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pression gene drive for malaria vector control, a series of online workshops identified nine recommendations to
advance future environmental risk assessment of gene drive applications.
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Background

In 2020, there were 228 million cases of malaria, result-
ing in 602,000 deaths, reported in the World Health
Organization (WHO) African region [1], underscoring
the need for the development of novel interventions that
can complement existing malaria control strategies [2, 3].
One such innovative approach to control malaria vectors
that is currently under active investigation is the use of
engineered gene drives to bias the inheritance of intro-
duced traits and disrupt the malaria transmission cycle
[4, 5]. This would involve the release of genetically modi-
fied mosquitoes (GMM) of malaria vector species, such
as Anopheles gambiae, resulting in the introduction and
propagation of a transgene via gene drive into wild vec-
tor populations. Such transgenes could disrupt malaria
transmission in those populations either by reducing
their densities, in the case of population suppression
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gene drive, or by reducing their vector competence, in
population replacement gene drive [6].

Gene drive applications, both as envisaged or in
development, are considered to share many of the same
biosafety considerations as other genetically modified
organisms (GMOs) via the characteristics of transgen-
esis [7, 8] and are thus subject to regulatory oversight and
environmental risk assessment (ERA) under biosafety
legal frameworks globally (see Box 1). However, unlike
the case in other GMOs, gene drive transgenes for vector
control are more likely to be designed to disperse beyond
immediate release locations and persist for many years in
target populations; this makes assessment of ecological
risks with a broader scope of spatial and temporal consid-
erations for gene drive applications particularly impor-
tant [8, 9].

Therefore, before such gene drives could be considered
for field release, potential impacts from the interven-
tion, including legal issues, (e.g. potential consequences
of transboundary movement), socioeconomic effects
(e.g. potential changes in insecticide use) and biosafety
(e.g. risks to human health and the environment), must
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Box 1 ERA of GMOs

ERA involves a technical assessment of biosafety: the safe handling, transport and use of living modified organisms (LMOs, alternatively known as
Genetically Modified Organisms (GMOs)) resulting from biotechnology that may have adverse effects on biological diversity, also taking into account
risks to human health. ERA is a process to identify significant risks to the environment and health, estimating their magnitude and likelihood and
defining any risk management that may be required. The fundamental features of ERA are consistent across different global jurisdictions [7, 8, 11-14]
and consist of four key stages:

l.Problem formulation allows the identification of potential adverse effects (hazards) associated with the GMO. It is a systematic way of structuring
the ERA at this first stage by establishing the policy context and scope via the identification of protection goals, aspects of the environment and
health that are considered to be of value in the jurisdiction where the intervention is being considered and so are identified from a combination of
policy, legislative, regulatory, and community priorities. These protection goals are then used to consider a broad array of potential harms from the
intervention in a highly iterative, systematic approach involving a diverse range of expert input. Based on scientific evidence and data specific to the
intervention, the plausibility of each potential harm to protection goals is investigated via the development of a pathway to potential harm in which
the causal chain of events that would be required for that potential harm to occur is defined. Next, risk hypotheses are developed to interrogate key
individual steps in that pathway. Then, an analysis plan is constructed describing the measurement endpoints to test each of the risk hypotheses, as

well as other potential sources of data that might reduce aspects of uncertainty in a given pathway
I.Exposure Characterization identifies the likelihood that potential harms occur from identified routes of exposure
ll.Hazard Characterization establishes the magnitude and type of harm that might be caused if it were to occur

IV.Risk Characterization allows determination of the overall level of risk, taking into account both exposure and hazard characterization, in order to
facilitate decision-making about risk mitigation, risk management and risk communication

first be identified, assessed and, where appropriate, man-
aged [10]. Some of these issues are beyond the scope of
biosafety considerations in ERA, but nonetheless can be
addressed separately in other forms of assessments that
are discussed further below and highlighted in Table 1.

As is the case for all GMO applications, regulatory
oversight either derived from international agreements
such as the Cartagena Protocol on Biosafety to the Con-
vention on Biological Diversity (CBD) [15], or exclusively
from national law for non-parties to those agreements,
is underpinned by ERA (see Box 1). Additionally, under
certain national legal frameworks, notably in the Afri-
can continent, the use of GMOs is also subject to over-
sight under environmental laws, which allow for the
potential additional conduct of Strategic Environmen-
tal Assessment (SEA) and Environmental and Social
Impact Assessment (ESIA) for gene drive applications.
SEA facilitates consideration of impacts from a general
class of intervention and is designed to support policy
and political decision-making [16, 17]. For example, the
legal impacts of the potential transboundary movement
of gene drive applications or impacts on the health sec-
tor broadly from a malaria intervention would probably
be best suited to assessment at this level.

By contrast, ESIA is a more specific form of assessment
which is suited to the implementation of specific pro-
jects such as field studies or evaluations, but also extend-
ing to interventions, such as area-wide vector control
[18]. ESIA examines a much broader scope of impacts,
both positive and negative, than ERA and across the
areas of environment, socioeconomics, and health. As
gene drive applications have the potential for far-reach-
ing impacts across disciplines, the use of ESIA tools and
methodologies, such as around stakeholder engagement

and the management of environmental and socioeco-
nomic impacts, are considered to be particularly appro-
priate for gene drive applications.

As with ESIA, ERA is project-specific. For example, it
involves a characterization of the release location and
area of transgene dispersal. However, unlike ESIA, ERA
is also product-specific as it encompasses a technical
assessment of biosafety risks to the environment and
health from the intervention itself (see Box 1) [8, 10, 15,
19]. In the biosafety context, ERA can thus be thought
of as a module in the wider framework of impact assess-
ments, feeding in information about risk to defined pro-
tection goals. ERAs will, therefore, play an important
part in the appraisals of the potential use of gene drive
applications in the field, but only if integrated alongside
other evaluations of predicted efficacy, reliability, costs,
logistics, socioeconomic and stakeholder considerations
[8-10].

Regulations on the ERA of GMO applications, includ-
ing GMMs, particularly those incorporating the Carta-
gena Protocol on Biosafety into national legislation [15],
aim to ensure an appropriate quality of evidence to sup-
port decisions through risk assessments, allowing both
quantitative and qualitative methods depending on the
circumstances [7-9, 11, 12]. Commonly, the design of an
ERA is articulated in the form of guidelines, which estab-
lish the steps to follow when conducting an ERA and pro-
vide guidance both to gene drive developers preparing
ERA and to risk assessors evaluating them [8, 11, 20].

Unlike SEA, and depending on the GMO involved,
there could potentially be multiple ERAs for the same
jurisdiction that would be conducted independently
of one another and by different risk assessors for GMO
applications, including for gene drive applications
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(see Table 1). This should allow a plurality of analytical
approaches and viewpoints to be considered.

For the simulated investigational releases of a non-
localized, self-sustaining population suppression gene
drive for malaria vector control in West Africa, a prob-
lem formulation approach was recently followed to iden-
tify potential harms associated with the release and the
plausible pathways by which such harms could occur
[21] (see case-specific example in Box 2). This allowed
the construction of analysis plans to identify evidence
and generate data and that could inform the subsequent
stages of this ERA, including hazard and exposure char-
acterization [12]. Following publication of the problem
formulation, a series of workshops was held to advance
ERA for gene drive applications, using as a specific use
case a mosquito strain being developed for population
suppression gene drive for malaria control in West Africa
[21] (see Box 3). As mentioned above, some potential
concerns around the use of gene drive are beyond the
biosafety focus of ERA and are likely to be addressed in
other types of assessment.

Therefore, the workshops also considered ERA within
the wider context of SEA and ESIA, where engagement
was a cross-cutting theme. The outcomes of those work-
shops led to the development of nine recommendations
for ERA for gene drive applications for malaria vector
control. One is on guidance around engagement in ERA
for gene drive applications, another on inclusive engage-
ment in problem formulation, while a third is on engage-
ment in the wider context of governance and policy
decision-making for vector control. The six remaining
recommendations are focussed on technical aspects of
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ERA for gene drive applications, although engagement
considerations were also inherent to two of these.

Recommendations to advance ERA for gene drive
applications
Engagement represents a cornerstone of effective ERA
for gene drive applications for malaria vector control [8].
Who to engage and how are of critical importance. The
identification of some stakeholders as “experts” could
create perceptions that their inputs are more informed
or valuable than those of others who might nonetheless
provide critical contributions based on their own lived
experiences. By contrast, an equitable differentiation
can be made between stakeholders who are “technical
experts’, with deep knowledge and proficiencies directly
applicable to the operational conduct of ERA, and “non-
technical experts” with broader levels of experience that
can contribute to the overall specifications of the ERA.
The development of commonly-accepted guidance
for ERAs of gene drive GMOs has been and remains
critical as it will inform how an ERA is conducted for
any given gene drive application. Engaging a range of
actors with broad expertise in guidance development is
recognized by many as crucial in establishing the cred-
ibility of guidance and its general use. Emphasizing this
point, provisions for engagement in ERA of GMOs are
included in the Cartagena Protocol on Biosafety [11,
15] and the 2019 draft report on risk assessment for
gene drive CBD Secretariat calls for public consultation
[22]. Echoing this call for engagement, the WHO has
also recognized the importance of engagement and how
it might strengthen the ethical foundation of research,

Box 2 Problem formulation of the specific use of a population suppression gene drive for malaria vector control in West Africa

A CRISPR-Cas9 transgene homing at the doublesex locus (dsxF"7) causes homozygous transgenic ferales to be both sterile and non-biting [31].
When introduced into both small and large cages of laboratory populations of the malaria mosquito vector Anopheles gambiae, the transgene
increases rapidly in frequency, ultimately causing those populations to collapse [31, 74]. Drawing on protection goals identified from a series of
consultative workshops in Africa [38], problem formulation as a first stage in an ERA (see Box 1) was used for simulated investigational releases of
the dsxF*" transgene carrying mosquito in West Africa [21, 48], where the transgene would be expected to act as a non-localized, self-sustaining
gene drive. Plausible pathways to potential harm were developed that described the cause-effect chain of events that could lead to 46 discrete
potential harms, such as increased disease transmission in humans or reduced ecosystem services [21]. For each pathway, risk hypotheses were
developed that would allow future investigation of key individual steps, drawing on data and evidence gathered from an analysis plan to test each

of those individual risk hypotheses, in subsequent stages of ERA

Box 3 Format of workshops on ERA for gene drive applications

To inform and advance ERA for gene drive applications, 50 experts from Africa, Oceania, Europe and North America representing an array of

disciplines including risk assessment, biosafety regulation, modelling, population genetics, social science, ecology, entomology, vector control and
molecular biology participated in a series of six online workshops held between 27th April and 7th May 2021. The opening workshop presented key
findings from the problem formulation on the specific use of a population suppression gene drive for malaria vector control and framed the overall
objectives of the workshops. The next four considered approaches to optimize future ERA for gene drive applications, focussing in particular on
engagement, technical aspects of conducting ERA and evaluation of potential ecological risks. The final workshop synthesized the discussions and
outputs from the previous five. A subset of participants, the authors here, volunteered to translate the outputs from those workshops into a tangible
record of those proceedings with specific recommendations as outlined in this article
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technical and public health goals in its recent guidance
framework for testing genetically modified mosquitoes
[8]. It therefore follows that engagement should be an
essential element in the development of guidance on
ERA of gene drive applications.

Meaningfully moving from broad statements calling
for engagement in ERAs with actors who hold wider
expertise to specific ERA designs is challenging. For
example, the 2016 report from the National Academies
of Sciences, Engineering and Medicine (NASEM) on
gene drives [9] has two separate chapters on engage-
ment and risk assessment. While these chapters cross-
reference each other to some extent, there is little
guidance on how engagement might be integrated into
ERA guidelines for gene drive organisms.

Incorporating specific recommendations within ERA
guidance documents on how to structure engagement
could help connect these broad goals to specific ERAs.
Regulators are currently considering the adequacy
of regulations and ERA guidance for gene drives in
advance of potential field trials. For example, in 2020,
the GMO Panel of the European Food Safety Author-
ity (EFSA) advised the European Commission that its
existing guidance for the risk assessment of GM ani-
mals was adequate, but that further specific guidance
was needed for gene drive applications in insects for
vector control [7].

Guidance could, for instance, specify who to involve,
when to involve them, as well as why and how uncertainty
should be addressed [23-25]. More specific guidance on
engagement in ERA might also support the translation
of international instruments into national legislation and
regulations in order to accommodate local and regional
differences in circumstances, values, literacy levels and
technology access [22, 26]. For example, while Article 23
of the Cartagena Protocol on “Public awareness and par-
ticipation” obliges national governments to engage with
‘the public’ on GMO applications [15], there appears to
be a gap in guidance on how this can be achieved effec-
tively [11].

Although national guidance often includes a public
comment period on a draft document, it can be insuffi-
cient as a form of engagement [9]. Broadening the range
of experts in engagement would benefit the development
of guidance for ERA of gene drive applications where
there are more uncertainties than in more established
GMO approaches. Three ways that expertise could be
meaningfully broadened in the development of guidance
include:

i. Involvement of a plurality of perspectives and
expertise within individual disciplines to help
risk assessors identify and interrogate gaps and
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assumptions in the ERA that had not been previ-
ously considered;

ii. Inclusion of relevant expertise from across different
disciplines, including the social sciences, natural
sciences, humanities, and engineering, should be
considered [27], as expertise from disciplines that
are not traditionally included in the development
of guidance or individual ERAs could help to bring
a broader range of perspectives and expertise to the
process and encourage the identification and inter-
rogation of gaps and assumptions;

iii. Consideration of the perspectives and expertise of
members of stakeholder groups beyond the above
disciplines; expanding the pool of experts for guid-
ance development of ERA for gene drive applica-
tions could increase the legitimacy of the overall
assessment process [28]; these may include poten-
tially impacted parties and wider publics to help to
inform protection goals and decision-making crite-
ria for problem formulation [7].

Development of guidance of ERA for gene drive under
the auspices of the WHO, CBD, African Union, or an
amalgam thereof, would enjoy the confidence of a wide
body of stakeholders across different jurisdictions. For
example, the recent West African Integrated Vector
Management (WA-IVM) initiative, involving the African
Union Development Agency (AUDA-NEPAD) and West
Africa Health Organization (WAHO) could provide a
suitable platform.

Recommendation One: Additional guidance for ERA
of gene drive applications should be developed by a
broad range of actors.

Clear articulation of the intended outcomes of an
intervention is essential to evaluating any potential unin-
tended consequences and harms. Defining the Target
Organism (TO) of an intervention is therefore a funda-
mental element in the ERA of a GMO. In Connolly et al.
[21], problem formulation (see Box 1) was conducted for
a population suppression gene drive proposed for the
control of the human malaria vector Anopheles gambiae
sensu lato (s.l.), a complex of nine species, six of which
are known to vector human malaria (see Box 2). Hybridi-
zation between sibling species of the complex can yield
fertile hybrids [29, 30], which coupled with conservation
of the doublesex target sites for the CRISPR-Cas9 nucle-
ase amongst sibling species [31], led Connolly et al. [21]
to define the TO as all nine species of the complex. How-
ever, including non-vector species of a complex as part of
the defined TO set exceeds the intention to specifically
target vectors. Therefore, the definition of TO in ERA of
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gene drive in species complexes requires more nuanced
consideration and further refinement than would be the
case for more conventional GMO applications [7, 32].

Indeed, EFSA [7] has already acknowledged that for
gene drive applications the TO might include an indi-
vidual population, a single species, or a species complex
defined as a set of partially reproductively connected spe-
cies. Therefore, the TO should be defined by the appli-
cant in relation to the intended outcomes of the gene
drive application. Thus, depending on how the TO is
defined, intended outcomes might differ across the spec-
trum of a species complex [7].

Further considerations for gene drive applications
might include clear (i) articulation of the intended impact
on the TO populations in the wild, (ii) definition of what
negative impacts the introduction of the transgene into
the TO has in order to make it a justifiable target and (iii)
description of how a trait affects different members of a
complex in ways that would influence its efficacy.

Recommendation Two: The definition of the term
“Target Organism’ for gene drive applications involv-
ing species complexes requires more nuanced consid-
eration than for other GMO applications.

This problem formulation approach is widely used in
ERA of GMOs and sets the foundation for the overall risk
assessment process by framing the issues that are specific
to the case under assessment [11, 33]. A crucial step in
problem formulation is to define what environmental and
health resources need to be protected under the relevant
national policy regulations, or ‘protection goals’ (see
Box 1 ), and what qualifies as harm to these resources
[34, 35]. Stakeholder input into what is considered to be
of value in the environment and to health is also essen-
tial. In the next step of problem formulation, plausible
pathways to harm are constructed to describe how the
proposed activity could lead to possible harm to those
protection goals. A pathway to harm is in effect a causal
chain of events required for a harm to be realized [36,
37]. Each step in the pathway provides an opportunity
to formulate risk hypotheses that can then be tested to
characterize that specific risk [33]. The problem formula-
tion approach thus provides both flexibility and a fit-for-
purpose framework for case-specific risk assessments.

In Connolly et al. [21], problem formulation addressed
the simulated investigational releases of a specific dou-
blesex-based population suppression gene drive to con-
trol the human malaria vector An. gambiae in West
Africa and considered plausible pathways to harm based
on broad protection goals that had been defined in a
series of consultations with policymakers and regula-
tors in Africa [38]. Although the problem formulation
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approach is considered fit-for-purpose for the assessment
of this specific population suppression gene drive appli-
cation [7], high-level, broad protection goals can some-
times be in conflict with each other when not distilled
into more precise and specific operational protections
goals [35]. For example, efficient suppression of malaria
vector species could be considered a potential harm to
biodiversity (loss of insect species) to some stakeholders,
but a potential benefit to human health (reduced malaria
transmission) may be more consistent with public health
policy outcomes and prioritized by other stakeholders.

It has previously been recognized that protection goals
outlined in legislation are often too broad to be directly
applicable for environmental risk assessment [33, 35, 39,
40]. Establishing operational protection goals for individ-
ual pathways to harm thus represents an important area
for future development of ERA for gene drive approaches
to malaria vector control [32].

Recommendation Three: ERA for gene drive appli-
cations should be founded in a problem formulation
approach and addressed using specific operational
protection goals.

One of the reasons problem formulation is a key step in
structuring the ERA is because it draws together values
that underpin policy aims, protection goals, assessment
endpoints, and methodology to define the problem and
approach for the overall risk analysis [25, 41] (see Box 1).
While engagement is also needed in model and scenario
development (see Recommendations Seven and Eight),
effective engagement at the problem formulation stage
of ERA is essential to ensure the ERA is robust and ade-
quate in scope.

Considerations on the potential impacts of localized
self-limiting gene drives are likely to differ substantially
from those of non-localized, self-sustaining interven-
tions [6]. Therefore, the process of engagement during
the ERA, including the type of actors and expertise with
whom to engage, will be case-specific to reflect those
different purposes in individual gene drive applications.
However, engagement should involve stakeholders with
diverse backgrounds and expertise but should especially
be inclusive of those communities where the intervention
is being considered for use, as they will contribute unique
and essential perspectives and expertise to the ERA for a
gene drive application [24, 26] (see Recommendation 1).
Ideally, such engagement would come before initiation of
an ERA so that relevant values, knowledge, and experi-
ence informs the design from the outset of the plan being
assessed and the data collection for the regulatory dossier
that is ultimately to be submitted to risk assessors.
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Recommendation Four: Engagement, specifically
in the problem formulation stage for ERAs of gene
drive applications, should include actors with broad
expertise.

The realistic worst case scenario (RWCS) is a generally
used concept in risk assessment and management [42,
43], representing the most severe outcome that can real-
istically be envisaged to occur in a given situation based
on the best available evidence at the time. The RWCS
is one of the most commonly used approaches to come
to a conservative risk estimate and is applied in a wide
range of fields [44, 45]. In ERA of GMOs, RWCSs are
typically used in qualitative risk assessment in cases of
high uncertainty or where there is a lack of data available
at the time of the assessment. They are frequently used
in early stages of ERA with respect to exposure and the
consequences of exposure to focus on substantive risks
that warrant further consideration. Where a potential
harm is identified at high exposure under such worst
case assumptions, it can then be determined if this would
remain under more likely scenarios.

Conversely, should no or minimal harm be identi-
fied under RWCSs, it can reasonably be concluded that
greater harm is unlikely to occur under more realistic
scenarios [41]. Such a tiered approach is also generally
applied to experimental testing; potential harm is evalu-
ated within different tiers that progress from worst-case
exposure scenario conditions, in controlled laboratory
environments, to more likely scenarios under semi-field
or field conditions [46, 47]. The RWCS approach can also
be used to focus on steps in specific pathways to harm
that can be tested most rigorously. Where these steps are
evaluated as unlikely to occur, particularly under worst
case conditions, this would interrupt the causal chain of
events for that specific pathway and may lead to its rejec-
tion as a potential source of harm [36]. In cases where
the likelihood of a potential harm occurring cannot be
ruled out even under more realistic scenarios, risk man-
agement measures can be proposed to address uncer-
tainties and to mitigate potential effects. For example,
uncertainty may exist on the actual level of suppression,
or its variability, at release sites for the gene drive mos-
quitoes in West Africa [48]. Therefore, a starting point
in testing risk hypotheses in pathways to harm could be
to assume the most extreme entomological efficacy sce-
narios of either 100% or 0% suppression of populations of
An. gambiae.

The RWCS could also be used in evaluating the spatial
scale of the receiving environment in the ERA. Although
Connolly et al. [21] described investigational releases of
the population suppression gene drive that were limited
to West Africa, the released transgene could theoretically
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disperse to any areas where the TO naturally occurs,
defined in that context as the entire species complex of
An. gambiae, and which would therefore include most of
sub-Saharan Africa. In the absence of data to prove oth-
erwise, testing of risk hypotheses could involve consid-
ering this broader receiving environment spanning the
entire geographic range of An. gambiae as a RWCS. The
same RWCS approach could also be used to consider the
temporal scale of exposure to the transgene which, for
example, could be postulated to persist indefinitely in a
population of sexually compatible species in the receiv-
ing environment. A further example of a RWCS approach
could also be to consider extreme climatic or seasonal
conditions across Africa. For example, El Nifo climatic
fluctuation events recur every two to seven years and
tend to cause drought in Southern Africa and excessive
rainfall in East Africa [49], thereby potentially impact-
ing the availability of aquatic habitats for malaria vectors
including of the An. gambiae species complex.

Such use of RWCSs involves the application of extreme
situations to the evaluation of specific pathways to harm
in the problem formulation that may require relevant
expertise from a range of different disciplines, prioritiz-
ing representation of those disciplines from geographic
regions and contexts within the RWCSs. This could be
clarified in guidance for ERA of gene drive (see Recom-
mendation 1).

Recommendation Five: Use of ‘realistic worst case
scenarios’ should be considered when testing risk
hypotheses in pathways to harm in ERA for gene drive
applications.

Any potential harm identified in the ERA of gene drive
in mosquitoes should be considered for assessment in
a comparative way, that is compared to both the effects
from a predefined comparator such as a non-GMO and
the context in which they used and managed [7, 8]. For
example, comparisons could be considered to assess
whether the gene drive application is more or less harm-
ful than other currently deployed malaria vector control
measures, such as insecticide-based applications that are
used to manage populations of wild-type mosquitoes in
disease control programs [8]. Such interventions thus
represent one level of comparator to gene drive applica-
tions, to inform ERA and contextualize risks [7, 8, 32, 50].

On another level, comparisons could be made between
the transgenic strain and its non-transgenic background
strain to detect intended, or unintended, changes at
molecular or phenotypic levels. The latter comparison is
conceptually similar to the established assessment of GM
plants, for which extensive experience exists [51-53].
The choice of comparators from the range of possibilities
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will depend on the specific risk hypotheses being consid-
ered. Multiple comparators will be used in the ERA for
a given gene drive application, reflecting specific aspects
of individual pathways to harm and risk hypotheses. This
will allow a comprehensive and integrated assessment of
potential risks resulting from gene drive applications.

Recommendation Six: A range of comparators should
be considered in ERA for gene drive applications in
order to contextualize risks.

ERA for gene drive applications should be conducted
on a case-by-case basis. Therefore, the precise approach
adopted for an ERA will depend on the nature the inter-
vention, availability of data, levels of uncertainty and the
nature of risks being assessed. Throughout the develop-
ment of gene drive applications, ERA will be an itera-
tive process in which cause-effect chains are assessed,
then re-assessed with risk management plans adjusted
towards lowering the likelihood that any identified harms
would occur.

Probabilistic risk assessments use quantitative model-
ling approaches to represent a probability distribution
for a range of potential outcomes for a particular event
[54-60]. Qualitative risk assessments categorize, in a
structured and systematic way, the likelihoods and con-
sequences of outcomes into a limited number of ordered
classes to give a categorical indication of relative risk,
such as ’high; 'moderate; low’ or ’'negligible’ [11, 12].
Where feasible, such qualitative terms should preferably
be defined as precisely as possible in a quantitative way
[11, 12]. However, some potential risks may be best com-
municated in qualitative terms, especially when drawn
from stakeholder concerns that might also have been ini-
tially articulated in a qualitative manner, such as "Could
the modified mosquitoes make me sterile?".

In reality, complex ERAs are unlikely to be either
fully ’probabilistic’ or ’qualitative’ and could involve a
combination of these approaches. Some risk assess-
ments that might be termed qualitative, for instance,
may also include quantitative analyses and mathemati-
cal modelling in the evaluation of some risk compo-
nents. In risk assessments that are termed probabilistic,
the use of Bayesian networks can ensure that the input
and output will be categorical so that risk can be indi-
cated both numerically and by a discrete number of
categories. This range of approaches to risk assessment
can be used to illustrate the considerable uncertainties
involved in predicting outcomes from events where there
is little available information and results in a more robust
enquiry into the overall risk.

Modelling is a key tool in describing relationships in a
cause-effect chain that can underpin ERA for gene drive
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applications [7, 9, 10, 55, 61]. Models can inform both
quantitative and qualitative risk assessments, depend-
ing on the levels of uncertainty and the structure of the
model. Scenarios describe planned events, and models
of the subsequent processes and outcomes, harmful or
otherwise depending on the social values applied, and
offer predictions for the risk assessment. Both model and
scenario development should include input from a broad
range of actors, such as those in Recommendations One
and Four, as wider expertise has been shown to improve
their quality [27]. While models used in ERA might be
expected to require extensive data, even conceptual mod-
els may be helpful in the continuous process of evolving
the assessment of risk in the emerging designs of gene
drive applications or processes. Scenarios and models are
also very useful in establishing a structural framework for
expert and decision-maker elicitations of relevant experi-
ence or opinions on processes that could lead to harm.
Developers will need to be able to articulate plans, for
example the traits in a gene drive application and the
protocols for releases, which can be structured in some
form of model to predict outcomes.

Recommendation Seven: ERA for gene drive applica-
tions should draw on the range of probabilistic and
qualitative analyses, depending on data availability,
levels of uncertainty, and the nature of the risks being
assessed.

Ecological interaction networks map the connections
linking species within ecosystems [62, 63]. In network
terminology, individual species (or groupings compris-
ing multiple similar species, perhaps defined by their
functions) are referred to as ‘nodes, and the interactions
between them as ‘links’ or ‘edges’ Edges can represent a
variety of interspecific interactions, including predation,
resource use or mutualism. For ERA, the relevant com-
position, and temporal and spatial scale of such a net-
work would vary according to the intervention, nature of
the release and risk being assessed. These networks can
be used in two main ways.

First, documenting the network of interactions within
ecological communities provides an opportunity to track
how gene drive applications might impact on other spe-
cies connected directly or indirectly to the TO thereby
identifying component species that might alter in abun-
dance. For example, if the TO for a population suppres-
sion gene drive is a predator, any species directly linked to
it as prey may experience reduced predation, and perhaps
an increase in abundance. Ecological network analysis
also allows the tracking of indirect interactions through,
for instance, shared resource use, as well as defining the
role of species in a community [64]. Depending on the
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identity of those connected species, their functional role
and their ‘centrality’ within a network [62], such an out-
come may or may not be considered as harmful within
the framework of an ERA. Ultimately, all species within
ecological communities will be inter-linked via such
chains of interactions, but ecological principles suggest
that those that are more intimately linked, in terms of the
proximity, specificity and frequency of interactions, are
those most likely to be impacted by gene drive applica-
tions [62].

Second, the structure of interaction networks and ecologi-
cal communities that comprise them can be described using
a variety of summary metrics, some of which have been
shown to be linked to desirable dynamic properties of those
communities, such as stability and resilience [63, 65]. While
acknowledging that non-equilibrium processes and spatial
heterogeneity are often important in structuring ecologi-
cal systems [66, 67], ERAs can evaluate whether gene drive
targeted to component species within networks will yield
structural shifts in networks that are likely to lead to state
changes in the structure and functioning of the community
that would have negative value for stakeholders.

Complex ecological network models in principle allow
probabilistic predictions of the direct and indirect effects
of interventions such as gene drive, but this requires
detailed and ideally quantitative data on the pre-inter-
vention network structure [68, 69]. One approach to
characterize the structure of complex interaction net-
works is a combination of intensive community-wide
genetic barcoding and metabarcoding. This is being used
in the context of An. gambiae, where the DNA of inver-
tebrate species that co-occur with these mosquitoes as
larvae or as adults is sequenced, as well as the gut con-
tents or faeces of species that might consume them. To
date, data of this type that could directly inform ERAs
have rarely been available and may be specific to a lim-
ited spatial and environmental context. A further chal-
lenge is that networks are highly dynamic through time
[62], with the abundances of component species tending
to vary markedly, particularly for short-lived organisms
with ‘fast’ population dynamics such as many insect spe-
cies [70]. Stochastic variations in abundances of compo-
nent species within networks will be superimposed on
often pronounced, albeit relatively predictable, seasonal
variations. However, there is evidence that the majority
of community functioning is maintained by a "core" of
that community so that, even with limited sampling, the
functional core of the community can be identified. For
instance, Hegland et al. [71] showed that 20% of sampling
captured 70-85% of the most functionally important spe-
cies, supporting the notion that dynamic processes are
potentially less important in the maintenance of func-
tional communities [64].
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Community-wide consequences of a gene drive inter-
vention could also be assessed based on groupings of
species and a broader understanding of the likely flows
of energy and impact between nodes defined not at the
species level but in terms of functionally and trophi-
cally similar taxa within networks. This could usefully
be combined with an experimental approach to test
RWCS of impacts of interventions, for example in cages
or mesocosms. In these cases, network data can be val-
uable to identify the species most likely to be affected
directly by the intervention, as well as those that might
‘rewire’ their interactions within networks as the avail-
ability of resources changes [63]. Data on the natural
or pre-intervention range of variation of species’ abun-
dances and the structural properties of the networks
that they are embedded within can help to put potential
ecological risks in context. Risk assessors will need to ask
whether the RWCS outcomes predicted following a gene
drive intervention fall within the range of states that are
observed under pre-intervention conditions.

While technical experts, from amongst developers and
via independent risk assessment groups, are required to
construct and validate appropriate models of the pro-
cesses that could lead to harm, a wide range of stakehold-
ers who are nontechnical experts, such as those described
in Recommendations One and Four, should also partici-
pate in determining acceptable combinations of scenario
plans and model representations of potential harm [27]
(see also Recommedation Seven). This entire process will
be central to engagement on the ERA, ensuring there is
widespread and deep understanding of, and input into,
what is being proposed, how this could lead to ecological
harm, and how those harms can be quantified or classi-
fied in ways that sufficiently inform technical, regulatory
and societal decisions.

Recommendation Eight: ERA of potential ecological
risks from gene drive applications should use con-
cepts of ecological interaction networks to assess the
impacts on dynamic properties that have been defined
as important on the basis of biological considerations
and stakeholder values.

As outlined in the Background section, ERA is one
component in the wider framework of impact evalua-
tions, providing information on potential risks to defined
protection goals in the context of biosafety. ERA thus
plays an important part in assessment of the potential
use of gene drive applications in the field, but only if
integrated alongside other evaluations of predicted effi-
cacy, reliability, costs, logistics, socioeconomic and stake-
holder considerations [8, 9, 15]. Within these evaluations,
engagement should not be considered as a solitary event,
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but rather as an iterative process that engenders multi-
level dialogue and information sharing.

Complementary engagement in guidance development,
problem formulation in ERA and related impact assess-
ments such as ESIA should create a better understanding
of assumptions being made and incorporate knowledge
about how a technology might respond to and ‘fit’ within,
and interact with, its intended social and ecological envi-
ronment [27]. Key stakeholders can help to contextual-
ize these types of place-based issues as they relate to the
intervention at hand. Like engagement for ERA, engage-
ment as part of another type of assessment should not
be considered as a single event, but rather a multitude of
inputs that should go into the design of plans, protocols,
and studies well before the actual ERA or ESIA is carried
out. Engagement early in this process is likely to have
the greatest impact on how appropriate, legitimate and
acceptable the designed product and its use ultimately
will be.

Engagement will also be important in broader risk gov-
ernance decision-making at sovereign levels, such as via
national regulatory agencies. Risk governance decisions
contribute to legitimate political risk decision-making
and are concerned with levels of acceptable risk, as well
as managing and communicating risk [26, 72]. Broader
societal engagement will also be needed in national pol-
icy-making contexts where decisions about the desirabil-
ity of particular gene drive applications can be debated in
the context of alternative approaches to malaria control.
High levels of inclusivity require relevant actors to par-
ticipate and contribute effectively and for their contri-
butions to be implemented in regulatory decisions that
represent both technical and social problem structuring,
inputs, and decision processes.

In order to achieve relevant and effective implementa-
tion of engagement for gene drive applications, there may
be a need for innovative engagement mechanisms that

Table 2 Recommendations on ERA for gene drive applications
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help to achieve efficient understanding of relevant val-
ues, knowledge and experience from all those who may
be able to contribute to the assessment processes (See
Table 1). Additional, inclusive fora for engagement on
gene drive applications involving a comprehensive range
of stakeholders and publics will be needed within these
broader decision-making contexts. These additional
engagements will be needed to help decision-makers and
societies determine whether or not particular gene drive
products should be released. Such engagements should
also maintain alignment of technology and its develop-
ment within wider societal needs [73].

Recommendation Nine: Engagement in ERA for gene
drive applications should complement engagement
in (i) related impact assessments, (ii) risk governance
frameworks and (iii) national policy-making contexts.

Conclusions

Following publication of a problem formulation for inves-
tigational releases of a population suppression gene drive
for malaria vector control (See Box 2) [21], participants
in a series of online workshops developed nine recom-
mendations to advance future ERA for gene drive appli-
cations in general and the case-specific application in
particular (see Table 2).

Engagement was a cross-cutting theme running
through all of these workshops. The importance of
engagement is reflected in it being an integral aspect of
five of the recommendations here. Recommendation
One emphasizes the importance of inclusion of a broad
range of expertise to develop guidance that specifies who
to engage, when to engage them and why, while Recom-
mendation Nine is centred on embedding inclusive and
effective engagement in the broader framework of gene
drive governance. Recommendation Four highlights the
need for a broad range of expertise in engagement during

1.Additional guidance for ERA of gene drive applications should be developed by a broad range of actors

2.The definition of the term ‘Target Organism’for gene drive applications involving species complexes requires more nuanced consideration than for

other GMO applications

3.ERA for gene drive applications should be founded in a problem formulation approach and addressed using specific operational protection goals

4.Engagement, specifically in the problem formulation stage for ERAs of gene drive applications, should include actors with broad expertise

5.Use of 'realistic worst case scenarios’should be considered when testing risk hypotheses in pathways to harm in ERA for gene drive applications

6.A range of comparators should be considered in ERA for gene drive applications in order to contextualize risks

7.ERA for gene drive applications should draw on the range of probabilistic and qualitative analyses, depending on data availability, levels of uncer-

tainty, and the nature of the risks being assessed

8.ERA of potential ecological risks from gene drive applications should use concepts of ecological interaction networks to assess the impacts on
dynamic properties that have been defined as important on the basis of biological considerations and stakeholder values

9.Engagement in ERA for gene drive applications should complement engagement in (i) related impact assessments, (ii) risk governance frameworks

and (iii) national policy-making contexts
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problem formulation. Recommendations Seven and Eight
are based on the need for stakeholder input on the devel-
opment of scenario plans and model representations in
ERA for gene drive applications.

Six recommendations relate to the technical conduct
of ERA for gene drive applications. Recommendation
Two addresses how the definition of the term ‘Target
Organism’ in the context of a complex of species, such
as An. gambiae, needs more nuanced consideration
than for other GMO applications. Recommendation
Three highlights the importance of using problem for-
mulation that is based on specific operational protec-
tion goals. Recommendation Five proposes the use of
the concept of ‘realistic worst case scenario’ to interro-
gate risk hypotheses in plausible pathways to potential
harm. Recommendation Six speaks to the importance
of using a range of comparators, from the levels of
genotype to intervention type, in ERA for gene drive
applications so that risk can be contextualized. Recom-
mendation Seven indicates the desirability of adopting
both probabilistic and qualitative approaches to ERA
for gene drive applications, while Recommendation
Eight stresses the importance of developing interaction
networks for assessment of ecological risks that have
been informed by both biological considerations and
stakeholder values. In both of these recommendations,
it is recognized that engagement is needed in model
and scenario development in modelling evaluations.

While Recommendation One is aimed at those
responsible for producing guidance on ERA, such as
decision-makers like national regulators or policymak-
ers in governments or international agencies, the eight
other recommendations here are relevant to develop-
ers, decision-makers and policymakers alike. It is hoped
that these recommendations can therefore contrib-
ute to the overall development and successful evalua-
tion of innovative solutions in general, and gene drive
in particular, for malaria vector control. Moreover, the
set of recommendations articulated here should help
to inform the ERA for gene drive applications more
generally.
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