologies

Gene drive technologies Gene drive technologies

-Wolbachia-mediated PI
-Gene drive technologies

Gene drive technologies

fsRIDL: release of insects carrying a dominant female lethal transgene; IIT: incompatible insect technique; pgSIT: precision-guided sterile insect technique;
PI: pathogen interference; RIDL: release of insects carrying a dominant lethal transgene; SIT: sterile insect technique.
@Likely hypothetical because temporal restriction will constrain the engineered GD to the vicinity of the release area.

challenges in the control of disease vectors, agricultural
pests and invasive species, or help to rescue endan-
gered species. However, despite their potential to pro-
vide important public benefits, there are concerns that
GDMI releases may pose different or new harms to ani-
mal and human health and the wider environment.
Potential benefits and risk concerns are briefly
described below.

Potential benefits

The use of engineered GDs in insects could have three
main benefits: (1) reach parts of target populations that
are missed by conventional methods, (2) very high tar-
get specificity, and (3) provide ongoing effects with
relatively little or no further input. As is the case with
any other genetic control method for insects (such as
SIT, Wolbachia-mediated IIT and PI, and [fs]RIDL), GD
technologies exploit the mate-seeking behavior of GD
modified individuals, which self-disperse and actively
seek mates [1]. Due to the self-propagating nature of
engineered GDs, theoretically, no enabling infrastruc-
ture is needed to ensure spread. Thus, GDMIs may be
capable of extending into areas that are difficult to
reach, and that are only served by limited infrastruc-
ture [70].

Insect genetic control approaches, including GDMls,
are species-specific or at least limited to the related
species complex (i.e. a group of closely related partially
interbreeding, but distinct, species), and depending on
the engineered GD system, they may even be popula-
tion-specific (i.e. with limited ability to spread the gen-
etic modification beyond the initial target population
into which it is released). Thus, the wild-type organisms
targeted by GDMIs may include: specific populations,
single species, a species complex (covering all strains
and sibling species where reasonable levels of hybrid-
ization or introgression can occur in the field), or a set

of partially reproductively connected species.
Depending on the extent of the set of target organisms,
intended outcomes may differ across the spectrum of
such a complex. Overall, species specificity could
reduce undesired direct effects on non-target organ-
isms (NTOs) compared to chemical insecticides used for
indoor residual spraying, outdoor insecticide fogging,
or chemical larvicides in breeding sites [70].

Due to preferential inheritance, the acquisition of
the genetic modification is expected to occur much
faster than with most other genetic changes driven by
natural selection [12]. Consequently, engineered GDs
may have a potentially higher efficiency at suppressing/
modifying target populations than other genetic con-
trol methods based on classical Mendelian inheritance
[70]. Moreover, in the absence of mutation, heritable
resistance or assortative mating, self-sustaining engi-
neered GDs are intended to be relatively stable, poten-
tially requiring only small and infrequent secondary
releases over time to reach and maintain population
suppression or modification [61]. In some cases, envir-
onmental stressors could affect the continuation of an
engineered GD in a target population, allowing a man-
aged fade-out.

Except for Wolbachia-mediated PI, existing genetic
methods for insect disease vector/pest control are self-
limiting and mostly used to suppress target popula-
tions. Theoretically, some engineered GDs may enable:
(1) rapid and non-localized spread of a genetic modifi-
cation through target populations from low initial intro-
ductions, even if it imposes some fitness costs on the
host, (2) persistence of a genetic modification in a tar-
get population until this population is locally elimi-
nated, and (3) modifying the genetic makeup of target
populations, while maintaining normal population den-
sities. Owing to these features, GDMIs may potentially
complement and expand the range of genetic methods
for disease vector/pest control (Table 1) [5,8,10,15].
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Figure 1. Main components of the risk analysis process for genetically modified organisms.

Risk concerns

The fact that some GDMIs may potentially have higher
efficiency at suppressing/modifying target populations
than other genetic control methods, and operate at
greater spatial and temporal scales, has raised concerns
about harm to human health, animal health and the
wider environment as a consequence of their applica-
tion. Several publications have addressed various pos-
sible harms to existing broad protection goals (such as
human and animal health, and the wider environment)
associated with GDMO releases, including insects
[3,9,15,16,25,70-80]. While some of the potential risk
concerns are similar in many conventional or other gen-
etic control systems, additional concerns have been
raised about novel harms and pathways to established
harms to humans, animals and the environment associ-
ated with GDMI releases. It is impossible here to cap-
ture fully all specific potential risk concerns, so this
section aims to highlight general categories of concern,
which are mentioned below. Potential risk concerns will

vary dependent on the biology and ecology of the
insect species under consideration, engineered GD
design and strategy, nature of the introduced traits,
intended GDMI uses, scale and frequency of the release,
receiving environments (covering the receiving environ-
ments where GDMIs will be released and into which
they may spread), and the interactions amongst these
variables. Consequently, risk concerns will need to be
identified on a case-by-case basis using a problem for-
mulation approach, and addressed as part of the risk
assessment process (Figure 1).

In most jurisdictions, GMO releases are subject to
risk assessment and regulatory approval. In the risk ana-
lysis process, the role of risk assessors is to assess any
plausible risk that the specific proposed release (open
release trials or deployment) of a GMO may pose to
human and animal health and the environment, and
provide risk management options to risk managers
(Figure 1). Risk is characterized by testing specific
hypotheses about the probability that harm (i.e. an



adverse effect on something of value defined by rele-
vant protection goals) will occur and the severity of
harm if it occurs based on reasonable scenarios outlin-
ing causal events. This process is framed by a problem
formulation approach that articulates protection goals
and decision-making criteria for assessing risks and
devising tests of hypotheses that meet those criteria
[81-84]. Decisions to approve a permit for release,
given potential risk management, is are taken by risk
managers [9].

Previously proposed risk concerns to human and ani-
mal health and the wider environment (covering bio-
diversity, food webs, ecosystems, ecosystem functions
and ecosystem services) associated with potential GDMI
releases, include:

e The potential for toxicity and/or allergenicity due to
the transmission of toxic or allergenic substances
(related to the components of an engineered GD)
either directly by biting or indirectly by exposure
from such substances released into the environ-
ment (e.g. incidental exposure through inhalation
or ingestion);

e The potential for disease transmission (for disease
vectors) due to:

o Increased abundance of disease vectors (through
niche replacement whereby another insect pest
[e.g. other mosquito species in aquatic habitats
during larval stages] invades the ecological niche
vacated by the suppression of the tar-
get organism);

o Increased competence for the transmission of
existing or novel pathogens by the tar-
get population;

o Modified mating, host seeking or feeding behav-
iors, or geographic range (broader temperature
tolerance) of a disease vector;

e Modified pathogen virulence in the case of popula-
tion modification;

e Displacement of other insect species due to higher
persistence and invasiveness of GD modified indi-
viduals compared to the wild-type (mainly for
population modification strategies);

e Harm to NTOs due to:

o Unintended spread of the genetic modification
beyond the target population (i.e. spillover), to
other closely related species through vertical
gene flow (i.e. hybridization) and other species
through horizontal gene transfer;

o Exposure to toxic substances (related to the com-
ponents of an engineered GD) through consump-
tion of GD modified individuals;
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o Reduced quality of the GD modified individuals
serving as a food source (e.g. prey, host) for the
NTO (e.g. predator);

o Suppression and potential eradication of the tar-
get organism that serves as a food source for the
NTO, or on which NTOs rely for the delivery of
ecosystem functions and services;

e Altered water quality due to the suppression of the
target organism (e.g. mosquito larvae in aquatic
habitats) which results in reduced larval consump-
tion of algae causing levels of algae to increase as
well as their associated toxins produced from
algal bloom;

e Resurgence of an intrinsically harmful target organ-
ism due to future failure of an engineered GD (e.g.
genetic and phenotypic instability) or resistance to
either the GD or its cargo/payload genes, possibly
coupled with reduced immunity in human popula-
tions that have had a reduced disease challenge
while the control was effective.

International/regional discussions on the need
for new or additional risk
assessment guidance

Potential future GMO releases may include GDMOs.
While regulations are in place to guard against poten-
tial adverse effects of GMO releases in most jurisdic-
tions, these regulations were developed for crop plants
and animals that typically do not spread intentionally
on their own or persist in the environment [69], so the
associated risk assessment guidelines may not necessar-
ily be sufficiently adequate for GDMOs [9]. Moreover,
some features of engineered GDs may pose different or
new harms and risk assessment challenges. Therefore,
discussions on the need to develop new or additional
risk assessment guidance for GDMO releases are
ongoing among risk assessors and risk managers at the
international/regional/national level. In these discus-
sions and for the possible development of new or fur-
ther risk  assessment guidance, international
organizations are likely to play a key role, because
some potential GDMI releases are expected to occur
across many nations [85]. Guidance from international
organizations help support consistent risk assessment
frames in diverse jurisdictions. Here, we report some of
the latest international/regional developments, focusing
on the activities performed by an Ad Hoc Technical
Expert Group (AHTEG) on risk assessment operating
under the Cartagena Protocol on Biosafety (CPB), EFSA,
the World Health Organization (WHO), the International
Union for the Conservation of Nature (IUCN), and the
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African Union’s African High-Level Panel on Emerging
Technologies (APET).

Ad Hoc Technical Expert Group (AHTEG) on
risk assessment

In April 2020, an AHTEG on risk assessment operating
under the CPB to the Convention on Biological
Diversity (CBD) recommended the development of
“additional guidance materials” for the risk assessment
of GDMOs [86]. The CPB is an internationally binding
agreement that provides a framework for the safe han-
dling, transport and use of living modified organisms
(LMOs) that contain a novel combination of genetic
material and are obtained through the use of modern
biotechnology. The CPB also provides a framework for
the risk assessment of LMOs with the objective to
“identify and evaluate the potential adverse effects of
LMOs on the conservation and sustainable use of bio-
logical diversity in the likely potential receiving environ-
ment, also taking into account risks to human health”.
AHTEG's assessment considered a specific study on
engineered GDs commissioned by the CBD Secretariat
[79] and the outcome of discussions of an open-ended
online forum. Amongst other aspects, the AHTEG recog-
nized that “existing risk assessment methodology may
still be applicable for LMOs containing engineered
gene drives”, but that “there are specific technical or
methodological challenges that require further
attention”. AHTEG's report and recommendation will be
considered by the Subsidiary Body on Scientific,
Technical and Technological Advice at its 24™ meeting
(SBSTTA-24; tentatively scheduled in 2021). On the basis
of the recommendation by SBSTTA-24, the Parties may
adopt a possible decision on the development of
“additional guidance materials” for LMOs containing
engineered GDs at the 10" Biannual Conference of the
Parties (COP) serving as the meeting of the Parties to
the CPB (COP-MOP-10; tentatively scheduled the
second half of 2021) [871].

European Food Safety Authority (EFSA)

To support the European Union in its future work on
GDMOs under the CPB/CBD, EFSA assessed, through a
problem formulation exercise, whether: (1) GDMO
releases could pose risks and potential novel hazards to
human and animal health and the environment, (2) the
scientific considerations given in its previously pub-
lished guidance for the risk assessment of GMOs [88,89]
are adequate and sufficient for GDMOs, and (3) there is
need for updated guidance in relation to the previously

published guidance. EFSA focused its activities on dis-
ease-transmitting insects, primarily mosquitoes, as they
represent the most likely cases of GDMOs for release in
the near future, but also considered agricultural insect
pests and non-native invasive insects [15]. Based on a
review of the relevant information reported in the sci-
entific literature and progress in developing GDMls, and
an assessment of the considerations given in [88,89],
EFSA concluded that its guidelines for GMIs, that do not
contain engineered GDs, provide an appropriate basis
for the risk assessment of GDMIs, but they should be
more specific to address the challenges that GDMI
releases may pose. While the risk assessment of GDMIs
can build on the existing framework for GMIs, it was
concluded that there are specific areas within the
molecular characterization, environmental risk assess-
ment and post-release monitoring, where further guid-
ance is needed [15].

Comments gathered during a stakeholder workshop
[90] and online public consultation [91] revealed differ-
ent, often contrasting, opinions and perspectives
toward GDMI releases for insect disease vector/pest
control (reflecting divergent views on precaution), and
on the adequacy of current risk assessment frameworks
for such insects. Several interested parties/persons con-
sidered that the current framework for GMls, that do
not contain engineered GDs, is inadequate for the risk
assessment of GDMIs. Since they are of the opinion that
no reliable risk assessment can be conducted, they
advocate invoking the precautionary principle to refrain
from GDMI releases. Other interested parties/persons
considered that the risk assessment of GDMIs can build
on the existing framework for GMIs, while acknowledg-
ing that there are specific areas where further guidance
may be required.

World Health Organization (WHO)

Currently, the WHO is in the process of updating its
2014 guidance framework for testing genetically modi-
fied (GM) mosquitoes for use against disease vectors
[92] in order to incorporate specific considerations for
engineered GDs [5,85]. The guidance framework
describes a phased testing pathway and best practices
for evaluating GM mosquitoes intended as a public
health tool. According to this framework, testing pro-
ceeds iteratively through multiple phases (from con-
tained laboratories, indoor cages and insectaries, to
physically and/or ecologically confined field trials [e.g.
large cages, physical islands], to small-scale open
release trials, to large-scale open release trials, to
releases), with each phase involving a larger spatial



and/or longer temporal scale and a higher degree of
human or environmental exposure and realism [16,72].
Since some engineered GDs are predicted to have
potential impacts during the multiple phases of testing
recommended in this framework, there have been calls
for additional guidance and oversight before any field
testing begins [16]. The updated guidance framework is
expected to be published in the first half of 2021. It has
been noted that an updated WHO guidance framework
would also be a valuable resource for international and
regional organizations that focus on agricultural insects
and other arthropod pests [85]. Looking into the future,
the WHO Regulation and Prequalification Department is
also working on how to successfully monitor GDMIs for
disease vector control in terms of regulatory approval,
quality, safety and performance.

International Union for the Conservation of
Nature (IUCN)

Following a resolution at the 2016 IUCN World
Congress (WCC-2016-Res-086), a Task Force on
Synthetic Biology and Biodiversity Conservation and its
accompanying Technical Subgroup has been estab-
lished to support the development of an IUCN guidance
on biodiversity conservation and synthetic biology. As a
first step, IUCN commissioned the Task Force to assess
the state of science and policy around synthetic biology
techniques, including GD technologies. This assessment
aimed to explore the implications of synthetic biology,
including GDs, and its potential impact on conservation
and sustainable use of biological diversity as well as the
equitable sharing of benefits arising from genetic
resources. The IUCN report took a case-by-case
approach by examining case studies, and made a plea
for the policy debate to be grounded in evidence [93].
The IUCN assessment led to a draft set of principles
on the intersection of biodiversity conservation and
synthetic biology, which will be voted on as a motion
at the next IUCN World Conservation Congress in 2021.
Principles referred to include: case-by-case and evi-
dence-based decision-making, evaluation of existing
alternatives for potential applications of synthetic biol-
ogy intended for conservation goals, steps to ensure
that potential applications of synthetic biology are
intended for purposes other than conservation do not
threaten biodiversity and its sustainable use, staged
assessment of risks and benefits, filling knowledge
gaps, facilitating transnational knowledge transfer and
capacity building, potential introduction of moratoria,
intergenerational equity, dialogue between conserva-
tionists and synthetic biologists, and ethics. The
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outcomes of the synthetic biology and GD discussions
at the World Conservation Congress will likely influence
discussions and decisions at SBSTTA-24 and COP-
MOP-10 [87].

African High-Level Panel on Emerging
Technologies (APET)

In an APET report [94], the African Union recognized
emerging GD technologies as having great potential to
contribute significantly to Africa’'s development, espe-
cially to combat mosquito-borne diseases such as mal-
aria. The report emphasized that risk assessment will be
essential for the development of GD technologies, and
that there is need to develop the capacity and capabil-
ities for making informed decisions about whether to
adopt GDMiIs or not. In this frame, a series of four con-
sultative meetings, focusing on building capacity in
problem formulation, were held in Africa considering
GD technologies. These 4-day workshops, held in
Ghana, Kenya, Botswana and Gabon, during 2016-2018,
were organized by the New Partnership for Africa’s
Development Agency [77]. Among other things, the
APET recommended governance measures, including a
network of African researchers who register, self-requ-
late and peer review their work; national guidelines,
frameworks and enabling legislation that considers
both potentials and risks; and the development, coord-
ination and harmonization of regulations and guide-
lines for regulating the development, approval and use
of potential GD products [94].

Recommendations for new or additional
guidance development

Developers and potential applicants need useful and
practical guidance to ensure that GD products meet the
regulatory standards of safety for human and animal
health and the environment, and receive public accept-
ance. The development of new or additional guidance
for the risk assessment of GDMO releases is a challenge,
especially at an international level [95]. Due to different,
often contrasting, opinions toward GDMOs, and on the
adequacy of current risk assessment frameworks for
such organisms [91,96], defining the scope of guidance
and topics to prioritize may be contentious, and so may
be the procedure to develop such guidance (i.e. which
experts or expert groups to involve in terms of expert-
ise, and how to appoint/nominate them) [97].
Moreover, GD technologies are evolving very rapidly,
and may yield diverse applications across various
organisms and technical strategies for GD approaches
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with a wide spectrum of possible properties. Therefore,
it will not be possible to evaluate them as one group
[9]. While guidance may offer potentially the most
responsive approach to rapidly advancing technologies
compared to regulations and statutes [85], it can easily
be outpaced by scientific advances, especially if its
requirements are overly prescriptive and aim to encom-
pass all possible GDMO applications. For guidance to
be proportionate, practical and current, we recommend
tailoring it to the most likely cases moving to practical
applications for release (i.e. disease-transmitting mos-
quitoes whose control is a long-standing public health
goal), requiring prioritization of its scope and regular
updates as application priorities change [95]. We also
consider that guidance should differentiate between
diverse GD systems and refrain from taking single cases
to make broader, more general statements that may
not be applicable for all GDMOs [95]. Ideally, guidance
should offer an overarching framework that is flexible
and outlines general principles and methodology for
risk assessment instead of being overly prescrip-
tive [95].

Another challenge is the limited direct experience
conducting risk assessment of GDMI releases. Therefore,
we suggest that the development of guidance involves
an iterative process of design, revision and refinement,
including a review of actual case studies by risk assess-
ment experts and consultation with relevant stakehold-
ers. Once in place, regular review must be continued to
establish overall guidance utility and applicability, and
assess where any refinements are necessary. This may
ensure that guidance is realistic and proportionate, and
remains consistent with the weight of scientific evi-
dence and familiarity that will be gained with future
GDMI releases [95].

Risk assessment considerations for releases of
gene drive modified insects

Novel technologies may present new hazards and/or
pathways to harm, as well as sharing hazards similar to
those from more established technologies for which
there is experience in risk assessment. Several publica-
tions have anticipated that specific features of GDMOs
(including GDMls) may raise novel risk assessment chal-
lenges [9,72,73,78,80,86], while others did not identify
new hazards of GDMIs compared to those of GMIs that
do not contain engineered GDs [3,71,77]. In the follow-
ing sections, some considerations about the risk assess-
ment of GDMI releases and associated challenges are
given, building on those reported by the EFSA GMO
Panel [15] and James et al. [16,25].

Novel features of gene drive modified insects

Precedents suggest that: (1) the scale of population
suppression, (2) the nature of target populations and
receiving environments, and (3) the current lack of spa-
tio-temporal controllability, may not be considered as
novel aspects of GDMIs when compared with a control
using naturally occurring GDs, GMIs that do not contain
engineered GDs ([fs]JRIDL) and non-GMIs (SIT,
Wolbachia-mediated IIT and PI, and classical biological
control [CBC]). This is because: (1) SIT and CBC have
been used at a local and area-wide scale to suppress
target populations (including area-wide elimination),
often involving repeated releases over time to reach
and maintain suppression, (2) current and emerging
disease vector/pest control strategies can target non-
domesticated or wild-type species in non-managed
receiving environments, and (3) Wolbachia-mediated PI
and CBC often lack spatio-temporal controllabil-
ity [3,15].

In contrast: (1) the intended preferential inheritance
of a transgenic construct, (2) the intended spatial and
temporal scale of spread of a transgenic construct, and
(3) population modification strategies should be consid-
ered as novel aspects of GDMIs, when compared with
naturally occurring GDs and existing disease vector/
pest control strategies involving insect release [15].

e The intended preferential inheritance of a trans-
genic construct does not occur in GMls that do not
contain engineered GDs. While preferential inherit-
ance of genetic elements (which are not transgenic)
is observed in many naturally occurring GDs and
Wolbachia-mediated PI, currently, such systems are
not tailored to spread a transgenic construct to
achieve intended outcomes.

e The potential to spread a transgenic construct
widely and for an indeterminate time is different
from disease vector/pest control strategies involv-
ing the release of GMIs and non-GMls, as they are
generally intended to be self-limiting (i.e. localized
and transient), with the exception of Wolbachia-
mediated PI.

e Wolbachia-mediated Pl is currently the only strategy
applied for population modification. Theoretically,
engineered GDs may enable modifying target pop-
ulations in the field, and expand the means to
achieve population modification (including the
spectrum and nature of novel cargo/payload genes)
compared to Wolbachia-mediated PI.

Whether the novel aspects of GDMIs present poten-
tial new hazards, lead to novel pathways to harm, and



may pose additional or unique challenges for the risk
assessment, needs to be assessed carefully on a case-
by-case basis as part of a specific problem formulation
(Figure 1).

Problem formulation

The problem formulation, which serves as the starting
point for conducting a risk assessment, can be applied
in case-by-case evaluations of GDMI releases
[3,71,77,90,98]. Precedents suggest that the problem
formulation approach provides a compelling framework
to organize existing knowledge and identify relevant
new knowledge and uncertainties on engineered GDs
to support case-specific risk assessments and decision-
making [3,71,77,98]. The approach involves (Figure 1),
(1) identifying protection goals and making them oper-
ational in risk assessment, (2) devising plausible path-
ways to harm that describe how a release could be
harmful, (3) formulating risk hypotheses about the like-
lihood and severity of such events, (4) identifying the
information needed to test risk hypotheses, and (5)
developing plans to acquire new data for hypothesis
testing if tests with existing information are insufficient
for decision-making [15,81-84]. Enabling the testing of
risk hypotheses makes the prospective pathway to
harm approach very powerful for risk assessment
because harm is defined explicitly, existing information
is used effectively, new data are collected with a clear
purpose, and risk is characterized against well-defined
criteria of hypothesis corroboration or falsification.
Transparency on how problem formulation is con-
ducted is important to all stakeholders. Sufficient detail
about the methods, data, assumptions and uncertain-
ties must be reported to promote transparency, facili-
tate an appropriate assessment of the quality of the
problem formulation, ensure relevance, and enable
reproducibility [15]. In particular, when devising path-
ways to harm, all potential pathways should be system-
atically explored, and then those pathways would be
prioritized based on their likelihood and potential con-
sequences. Since it can be challenging to adequately
devise multiple, complex pathways over a long period
of time, a wide area, and/or heterogeneous receiving
environments, it is important that all potential path-
ways are reported transparently. Moreover, a rationale
justifying why potential pathways are not considered
sufficiently plausible and/or consequential should be
reported transparently for each potential pathway
rejected [15]. Active stakeholder engagement on prob-
lem formulation (including the setting of specific/oper-
ational protection goals) will improve the value of risk
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assessment, as it may help to ensure that risk assess-
ment is meaningful and informative to the decisions
that affect stakeholders.

Relevant experience

Currently, there is limited direct experience in conduct-
ing the risk assessment of GDMI releases. Nonetheless,
principles and methodologies for risk assessment and
risk management, experience from the risk assessment
of GMIs that do not contain engineered GDs, and know-
ledge from other disease vector and pest control strat-
egies, are relevant to performing GDMI risk assessments
[3,15,52]. For example, there is substantial experience
with releasing insects for genetic and biological disease
vector/pest control, including their risk assessment and
post-release monitoring (where applicable), from which
lessons can be learnt. This experience can be useful to
identify some potential hazards, exposures and risks for
GDMs, and develop relevant, effective and efficient risk
assessment guidance. Thus, it is appropriate to draw on
the experience from current insect disease vector/pest
control strategies, seek relevant precedents from more
or less similar situations, and use this experience to
inform the risk assessment of GDMIs. However, caution
is required as specific control systems are likely to differ
in various aspects [15].

Risk assessment paradigm

GMO risk assessment guidance typically follows the
comparative risk assessment paradigm, which is applied
on a case-by-case basis, using an iterative and step-
wise/staged/tiered testing method, and considers dif-
ferent lines of evidence, including modeling. However,
this approach may leave some uncertainty before open
field testing or release of some GDMIs, as it can be chal-
lenging to gather data from confined experimental sys-
tems (such as laboratories, indoor cages, small-scale
physically and/or ecologically confined field trials) that
would be fully applicable to field conditions [15].
Mathematical modeling may help to fill this gap in data
and extrapolate from data gathered from confined
experimental systems to field conditions. Moreover,
greater use of quantitative models is anticipated to
address the long temporal scale and wide spatial scale
of specific GDMI applications, and post-release monitor-
ing. While there remains fundamental problems with
models because extrapolation beyond the range of
practical datasets involves considerable uncertainty,
there are modeling processes that allow uncertainties
to be more thoroughly understood (e.g. formal
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sensitivity analyses of predictions to parameter vari-
ation, consideration of outcomes at the bounds of
acceptability in relation to specific/operational protec-
tion goals).

Field testing of self-sustaining and low threshold
engineered gene drives

Gathering relevant data for assessing environmental
risks of self-sustaining and low threshold engineered
GDs in open release trials may be challenging due to
their intended spatially and temporally unrestricted
nature and the current inability for recall. Since self-sus-
taining engineered GDs are designed for widespread
and long-standing control, spatially and/or temporally
restricting their spread/persistence would not necessar-
ily be in line with the intended outcome of their
release. Therefore, besides gathering data under con-
fined conditions, developers and potential applicants
may wish to consider the utility of prior field testing of
a related self-limiting strain (note however, that there
should be a strong resemblance between the two sys-
tems, to the extent possible) as an intermediate step to
gather evidence for model development and refine-
ment, and reduce uncertainties in risk assess-
ment [15,16,52].

Molecular characterization

The molecular characterization of GMIs, that do not
contain engineered GDs, is an important element for
risk assessment [88,89], and will need to be expanded
to assess the persistence and invasiveness potential of
GDMIs, and the potential for resistance to evolve. This
would include, among other aspects, a precise descrip-
tion of the mode of action and characteristics of the
engineered GD itself, and a thorough description of the
intended genetic target(s) in the insect host and target
population(s). In addition, molecular tools will be
needed to monitor intended and potential unintended
effects post-release. These tools should permit evalu-
ation of the efficiency, stability and inheritance of the
engineered GD system, and follow the engineered GD
spread and persistence in target and potential non-tar-
get populations.

Genetic and phenotypic stability of the
transgenic construct

Target populations are expected to be genetically het-
erogeneous, so interactions between the transgenic
construct and genetic background may be complex

and difficult to predict. For engineered GDs that are
intended to spread over wide areas and persist in target
populations, the diversity of interactions with target
populations and their diverse receiving environments is
likely to be greater than for GMIs that do not contain
engineered GDs. Thus, the concepts of inheritance and
genetic and phenotypic stability of the transgenic con-
struct may need further consideration compared to
GMIs to address the preferential inheritance, and the
broad array of possible GDMI applications whose mode
of action and period of environmental exposure will dif-
fer. For example, assessment and monitoring of stability
may be needed over multiple generations of GD modi-
fied individuals before release, and in the field after
release as part of post-release monitoring, in order to
demonstrate product consistency and the durability of
efficacy after release [15,16,25]. As part of the risk
assessment, James et al. [16,25] recommended gather-
ing data on the efficacy of engineered GDs from GD
modified individuals with a genetic background as simi-
lar as possible to that of local target individuals found
at the site(s) of the proposed release. If the release
would occur at multiple sites, but those sites are con-
nected geographically or otherwise not reproductively
isolated, a single colony derived from locally collected
individuals is deemed sufficient. If release sites are dis-
tant, the authors recommend the use of models to
determine whether additional local colonies might be
needed [16,25].

Unintended off-target effects and their
consequences

For GD strategies based on site-directed nucleases,
intended and unintended on-target and unintended
off-target sequence modifications caused by the nucle-
ase activity [99] can affect the fitness of GD modified
individuals and their offspring [25]. Such effects may be
more important for population modification strategies
where the genetic modification must remain present
and active at high frequency in target populations over
long periods of time, whereas in population suppres-
sion systems the number of potential off-target events
would decline over time as the population decreases.
Unintended off-target effects are likely to be very het-
erogeneous at the individual level, and the frequency
that such effects occur is assumed to be specific for the
gRNA used in the GD construct. In silico analyses can
help to identify and predict potential off-target effects
in target populations prior to release as part of the risk
assessment, but caution is required when interpreting
such data, as they are subject to limitations (i.e. natural



population heterogeneity). Potential adverse effects
associated with mutations induced by the off-target
activity should be evaluated in relation to spontaneous
mutations. Off-target activity can be monitored post-
release via molecular analyses, and addressed through
management actions triggered by the identification
and monitoring of fitness and other phenotypic
changes over time in different genetic backgrounds.

Relevant comparators

For a given GDMI release, there will often not be a sin-
gle comparator, but a range of relevant comparators
(such as the non-GMI of the same species with a gen-
etic background as close as possible and relevant to
that of the GDMI, the target organism, or other disease
vector/pest control systems) to inform a risk assessment
and contextualize risks. Different comparators may be
relevant for different component properties of a GDMI.
Thus, more emphasis may need to be given to the pur-
pose of risk assessment studies and comparisons when
selecting relevant comparators. Given that some GDMI
systems will operate at an ecosystem level, the defin-
ition of the comparator may need to be broadened
from endpoints that solely consider genetic and pheno-
typic changes to those that can be indicative of poten-
tially harmful ecosystem impacts. At the population and
system level, multiple comparators may be needed to
allow robust comparisons across a range of factors that
are not sufficiently covered by any single compara-
tor [15].

Spread and persistence of engineered gene drives

Understanding how engineered GDs may spread and
persist in target populations in the field, and their
potential intended and unintended outcomes, is crucial
for risk assessment. These processes are influenced by
various ecological factors such as: the genetic diversity
of target populations, density-dependent population
dynamics, dispersal to neighboring populations, intra-
specific competition, spatial heterogeneity, mating
behavior and sexual selection, and heterogeneity of
receiving environments. Prediction of the spread and
persistence of engineered GDs in target populations in
the field, which could be at a larger scale and a longer
temporal scale for some self-sustaining engineered
GDs, will require more robust mathematical models (in
contrast to simple deterministic models) and data ana-
lysis appropriate to these temporal and spatial scales
[25]. Improved modeling capabilities and more empir-
ical evidence are critical to support more realistic risk
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assessments [100], because they would enhance the
ability to understand the sensitivity of spread and per-
sistence of engineered GDs to important ecological fac-
tors and their associated uncertainties, and predict how
GDs might spread through target populations in the
field [9,21,101].

Non-target organisms

As is the case for any GMIs that do not contain engi-
neered GDs, GDMIs can adversely affect NTOs either dir-
ectly (e.g. through toxicity or allergenicity) or indirectly
(e.g. disruption of food webs, ecosystem services)
dependent on the GD construct and associated cargo/
payload genes [3,15,89]. While, in general, no novel
harms of GDMIs on NTOs are foreseen, effects might be
more severe (e.g. large scale, population wide) depend-
ent on the engineered GD [3]. Therefore, knowledge on
the functional role of the target organism and potential
cross-compatible species in the various ecosystems that
may be encountered is crucial. Since most disease vec-
tors, agricultural pests and invasive species (within their
new receiving environments) are not keystone species,
it is generally assumed that targeting them would not
typically lead to new adverse effects on NTOs
[71,74,77], especially for suppressive GDs. The problem
formulation approach would enable the risk assessment
to focus on NTOs and receiving environments that are
relevant for the specific GDMI, and would avoid dispro-
portionate open-ended data collection exercises [15].

Receiving environments

Receiving environments refer to the broader ecological
and biological characteristics of an environment
intended for GMO release, and are considered in risk
assessments. For example, risk assessment requires
information on the diversity and heterogeneity of
potential receiving environments, and details on poten-
tial ecological interactions with natural receiving envi-
ronments. The range of potential receiving
environments is likely to be greater for specific GDMIs
compared to GMIs that do not contain engineered GDs,
given their broader spatial and longer temporal extent,
and their potential to spread into further accessible
environments following release into a known environ-
ment. As such, there may be a need to extend the
approaches for risk assessment and recommend more
prominent use of additional tools such as mathematical
modeling to consider risks across the full range of
potential receiving environments.
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Risk management (risk mitigation and post-
release monitoring)

Post-release monitoring would be required for any
GDMI release. Depending on the engineered GD sys-
tem, monitoring would need to be extensive in both
time and space, and address potential outcomes from
pathways to harm across any components of the receiv-
ing environments where plausible risks were identified.
Given the potential for transboundary movement, such
monitoring may need to be implemented consistently
across different local regions and international jurisdic-
tions, dependent on the nature of the engineered GD.
Risk mitigation measures and a remediation plan for
unacceptable levels of harm should be in place prior to
release [16]. Mitigation and management plans to
ensure risks are at acceptable levels should undergo
systematic evaluation in a manner similar to
risk assessment.

Concluding remarks

Engineered GDs could potentially be used to address
long-standing challenges in the control of insect dis-
ease vectors, agricultural pests and invasive species, or
help to rescue endangered species, and thus provide
important public benefits. However, there are concerns
that GDMI releases may pose different or new harms to
animal and human health and the wider environment,
and raise novel risk assessment challenges. These risk
concerns and associated risk assessment challenges
have prompted some non-governmental organizations,
parliamentarians, scientists and scientific bodies to call
for either strict application of the precautionary prin-
ciple or a (global) moratorium on GD research and
GDMO releases [102,103]. Calls have also been made
for a better understanding of the potential ecological
and evolutionary impacts associated with GDMO
releases, the phased testing of engineered GDs and
their responsible and sustainable deployment, effective
engagement of relevant stakeholders, and the imple-
mentation of regional approaches facilitating inter-
national governance of GDMOs that may spread across
jurisdictional ~ boundaries  [9,16,25,104-109].  For
example, in its recent position statement on the evalu-
ation of GM mosquitoes for the control of vector-borne
diseases, the WHO emphasized the need to evaluate
the potential of new genetic control technologies
(including the use of engineered GDs) to contribute to
reducing the global burden of vector-borne diseases,
while following a stepwise approach in the evaluation
process [8]. The WHO also acknowledged the critical
role of community engagement in designing and

implementing appropriate, sustainable public health
responses [5]. Similarly, the Entomological Society of
America (ESA) recommended: (1) continued research to
increase an understanding of the biological aspects
that GD technologies may affect (population genetics,
ecology, genomics, etc.), and assess their potential uses,
risks and benefits in field scenarios, and (2) community
engagement [10]. Core commitments for field trials
with GDMOs [68] and a code of ethics for GD research
[110] have recently been issued by the research/GD
community. They highlight, among other aspects, the
need for engagement and public transparency, GD
product efficacy and safety, regulatory evaluation
(including risk-benefit assessments), and post-release
monitoring and mitigation.

The potential need to develop new or additional risk
assessment guidance for GDMO releases, including
insects, is currently discussed at many levels by risk
assessors, risk managers, developers, potential appli-
cants and many other stakeholders. Some international/
regional entities have suggested that the risk assess-
ment of GDMIs can build on existing risk assessment
frameworks for GMIs that do not contain engineered
GDs, and be informed by the experience gained releas-
ing insects for genetic and biological disease vector/
pest control. Moreover, the problem formulation
approach has been acknowledged to provide a compel-
ling framework to organize existing knowledge and
identify relevant new knowledge and uncertainties on
engineered GDs to support case-specific risk assess-
ments and decision-making [15,95,98]. It is also recog-
nized that there are specific areas where further
guidance may be needed for the risk assessment of
GDMls [15,86]. These areas include: molecular character-
ization, genetic and phenotypic stability of the trans-
genic construct, assessment of unintended on-target
and off-target activity of site-directed nucleases and
their consequences, consideration of receiving environ-
ments, engineered GD spread and persistence in the
field, knowledge on the functional role of the target
organism and the potential cross-compatible species in
the various ecosystems that may be encountered, defin-
ition of relevant comparators, model design, quality
assurance, model validation, model interpretation, and
post-release monitoring.

To ensure that the risk assessment guidance for
GDMOs is proportionate, practical and current, it may
need to be tailored to the most likely cases moving to
practical applications for release. It should also offer an
overarching framework that is flexible and outlines gen-
eral principles and methodology for risk assessment
instead of being overly prescriptive. The process of



guidance development must ensure an iterative process
of design, revision and refinement, including the review
of actual case studies by risk assessment experts and
consultation with relevant stakeholders [95].
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authors and should not be interpreted as representing
the official position of EFSA. EFSA assumes no responsi-
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elements of an EFSA GMO Panel Scientific Opinion [15],
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