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Introduction and summary 
This backgrounder was compiled for submission of information to the Open-ended Online Forums 
on Risk Assessment and Risk Management under the Cartagena Protocol on Biosafety 
(SCBD/CPU/DC/WM/MAQ/MW/90762) within the proceedings of the Convention on Biological 
Diversity (CBD). It provides an overview from the perspective of the protection goals, such as 
health and the environment. 

The most relevant finding is a strong increase in SynBio applications focusing on Living Modified 
Organisms (LMOs) containing self-propagating artificial genetic elements, such as gene drives that 
are intended to actively spread technically inserted genetic elements within domesticated or non-
domesticated populations. These applications are meant to move the process of genetic engineering 
from the laboratory into the fields. 

Recent experiments with the X-shredder application in Anopheles highlight the need for in-depth 
risk assessment on a case-by-case basis, including questioning the assumptions made by experts 
involved in the development of the LMOs. In the above experiment, field trials were announced 
with genetically engineered mosquitoes based on incorrect assumptions regarding the strain and the 
insertion site of the artificial gene constructs. If released, this application could have devastating 
consequences for both the target and non-target species. 

It further shows that ‘cut-off’ criteria are essential in the risk assessment of organisms developed to 
actively spread artificial genetic elements. Such criteria could facilitate decision-making when faced
with numerous unknowns. The regulators, therefore, need to prioritise both a prospective 
technology assessment and investigations into systemic risks. The concepts of nature conservation 
and environmental protection are largely based on the principle of avoiding interventions that, for 
example, could damage natural self-organisation capacities in protected areas or that could 
compromise sustainability criteria relevant for land use. These concepts must also be upheld in the 
field of genetic engineering and gene drives. 

1. SynBio applications with self-propagating artificial genetic elements
as gene drives 
There has been a strong increase in SynBio applications for LMOs with self-propagating artificial 
genetic elements (SPAGE) as gene drives (see von Gleich & Schröder, 2020). These applications 
are intended to actively spread technically inserted genetic elements within domesticated or non-
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domesticated populations. They involve a move from the laboratory to the fields and go beyond the 
applications of gene drives (Adelman, 2021; BfN, 2022). 

1.1 Gene Drives 

A report issued by the Federal Agency for Nature Conservation (BfN, 2022) gives a short overview 
of some technical characteristics: SynBio gene drives involve incorporating genetic engineering 
tools (e. g. CRISPR/Cas) as a part of the genetic modification. If organisms with synthetic gene 
drives are released, these genetic engineering tools are also released – one might say that the genetic
engineering experiment is moved into the environment to become a “lab-in-the-field” (Simon et al., 
2018). Such gene drive organisms can interbreed with their wild relatives, and thus affect 
inheritance. More than half, and possibly all, of the offspring will inherit the genetic modification 
(including the genetic engineering tools). Without the gene drive, Mendelian inheritance laws mean 
that only half of the offspring would inherit the modification.

Gene drives are intended to enable genetic modifications to persist more successfully in wild 
populations over time, and to become prevalent under certain circumstances. However, the 
technique used in developing synthetic gene drives theoretically permits LMOs to spread even if 
they possess characteristics which are disadvantageous to the organism and/or its reproductive 
system (for instance, only producing male offspring). It can even result in the collapse or extinction 
of a population. 

Currently, there are two basic SynBio gene drive concepts: “suppression drives” that are meant to 
introduce genetic elements to reduce or eradicate natural populations, for example, by interfering 
with their capacity to reproduce (Kyrou et al., 2018; Hammond et al., 2021); “replacement drives” 
that are meant to replace natural populations with persistent GE populations with altered biological 
characteristics and inheritable artificial genetic elements (Gantz et al., 2015; Carballar-Lejarazú et 
al., 2020; Green et al., 2022; Adolfi et al., 2020; Devos et al., 2021). 

The target organisms include mosquitoes (e. g. Gantz et al., 2015; Hammond et al., 2021; Kyrou et 
al., 2018), flies (Ni et al., 2021; Yan et al., 2021; Kaduskar et al., 2022), rodents (Grunwald et al., 
2019; Bunting et al., 2022), mites (Faber et al., 2021), plants (Siddiqui et al., 2021; Zhang et al., 
2021; Barret et al., 2019; Tek & Budak 2021) and yeast (DiCarlo et al., 2015). Future applications 
may involve snails (Grewelle et al., 2020), wasps (Meiborg et al., 2023) and diamondback moths 
(Xu et al., 2022). Other applications under consideration are coral reefs, grey squirrels, the crown-
of-thorns starfish, feral cats, cane toads, signal crayfish and brushtail possums (for overview, see: 
Hartley et al., 2022). Some of the organisms being considered for these applications could facilitate 
gene flow between different, related species (Taylor et al., 2001; Weetman et al., 2014; Wolf et al., 
2023). 

1.2 SynBio Viruses 

There are further SynBio applications that are designed to actively spread technically inserted 
genetic elements within domesticated or non-domesticated populations. Again, these applications 
involve a move from the laboratory to the fields. 

The abovementioned BfN (2022) report includes an overview of some of these applications: 
genetically engineered viruses are currently being developed for a number of different purposes, 
with increasing risks to health and the environment (Lentzos et al., 2022). In order to introduce the 
viruses into their target organisms, current research is looking at ways of spreading the viruses via 
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insects, and thus transfer them to plants. The aim of these applications is to allow genetic 
modifications to be rapidly introduced into the plants of an existing population, without having to 
rely on reproduction (“horizontally”). This method, which is also referred to as Horizontal 
Environmental Genetic Alteration Agents (HEGAAs) (Reeves et al., 2018; Frieß et al., 2020; Pfeifer
et al., 2022), is being developed as a crop protection strategy and funded by the Defense Advanced 
Research Projects Agency (DARPA) at the US Ministry of Defense. Specific viruses are being 
developed for use in plants (Gentzel et al., 2022; Nagalakshmi et al., 2022). This and other virus-
based strategies are also being discussed in connection with environmental and nature conservation 
(Lentzos et al., 2022). Other applications are being developed to use viruses to change the genome 
of gut bacteria (Lam et al., 2022). 

1.3 SynBio LMOs with the potential to spread genetic information 

Other applications, which (at least to some extent) are expected to spread genetic information 
within undomesticated populations, include constructs to suppress or disrupt populations of flies 
(Ant et al., 2012) or mosquitoes (Windbichler et al., 2008; Evans et al., 2019; Waltz, 2021) by 
introducing lethal gene constructs. Some studies also demonstrate an interest in establishing genetic 
engineering mechanisms that are inheritable to following generations (Impens et al., 2022). 

Applications are meanwhile being developed to engineer bacteria and fungi that are part of the plant
rhizosphere (Shelake et al., 2019; Shulse et al., 2019; Temme et al., 2012; Ke et al., 2020; 
Shekhawat et al., 2022; Shanmugam et al., 2019), or animal microbiome (Bilgo et al., 2017; De 
Vooght et al., 2014; Fang et al., 2011; Gilbert et al., 2016; Leonard et al., 2018; Lovett et al., 2019; 
Leonard et al., 2020; Rangberg et al., 2012; Ren et al., 2008; Lam et al., 2021), or symbiotic in 
corals (Levin et al., 2017). After release, such applications would allow SynBio LMOs to persist, 
spread and propagate over longer, maybe even unlimited, periods of time. 

In this context, further SynBio or transgenic applications in trees (Ahuja, 2009; Bauer-Panskus et 
al., 2020; GeneWatchUK, 2020; NAS, 2019; Wang, 2004; Zhang et al., 2013; Zeeman & Solhaug 
2022; Wang et al., 2022; Tao et al., 2022) or fish (Moreau et al., 2011; Sundström et al., 2014; 
Devos et al., 2019; Vandersteen et al., 2019; Magalhães et al., 2022) should also be taken into 
account, as they have the potential to facilitate unintended geneflow into wild populations. 

2. Risk assessment and risk management considerations 
The following section takes a closer look at the example of the X-shredder application in 
Anopheles, and shows that in-depth risk assessment will be needed in each and every instance, 
including questioning assumptions made by experts involved in the development of the LMOs. It 
further addresses the need to consider cumulative effects and potential interactions. In addition, it 
makes the case for the risk manager to prioritise a prospective technology assessment and evaluate 
systemic risks. 

2.1 Lessons learned from the ‘X-shredder’ experiment

A sex distorter system called the ‘X-shredder’ was used in Anopheles resulting in a 95% male bias 
among the progeny of transgenic males (Galizi et al., 2014). The X-shredder is a homing 
endonuclease called I-PpoI, which is expressed during male spermatogenesis and cleaves (i. e. 
destroys) the X-chromosome at multiple sites resulting in only Y-chromosome bearing sperm cells, 
and thus predominantly male offspring. The X-shredder in this form is not considered to be a gene 

3



drive, as the transgenic construct of the X-shredder is supposed to be inherited according to 
Mendelian rules. It can be regarded as ‘self-limiting’ as population suppression is only possible by 
continuously releasing mosquitoes bearing the X-shredder construct. The progeny of a transgenic 
male containing the X-shredder construct are thus predominately male, with half of the male 
progeny themselves being transgenic since they carry the X-shredder construct. 

The Target Malaria consortium also conducted caged trials using the mosquitoes with a self-limiting
version of the X-shredder. The mosquitoes were reared in small cages, as described by Galizi et al 
in 2014. Since the results from larger caged trials seemed promising, (Facchinelli et al., 2019; 
Pollegioni et al., 2020), the release of the mosquitoes was announced for the upcoming years. 

The releases of the mosquitoes inheriting this self-limiting X-shredder are planned as ‘phase two’ 
releases. The trials are intended to be a follow-up to ‘phase one’ releases conducted in 2019 that 
were performed with transgenic mosquitoes (Target Malaria, 2019). In the phase one releases, a first
version of the X-shredder (Windbichler et al. 2008) was used that caused male sterility in the 
released mosquitoes, and was thus was supposed to prevent any offspring. There are now plans for 
‘phase two’ releases with the ‘self-limiting’ version of the X-shredder. These trials are supposed to 
be followed by final ‘phase three’ releases of self-sustaining gene drives (Kyrou et al., 2028; Simoni
et al., 2020) in future. 

However, in 2022, it became known that the trials were planned on incorrect assumptions regarding 
the strain and insertion site of the artificial gene constructs: Vitale et al. (2022) showed that the 
preliminary assignment of the transgene location (Galizi et al., 2014) on Chromosome 3 R 36D was 
incorrect. It seems the presence of highly repetitive sequences at the insertion site led to the wrong 
conclusions. Only after DNA sequencing analysis and in-situ hybridization was it possible to clearly
identify the integration of the transgene in a centromeric region of Chromosome 2 R 19D. The 
researchers (Vitale et al., 2022), therefore, made a point of emphasising the need for accuracy in 
genome sequencing data for organisms of medical importance, such as Anopheles mosquitoes, and 
other available tools that can support genomic locations of transgenes. They also noted that the 
genome assembly of species with highly polymorphic genomes, such as mosquitoes, can be 
challenging. 

The actual site of insertion may need further consideration: insertion in a centromeric region may 
have implications for the overall stability of the genome and the function of the X-shredder, as 
recombinations and mutations in centromere regions are generally known to be potentially 
associated with chromosome segregation errors and aneuploidy (Nambiar et al., 2016). 

Further incorrect assumptions were made in the Target Malaria Consortium trials: although the G3 
strain that was used in the trials has for decades been classified as Anopheles gambiae, it is now 
thought to be a hybrid between Anopheles gambiae and Anopheles coluzzii (Pollegioni et al., 2023). 
This has major implications: as Pollegioni et al. (2023) states, Anopheles gambiae and Anopheles 
coluzzii are two major African malaria vectors, morphologically indistinguishable but characterised 
by a widespread genomic divergence. These ‘sister species’ differ in their ecological niche 
partitioning at the larval stage and in swarming behaviour, favouring their assortative mating. 
Therefore, risk assessment as performed before the release of the X-shredder LMOs assumed that 
gene flow from the genetically engineered strain (supposed to be Anopholes gambiae) to other 
species (such as Anopheles coluzzii) would be unlikely. This assumption shows a lack of awareness 
of the real genetic background of the strain and its potential impact on its ecological behaviour. If a 
hybrid strain was used in the field trials, no conclusions can be drawn on the likelihood of further 
geneflow just from the characteristics of the parental species. 
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Furthermore, Pollegioni et al. (2023) conducted experiments with the X-shredder in two recipient 
colonies of Anopheles coluzzii. The crossing experiments revealed that the transfer of genetic 
material from one species to another (rate of introgression) behaved differently than normally 
expected. The introgression is probably influenced by the genomic location of the transgene. This 
can have multiple implications for disease transmission as well as ecological adaptation. This 
underlines the importance of assessing potential gene flow, crossing and next generation effects 
(Then et al., 2020) in risk assessment prior to any releases. Pollegioni et al. (2023) also suggest a 
thorough assessment with an extended backcrossing strategy for any X-shredder candidate strain for
field release – to be used as a regulatory step for the evaluation of potential risks of the genetically 
engineered mosquitoes, fitness and insecticide resistance coupled with population suppression 
effects. 

In this context, it is important to be aware of the fact that Anopheles gambiae and Anopheles 
coluzzii belong to a group of at least nine ‘sibling’ species of mosquitoes which can interbreed and 
are capable of gene flow. Six of them are known to vector human malaria. Hybridization between 
these species can yield fertile hybrids (Connolly et al., 2021). Therefore, if experiments are 
conducted with gene drives or other mechanisms that actively spread artificial gene constructs, then 
next generation effects (Then et al., 2020) may occur from a wide range of crossings and 
backcrossing that need to be assessed prior to any release. 

Connolly et al. (2021) explored pathways to potential harm from the release of a population 
suppression gene drive to control the human malaria vector, Anopheles gambiae, in West Africa. 
They attempted to address some of these problems in their proposal on the risk assessment of gene 
drive mosquito, stating that the environmental risk assessment of the release of a genetically 
engineered organism “needs to consider both direct effects on individual organisms that the 
transgenic itself generates, such as via predation, competition, habitat alteration, hybridization and
introduction of new parasites and diseases, and indirect effects such as those on individual 
organisms in the wider environment without immediate contact with the transgenic.” 

At the same time, Connolly et al. (2021) seem to have overlooked the fact that not all nine sibling 
species of Anopheles gambiae can be considered to be target species, as not all of them are a vector 
for malaria transmission. Furthermore, they appear to simply assume that unexpected next 
generation effects (Then et al., 2020) do not need to be considered if there is an efficient 
suppression of the target population. However, given the wide range of genetic diversity within the 
nine species, it is hardly possible to calculate efficiency in suppressing a population. In addition, as 
the example of the X-shredder shows, any prediction regarding the gene function of the inserted 
genes may be compromised by incorrect assumptions, such as the gene insertion site. Consequently,
what may be started as a suppression gene drive or a self limiting gene construct may end as a 
persisting and spreading artificial genetic element within wild populations, causing long-term 
unexpected and potentially harmful effects. 

The ‘Anopheles gambiae 1000 Genomes Consortium’ (2017) findings also have to be taken into 
account in this context. They “revealed complex population structure and patterns of gene flow, 
with evidence of ancient expansions, recent bottlenecks, and local variation in e ective population ff
size.” They warn that “the design of new tools for mosquito control using gene-drive systems will 
need to take account of high levels of genetic diversity in natural mosquito populations.” 
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In summary, as the X-shredder example shows, incorrect assumptions and a lack of awareness of 
unexpected effects may have devastating consequences for both target and non-target species, 
especially after large scale releases. 

Empirical studies are needed to examine the genetic function, the genetic stability and the 
ecological impact of further crossing and hybridization, as they cannot be predicted from the 
intended properties of the LMOs created in the lab and reared in cages. Risk assessment faces 
enormous challenges if next generation effects, that may occur from crossing with the nine 
interrelated ‘sibling’ species, are to be taken into account. Therefore, any risk assessment of 
organisms intended to actively spread technically inserted genetic elements within domesticated or 
non-domesticated populations, will need ‘cut-off’ criteria to allow decision-making in the face of 
numerous unknowns (Then et al., 2020). 

2.2. How to address cumulative risks? 

As already mentioned, there has been a strong increase in the number of SynBio applications for 
LMOs that are intended to actively spread technically inserted genetic elements within domesticated
or non-domesticated populations. These applications go beyond the applications of gene drives. The
following paragraphs, therefore, provide a more in-depth explanation of self-propagating artificial 
genetic elements, i. e. SPAGE (see von Gleich & Schröder, 2020). 

Indirect, delayed and cumulative adverse effects arising from releases of SPAGE may be more or 
less likely, depending on their specific biological characteristics (intended or unintended) and the 
regional distances. Large scale releases may increase the likelihood of such effects and 
transboundary movements. Given the wide range of the applications listed above, legal 
requirements for assessing cumulative and long-term effects are urgently needed. 

There are at least two categories that should be taken into account: 
(1) Cumulative effects of SPAGE involving several species: environmental risk assessment that 
only takes individual LMOs into account may fail to predict or assess long-term cumulative effects, 
or possible interactions with the receiving environment and/or other SynBio-LMOs. Consequently, 
although releasing low numbers of individual LMOs for a short time may possibly not result in 
adverse effects in an ecosystem, the combination with other SynBio LMOs or the release of larger 
numbers of a specific SynBio LMO over a longer period of time might lead to a ‘tipping point’ 
being passed and cause irreversible damage. These cumulative effects may, for example, also be 
caused by interactions between SynBio LMOs, which would pose huge challenges of potentially 
extreme complexity in risk assessment.

(2) Cumulative effects resulting from releases of different SPAGE applications within the same 
species or within ‘sibling’ species: suppression drives and replacement drives are, for example, 
currently being developed in Anopheles. This will impact several species that may cross with each 
other. Any crossing may result in new combinations of the artificial genetic elements that were 
neither expected nor subjected to risk assessment. 

In general, it is difficult to predict any effects resulting from interactions between SynBio organisms
(such as gene drive organisms), as they may be additive, antagonistic or synergistic. Such effects 
may be dependent on specific combinations of the traits and/or exposure to stressful conditions. 
Even if each of the traits were to be considered ‘safe’, uncertainties or even unknowns can still 
emerge from the combination of the traits. Therefore, environmental risk assessment of the single 
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traits may fail to predict or assess either short- or long-term cumulative effects, or possible 
interactions with the receiving environment, or several traits in combination. However, the general 
problem with cumulative and combinatorial effects is that, so far, no established methodology is in 
place that would allow robust risk assessment before the release. It should also be taken into 
account that these effects include or promote transboundary movements.

In addition to risk assessment, a comprehensive and prospective assessment is essential in order to 
address systemic risks to biodiversity. Similar to environmental pollution with plastics and 
chemicals, it is not always an individual SynBio LMO which may create the real problems, but 
rather the sum of diverse effects on the environment. Environmental problems created by the 
release of SynBio LMOs (such as gene drive organisms) may last as long as or longer than those 
caused by plastics and pesticides – thus impacting future generations and transboundary 
movements. 

Therefore, it is vital (for the risk manager) to generally restrict the number and scale of SynBio 
LMOs releases into the environment in order to prevent unintended transboundary movements. 
Similar control mechanisms are needed to deal with potential cumulative adverse effects on health 
and the environment, and to avoid passing potential tipping points that would cause irreversible 
damage in ecosystems. The concepts of nature conservation and environmental protection are 
largely based on the principle of avoiding interventions that, for example, could damage natural 
self-organisation capacities in protected areas or that could compromise sustainability criteria 
relevant for land use.  These should also be applied in the field of genetic engineering, for SynBio 
LMOs and, in particular, gene drives and other SPAGE. 

3. Further supporting information and conclusions 
Kuzma (2022) states that gene drive organisms (GDOs) “have features of ‘emerging risks’ that are 
‘characterized mainly by uncertainty regarding their potential consequences and/or probabilities of
occurrence’ which ‘can be due to a lack of knowledge about causal or functional relationships 
between new risk sources and their environment or to the insufficient application of available 
knowledge to the case in question’ (IRGC, 2015). For these situations, evaluating the ‘substantive 
validity’ of risk assessments - where outcomes of the risk assessment are compared to what happens
in reality - is not feasible, especially prior to any environmental release. Therefore, ‘procedural 
validity’ of the risk assessment, that is how the risk assessment is conducted, becomes even more 
important than attempting to ascertain the substantive validity of particular risk evaluations prior 
to GDO release and field data collection.” 

Warmbrod et al. (2022) also address the problems in predicting unexpected hazardous effects: “A 
major risk of gene drives is the potential unknown consequences of unpredicted spread or 
interactions; avoiding interactions between different gene drive organisms should be a paramount 
priority as potential interactions expand the risk of unknown consequences.” 

Frieß et al. (2023) warn that modelling approaches also might fail to be sufficient to predict and 
assess all relevant risks: “In our review, we analyse the scope and structure of existing models to 
examine how they may assist the ERA. Our analysis reveals that a majority of models so far are 
deterministic, non-spatial and not tailored for a specific target organism. Models often use 
simplified assumptions on the biology of the species and seem to be made to test the effectiveness of
the drive. Few models go beyond this and verify whether model predictions may be realistic under 
field conditions. We identified four advanced models that we judged to be the most ecologically 
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realistic and compared the implemented parameters with ERA requirements by the European Food 
Safety Authority (EFSA) and World Health Organization (WHO) for genetically modified insects 
and mosquitoes. Although a number of abiotic and biotic factors are already considered in these 
models, mating-related factors and traits relevant to the interactions between the GMO and target 
organisms and with other species are largely excluded. Overall, our results show that biological 
and ecological realism are still poorly realized in current models and that most models aim to 
predict efficacy rather than ecological effects. Given the complexity of natural ecosystems, it may 
not be possible to compile a single model to cover all complexities. Thus, models should be further 
developed with the purpose to assist specific questions related to the risk assessment of GDs. 
Moreover, uncertainty will be a key issue for any model used in RA and we see the need to improve 
this aspect when modelling gene drives.”

There are several publications that address the complexity and specificities of risk assessment for 
genetically engineered gene drives (e. g. EFSA, 2013; EFSA, 2020; CSS, 2019; von Gleich & 
Schröder, 2020, Frieß et al., 2019; Simon et al., 2018; Dolezel et al., 2019; Devos et al., 2021; 
Champer et al., 2021; Connolly et al., 2021; Kuzma, 2022; Conolly et al., 2023; Verma et al., 2023; 
Frieß et al., 2023). 

For example, EFSA (2013) identifies several categories of long-term effects which reflect increases 
in spatial and temporal complexity. EFSA notes that only certain spatial and temporal scales can be 
empirically tested before releases take place, hence there may be long-term effects as a result of 
increased spatial or temporal complexity after being brought to market. Examples include 
interactions of LMOs with other species (including pathogens), as the complexity of species 
interactions increases with spatial complexity. EFSA also mentions that, over longer periods of 
time, evolutionary, behavioural and other changes in species will cause further changes in species 
interactions. Climate also differs across spatial and temporal scales: increasing spatial complexity 
increases the combinations of environmental variables that gene drive organisms are confronted 
with. Increasing temporal complexity also increases the range of environmental variables that gene 
drives are confronted with, e. g. as a result of climate change. Climate change affects other LMOs 
and natural species, thus also affecting species interactions. In fact, climate change is likely to alter 
whole communities of different species. 

In the case of gene drive organisms (and more generally, SPAGE application), there are generic 
difficulties in collecting the relevant data for problem formulation, including identification of
hazard and exposure pathways. Sufficiently robust and comprehensive data, such as population 
dynamics, life cycle, life history traits, the environments, ecosystems, next generation effects and 
potential evolutionary impacts, might not always be available. Such problems may in more detail 
concern:

 Assessment of the spatio-temporal dimension of releases of gene drive-inheriting organisms 
and resulting environmental exposure;

 Effects in offspring due to the self-factoring of gene drives in wild populations over dozens 
of generations in wild populations with a wide range of genetic backgrounds;

 The complexity of environmental x genome interactions in a broad range of heterogeneous 
environments;

 The complexity of environmental x genome interactions under significant changes in the 
environment, such as the climate change;

 The problem of deriving sufficient data on the role of the target organisms in ecology;
 The problem of deriving sufficient data on the impact on non-target organisms and human 

health;
 The problem of identifying adequate comparators;
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 The problem of deriving robust data to predict long-term effects;
 The problems in performing long-term case-specific monitoring;
 The lack of availability of sufficiently effective methods to prevent and / or mitigate adverse

effects if observed after release.

The increase in spatial and temporal complexity associated with the release of genetically 
engineered gene drive organisms is likely to decrease the robustness of the environmental risk 
assessment (ERA), especially if several generations are involved (Then et al., 2020). If the 
persistence of these organisms cannot be delimited in terms of time and space, ERA has to consider 
long-term dimensions, e. g. by addressing the alteration of its gene drive mechanism under 
evolutionary pressure. Evolutionary processes make it possible to turn events with a low probability
of ever happening into events that are likely to happen (Breckling, 2013). Inherent non-knowledge 
can, thereby, increase to such an extent that the conclusiveness of risk assessment is severely 
affected. In many cases, there will also be no possibility of establishing a suitable control or re-call 
strategy. The key question is: How can non-knowledge (see Böschen, 2009), uncertainties, or 
incertitude caused by limitations of scientific knowledge and knowledge production systems be 
integrated into a regulatory system of decision-making?

It has to be assumed that at a certain point in the dissolution of spatial and temporal boundaries, it 
will become necessary to apply cut-off criteria within the risk assessment process, to decide if its 
outcome will be sufficiently reliable and conclusive. The introduction of the cut-off criterion for 
spatio-temporal controllability as an additional step in ERA can be used to delineate some of the 
boundaries between knowns and unknowns considered to be crucial (Then et al., 2020). This 
additional step will foster the robustness of risk assessment and can substantially benefit the 
reliability of decision-making within approval processes. It is necessary for preventing any release 
of SPAGE which are not sufficiently risk assessed: if it is likely that the organisms can escape 
spatio-temporal controllability, the risk assessment cannot be sufficiently reliable because it is not 
conclusive. Under such circumstances, the environmental release of the gene drive organisms (or 
SPAGE) would not be compatible with the precautionary principle.

The precautionary principle allows for new risks to be taken, but only as long as effective measures 
are available and can be implemented if something ‘goes wrong’. Such measures depend on being 
able to control the release of LMOs in their spatio-temporal dimension. Therefore, any release 
which cannot be sufficiently controlled in space and time is in contradiction to the precautionary 
principle and cannot be allowed to happen. This finding is especially relevant for genetically 
engineered gene drive organisms and other SPAGE. 

It should be emphasised that, in terms of the precautionary principle, post-marketing monitoring 
cannot replace adequate risk assessment or the need for sufficiently effective methods to prevent
and / or mitigate adverse effects if observed after release. Gene drives will have an evolving post-
release phase over space and time, which might be impossible to monitor adequately. Capacity and 
resources for long-term monitoring might in many cases create substantial problems. Further, the 
transboundary issues of monitoring and response also need to be addressed, planned and resourced. 
Lack of reversibility will also be an issue in many cases. 

Monitoring is further dependent on the data collected prior to the release. However, assessing 
potential risks requires that the difficulties related to data collection and analysis are taken into 
account, such as obtaining sufficiently robust and comprehensive data as addressed above.
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Especially if the spatio temporal dimension and resulting exposure cannot be sufficiently defined, 
major uncertainties in the formulation of risk hypothesis are likely to impact the risk assessment 
process. These uncertainties also will impact case-specific monitoring as well as general 
surveillance.

In conclusion, the problems of carrying out adequate long term case-specific monitoring and the 
lack of availability of sufficiently effective methods to prevent and / or mitigate adverse effects in 
urgent cases, might cause the risk manager to not approve releases of gene drive organisms and 
other SPAGE.

Whatever the case, the risk manager should be aware of the need to generally restrict the number 
and scale of releases of SynBio LMOs into the environment in order to prevent unintended 
transboundary movements. Similar control mechanisms are needed to keep control of potential 
cumulative adverse effects on health and the environment, and to avoid passing potential tipping 
points causing irreversible damage to ecosystems. The concepts of nature conservation and 
environmental protection are largely based on the principle of avoiding interventions. These should 
also, in particular, be applied in the field of genetic engineering, for SynBio LMOs, gene drives and 
other SPAGE. 

There is increased an awareness that nature and living beings should not only be treated with 
respect but considered as rights-holders against misuse and destruction (Chapron et al., 2019). If, 
however, genetically engineered organisms are introduced into natural populations without effective
control, this would mean the genetic engineering of the ‘germ line’ of biodiversity, with the risk of 
disrupting functioning existing ecosystems and their future evolutionary dynamics. 

References 

Adelman Z.N. (2021) Demystifying the Risk Assessment Process for Laboratory-Based 
Experiments Utilizing Invasive Genetic Elements: It Is More Than Gene Drive. Appl Bios 26(3): 
154-163. https://doi.org/10.1089/apb.20.0074 

Adolfi A., Gantz V.M., Jasinskiene N., Lee H.F., Hwang K., Terradas G., Bulger E.A., Ramaiah A., 
Bennett J.D., Emerson J.J., Marshall J.M., Bier E., James A.A. (2020) Efficient population 
modification gene-drive rescue system in the malaria mosquito Anopheles stephensi. Nat Commun 
11(1): 5553. https://doi.org/10.1038/s41467-020-19426-0   

Ahuja M.R. (2009) Transgene stability and dispersal in forest trees. Trees, 23: 1125-1135. 
https://doi.org/10.1007/s00468-009-0362-8     

Ant T., Koukidou M., Rempoulakis P., Gong H.‐F., Economopoulos A., Vontas J., Alphey L. (2012) 
Control of the olive fruit fly using genetics‐enhanced sterile insect technique. BMC Biol 10(1):51. 
https://doi.org/10.1186/1741-7007-10-51 

Barrett L.G., Legros M., Kumaran N., Glassop D., Raghu S., Gardiner D.M. (2019) Gene drives in 
plants: opportunities and challenges for weed control and engineered resilience. Proc Biol Sci 
86(1911): 20191515. https://doi.org/10.1098/rspb.2019.1515 

10

https://doi.org/10.1098/rspb.2019.1515
https://doi.org/10.1186/1741-7007-10-51
https://doi.org/10.1007/s00468-009-0362-8
https://doi.org/10.1038/s41467-020-19426-0
https://doi.org/10.1089/apb.20.0074


Bauer-Panskus A., Miyazaki J., Kawall K., Then C. (2020) Risk assessment of genetically 
engineered plants that can persist and propagate in the environment. Environ Sci Eur, 32: 32. 
https://doi.org/10.1186/s12302-020-00301-0 

BFN - Federal Agency for Nature Conservation (ed.) (2022): Genetic engineering, nature 
conservation and biological diversity: Boundaries of design. Viewpoint. Bonn., 
https://www.bfn.de/en/latest-news/genetic-engineering-nature-conservation-and-biological-
diversity-boundaries-design 

Bilgo E., Lovett B., Fang W., Bende N., King G.F., Diabate A., Leger R.J.S. (2017) Improved 
efficacy of an arthropod toxin expressing fungus against insecticide-resistant malaria-vector 
mosquitoes. Sci Rep, 7: 3433. https://doi.org/10.1038/s41598-017-03399-0 

Böschen S. (2009) Hybrid regimes of knowledge? Challenges for constructing scientific evidence in
the context of the GMO-debate. Environ Sci Poll R 16(5): 508-520. https://doi.org/10.1007/s11356-
009-0164-y 

Breckling B. (2013) Transgenic evolution and ecology are proceeding. In: GM-Crop Cultivation - 
Ecological effects on landscape scale. In: Breckling B., Verhoeven R., (eds.). Theorie in der 
Ökologie, 17: 130-135. Frankfurt: Peter Lang. 

Bunting M.D., Pfitzner C., Gierus L., White M., Piltz S., Thomas P.Q. (2022) Generation of gene 
drive mice for invasive pest population suppression. Methods Mol Biol 2495: 203-230. 
https://doi.org/10.1007/978-1-0716-2301-5_11 

Carballar-Lejarazú R., Ogaugwu C., Tushar T., Kelsey A., Pham T.B., Murphy J., Schmidt H., Lee 
Y., Lanzaro G.C., James A.A. (2020) Next-generation gene drive for population modification of the 
malaria vector mosquito, Anopheles gambiae. PNAS 117(37): 22805-22814. 
https://doi.org/10.1073/pnas.2010214117 

Champer J., Kim I., Champer S.E., Clark A.G., Messer P.W. (2021) Suppression gene drive in 
continuous space can result in unstable persistence of both drive and wild-type alleles. Mol Ecol 30 
(4): 1086–1101. https://doi.org/10.1111/mec.15788     

Chapron G., Epstein Y., López-Bao J.V. (2019) A rights revolution for nature. Science 363 (6434), 
1392-1393

Connolly J.B., Mumford J.D., Fuchs S., Turner G., Beech C., North A.R., Burt A. (2021) Systematic
identification of plausible pathways to potential harm via problem formulation for investigational 
releases of a population suppression gene drive to control the human malaria vector Anopheles 
gambiae in West Africa. Malaria J 20: 170. https://doi.org/10.1186/s12936-021-03674-6  

Connolly J.B., Romeis J., Devos Y., Glandorf D.C.M., Turner G., Coulibaly M.B. (2023) Gene 
drive in species complexes: defining target organisms. Trends Biotechnol 41: 154-164. 
https://doi.org/10.1016/j.tibtech.2022.06.013 

CSS (Critical Scientists Switzerland) (2019) Gene Drives - A report on their science, applications, 
social aspects, ethics and regulations. https://genedrives.ch/report 

11

https://genedrives.ch/report
https://doi.org/10.1016/j.tibtech.2022.06.013
https://doi.org/10.1186/s12936-021-03674-6
https://doi.org/10.1111/mec.15788
https://doi.org/10.1073/pnas.2010214117
https://doi.org/10.1007/978-1-0716-2301-5_11
https://doi.org/10.1007/s11356-009-0164-y
https://doi.org/10.1007/s11356-009-0164-y
https://doi.org/10.1038/s41598-017-03399-0
https://www.bfn.de/en/latest-news/genetic-engineering-nature-conservation-and-biological-diversity-boundaries-design
https://www.bfn.de/en/latest-news/genetic-engineering-nature-conservation-and-biological-diversity-boundaries-design
https://doi.org/10.1186/s12302-020-00301-0


De Vooght L., Caljon G., De Ridder K., Van Den Abbeele J. (2014) Delivery of a functional anti-
trypanosome Nanobody in different tsetse fly tissues via a bacterial symbiont, Sodalis glossinidius. 
Microb Cell Fact, 13: 156. https://doi.org/10.1186/s12934-014-0156-6 

Devos Y., Craig W., Devlin R.H., Ippolito A., Leggatt R.A., Romeis J., Shaw R., Svendsen C., 
Topping CJ (2019) Using problem formulation for fit-for-purpose pre-market environmental risk 
assessments of regulated stressors. EFSA J 17(S1): e170708. 
https://doi.org/10.2903/j.efsa.2019.e170708 

Devos Y., Mumford J.D., Bonsall M.B., Camargo A.M., Firbank L.G., Glandorf D.C.M., Nogué F., 
Paraskevopoulos K. Wimmer, E. A. (2021) Potential use of gene drive modified insects against 
disease vectors, agricultural pests and invasive species poses new challenges for risk assessment. 
Crit Rev Biotechnol 42(2): 254-270. https://doi.org/10.1080/07388551.2021.1933891 

DiCarlo J.E., Chavez A., Dietz S.L., Esvelt K.M., Church G.M. (2015) Safeguarding CRISPR‐Cas9
gene drives in yeast. Nat Biotech 33(12): 1250-1255. https://doi.org/10.1038/nbt.3412 

Dolezel M., Simon S., Otto M., Engelhard M., Züghard W. (2019) Gene drive organisms - 
implications for the environment and nature conservation: a joint report of the EPA/ENCA Interest 
Group on Risk Assessment and Monitoring of GMOs. Umweltbundesamt - Environmental Agency 
Austria (ed.). Vienna (REP-0704). 
https://www.umweltbundesamt.at/fileadmin/site/publikationen/rep0705.pdf 

EFSA (2013) Guidance on the environmental risk assessment of genetically modified animals. 
EFSA J 11(5): 3200. https://doi.org/10.2903/j.efsa.2013.3200 

EFSA (2020) Scientific Opinion on the adequacy and sufficiency evaluation of existing EFSA 
guidelines for the molecular characterisation, environmental risk assessment and post-market 
environmental monitoring of genetically modified insects containing engineered gene drives. EFSA 
J 18(11): 6297. https://doi.org/10.2903/j.efsa.2020.6297 

Evans B.R., Kotsakiozi P., Costa-da-Silva A.L., Ioshino R.S., Garziera L., Pedrosa M.C., Malavasi 
A., Virginio J.F., Capurro M.L., Powell  J.R. (2019) Transgenic Aedes aegypti mosquitoes transfer 
genes into a natural population. Sci Rep 9: 13047. https://doi.org/10.1038/s41598-019-49660-6 

Faber N.R., Meiborg A.B., Mcfarlane G.R., Gorjanc G., Harpur B.A. (2021) A gene drive does not 
spread easily in populations of the honey bee parasite Varroa destructor. Apidologie 52(6): 1112-
1127. https://doi.org/10.1007/s13592-021-00891-5 

Facchinelli L., North A.R., Collins C.M., Menichelli M., Persampieri T., Bucci A., Spaccapelo R., 
Crisanti A., Benedict M.Q. (2019) Large-cage assessment of a transgenic sex-ratio distortion strain 
on populations of an African malaria vector. Parasites Vectors 12(1), 70. 
https://doi.org/10.1186/s13071-019-3289-y 

Fang W., Vega-Rodrígue J., Ghosh A.K., Jacobs-Lorena M., Kang A., Leger R.J.S. (2011) 
Development of transgenic fungi that kill human malaria parasites in mosquitoes. Science, 
331(6020): 1074-1077. https://doi.org/10.1126/science.1199115

Frieß J.L., von Gleich A., Giese B. (2019) Gene drives as a new quality in GMO releases – a 
comparative technology characterization. PeerJ, 7, e6793. https://doi.org/10/ggfwhb 

12

https://doi.org/10/ggfwhb
https://doi.org/10.1126/science.1199115
https://doi.org/10.1186/s13071-019-3289-y
https://doi.org/10.1007/s13592-021-00891-5
https://doi.org/10.1038/s41598-019-49660-6
https://doi.org/10.2903/j.efsa.2020.6297
https://doi.org/10.2903/j.efsa.2013.3200
https://www.umweltbundesamt.at/fileadmin/site/publikationen/rep0705.pdf
https://doi.org/10.1038/nbt.3412
https://doi.org/10.1080/07388551.2021.1933891
https://doi.org/10.2903/j.efsa.2019.e170708
https://doi.org/10.1186/s12934-014-0156-6


Frieß, J. L.; Otto, M.; Simon, S.; Giese, B.; Liebert, W. (2020): Umbruch in der Biotechnologie: 
Sprung aus dem Labor in die Natur. Natur und Landschaft 95 (5), pp. 209–214.  
https://doi.org/10.17433/5.2020.50153799.209-214 

Frieß J.L., Lalyer C.R., Giese B., Simon S., Otto M. (2023) Review of gene drive modelling and 
implications for risk assessment of gene drive organisms. Ecol Modell 478: 110285. 
https://doi.org/10.1016/j.ecolmodel.2023.110285 

Galizi R, Doyle LA, Menichelli M, Bernardini F., Deredec A., Burt A., Stoddard B.L., Windbichler 
N., Crisanti A. (2014) Nat Commun. 2014;5:3977. https://doi.org/10.1038/ncomms4977 

Galizi R., Hammond A., Kyrou K., Taxiarchi C., Bernardini F., O’Loughlin S.M., Papathanos P.-A.,
Nolan T., Windbichler N., Crisanti, A. (2016) A CRISPR-Cas9 sex-ratio distortion system for 
genetic control. Sci Rep 6(1): 31139. https://doi.org/10.1038/srep31139 

Gantz V.M., Jasinskiene N., Tatarenkova O., Fazekas A., Macias V.M., Bier E., James A.A. (2015) 
Highly efficient Cas9‐mediated gene drive for population modification of the malaria vector 
mosquito Anopheles stephensi. PNAS 112(49): E6736-E6743. 
https://doi.org/10.1073/pnas.1521077112 

GeneWatchUK (2020) GeneWatch UK submission to USDA APHIS docket APHIS-2020-0030: 
Petition for Determination of Nonregulated Status for Blight-Tolerant Darling 58 American 
Chestnut (Castanea dentata). 
http://www.genewatch.org/uploads/f03c6d66a9b354535738483c1c3d49e4/genewatch-uk-aphis-ge-
chestnut-fin.pdf 

Gentzel I., Ohlson E., Redinbaugh M., Wang G.-L. (2022) VIGE: virus-induced genome editing for 
improving abiotic and biotic stress traits in plants. Stress Biology 2: 2. 
https://doi.org/10.1007/s44154-021-00026-x 

Gilbert J.A., Medlock J., Townsend J.P., Aksoy S., Mbah M.N., Galvani A.P. (2016) Determinants 
of human African trypanosomiasis elimination via paratransgenesis. PLoS Neglect Trop D, 10(3): 
e0004465. https://doi.org/10.1371/journal.pntd.0004465

Green E., Jaouen E., Klug D., Olmo R.P., Gautier A., Blandin S., Marois E. (2022) A population 
modification gene drive targeting both Saglin and Lipophorin disables Plasmodium transmission in 
Anopheles mosquitoes. BioRxiv 2022.07.08.499187. https://doi.org/10.1101/2022.07.08.499187

Grewelle R.E., Perez-Saez J., Tycko J., Namigai E.K.O., Rickards C.G., Leo G.A.D. (2022) 
Modeling the efficacy of CRISPR gene drive for snail immunity on schistosomiasis control. PLOS 
Neglected Tropical Diseases 16, e0010894. https://doi.org/10.1371/journal.pntd.0010894 

Grunwald H.A., Gantz V.M., Poplawski G., Xu X.S., Bier E., Cooper K.L. (2019). Super-Mendelian
inheritance mediated by CRISPR-Cas9 in the female mouse germline. Nature 566: 105. 
https://doi.org/10.1038/s41586-019-0875-2 

Hammond A., Pollegioni P., Persampieri T., North A., Minuz R., Trusso A., Bucci A., Kyrou K., 
Morianou I., Simoni A., Nolan T., Müller R., Crisanti A. (2021) Gene-drive suppression of 

13

https://doi.org/10.1038/s41586-019-0875-2
https://doi.org/10.1371/journal.pntd.0010894
https://doi.org/10.1101/2022.07.08.499187
https://doi.org/10.1371/journal.pntd.0004465
https://doi.org/10.1007/s44154-021-00026-x
http://www.genewatch.org/uploads/f03c6d66a9b354535738483c1c3d49e4/genewatch-uk-aphis-ge-chestnut-fin.pdf
http://www.genewatch.org/uploads/f03c6d66a9b354535738483c1c3d49e4/genewatch-uk-aphis-ge-chestnut-fin.pdf
https://doi.org/10.1073/pnas.1521077112
https://doi.org/10.1038/srep31139
https://doi.org/10.1038/ncomms4977
https://doi.org/10.1016/j.ecolmodel.2023.110285
https://doi.org/10.17433/5.2020.50153799.209-214


mosquito populations in large cages as a bridge between lab and field. Nat Commun 12(1): 4589. 
https://doi.org/10.1038/s41467-021-24790-6     

Hartley S., Taitingfong R., Fidelman P. (2022) The principles driving gene drives for conservation. 
Environ Sci Policy 135: 36-45. https://doi.org/10.1016/j.envsci.2022.04.021 

Impens L., Jacobs T.B., elissen H., Inzé D., Pauwels L. (2022) Mini-review: transgenerational 
CRISPR/Cas9 gene editing in plants. Front Genome Edit, 4: 5. 
https://doi.org/10.3389/fgeed.2022.825042 

Kaduskar B., Kushwah R.B.S., Auradkar A., Guichard A., Li M., Bennett J.B., Julio A.H.F., 
Marshall J.M., Montell C., Bier E. (2022) Reversing insecticide resistance with allelic-drive in 
Drosophila melanogaster. Nat Commun 13(1): 291. https://doi.org/10.1038/s41467-021-27654-1 

Ke J.,Wang B., Yoshikuni Y. (2021) Microbiome engineering: synthetic biology of plant-associated 
microbiomes in sustainable agriculture. Trends Biotechnol, 39(3): 244-261. 
https://doi.org/10.1016/j.tibtech.2020.07.008 

Kuzma J. (2022) Gene drives: Environmental impacts, sustainability, and governance. EPFL 
International Risk Governance Center (IRGC). https://www.epfl.ch/research/domains/irgc/wp-
content/uploads/2022/12/IRGC-2022-Gene-drives_Environmental-impacts-sustainability-and-
governance.pdf 

Kyrou K., Hammond A.M., Galizi R., Kranjc N., Burt A., Beaghton A.K., Nolan T., Crisanti A. 
(2018) A CRISPR‐Cas9 gene drive targeting doublesex causes complete population suppression in 
caged Anopheles gambiae mosquitoes. Nat Biotechnol 36(11):1062-1066. 
https://doi.org/10.1038/nbt.4245 

Lam K.N., Spanogiannopoulos P., Soto-Perez P., Alexander M., Nalley M.J., Bisanz J.E., Nayak 
R.R., Weakley A.M., Yu F.B., Turnbaugh P.J. (2021) Phage-delivered CRISPR-Cas9 for strain-
specific depletion and genomic deletions in the gut microbiome. Cell Rep. 2021 Nov 
2;37(5):109930. https://doi.org/10.1016/j.celrep.2021.109930 

Lentzos F., Rybicki E.P., Engelhard M., Paterson P., Sandholtz W.A., Reeves G. (2022) Eroding 
norms over release of self-spreading viruses. Science, 375(6576): 31-33. 
https://doi.org/10.1126/science.abj5593 

Leonard S.P., Perutka J., Powell J.E., Geng P., Richhart D.D., Byrom M., Davies B.W., Ellington A. 
D., Moran N.A., Barrick J.E. (2018) Genetic engineering of bee gut microbiome bacteria with a 
toolkit for modular assembly of broad-host-range plasmids. ACS Synth Biol, 7: 1279-1290. 
https://doi.org/10.1021/acssynbio.7b00399 

Leonard S.P., Powell E., Perutka J., Geng P., Heckmann L C., Horak R.D., Davies B.W., Ellington 
A.D., Barrick J.E., Moran N.A. (2020) Engineered symbionts activate honey bee immunity and 
limit pathogens. Science, 367: 573-576. https://doi.org/10.1126/science.aax9039 

Levin R.A., Voolstra C.R., Agrawal S., Steinberg P.D., Suggett D.J., van Oppen M.J.H. (2017) 
Engineering strategies to decode and enhance the genomes of coral symbionts. Front Microbiol, 8: 
1220. https://doi.org/10.3389/fmicb.2017.01220 

14

https://doi.org/10.3389/fmicb.2017.01220
https://doi.org/10.1126/science.aax9039
https://doi.org/10.1021/acssynbio.7b00399
https://doi.org/10.1126/science.abj5593
https://doi.org/10.1016/j.celrep.2021.109930
https://doi.org/10.1038/nbt.4245
https://www.epfl.ch/research/domains/irgc/wp-content/uploads/2022/12/IRGC-2022-Gene-drives_Environmental-impacts-sustainability-and-governance.pdf
https://www.epfl.ch/research/domains/irgc/wp-content/uploads/2022/12/IRGC-2022-Gene-drives_Environmental-impacts-sustainability-and-governance.pdf
https://www.epfl.ch/research/domains/irgc/wp-content/uploads/2022/12/IRGC-2022-Gene-drives_Environmental-impacts-sustainability-and-governance.pdf
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.1038/s41467-021-27654-1
https://doi.org/10.3389/fgeed.2022.825042
https://doi.org/10.1016/j.envsci.2022.04.021
https://doi.org/10.1038/s41467-021-24790-6


Lovett B., Bilgo E., Millogo S. A., Ouattarra A. K., Sare I., Gnambani E. J., Dabire R. K., Diabate 
A., Leger R. J. S. (2019) Transgenic Metarhizium rapidly kills mosquitoes in a malaria-endemic 
region of Burkina Faso. Science, 364, 894-897. https://doi.org/10.1126/science.aaw8737 

Magalhães A.L.B., Brito M.F.G., Silva L.G.M. (2022) The fluorescent introduction has begun in the
southern hemisphere: presence and life-history strategies of the transgenic zebrafish Danio rerio 
(Cypriniformes: Danionidae) in Brazil. Stud Neotrop Fauna Environ 0: 1-13. 
https://doi.org/10.1080/01650521.2021.2024054 

Meiborg A.B., Faber N.R., Taylor B.A., Harpur B.A., Gorjanc G. (2023) The suppressive potential 
of a gene drive in populations of invasive social wasps is currently limited. Sci Rep 13: 1640. 
https://doi.org/10.1038/s41598-023-28867-8 

Moreau D.T.R., Conway C., Fleming I.A. (2011) Reproductive performance of alternative male 
phenotypes of growth hormone transgenic Atlantic salmon (Salmo salar). Evol Appl 4(6):736–748. 
https://doi.org/10.1111/j.1752-4571.2011.00196.x

Nagalakshmi U., Meier N., Liu J.Y., Voytas D.F., Dinesh-Kumar S.P. (2022) High-efficiency 
multiplex biallelic heritable editing in Arabidopsis using an RNA virus. Plant Physiol 189(3): 1241-
1245. https://doi.org/10.1093/plphys/kiac159 

Nambiar M., Smith G.R. (2016) Repression of harmful meiotic recombination in centromeric 
regions. Semin Cell Dev Biol 54: 188-197. https://doi.org/10.1016/j.semcdb.2016.01.042 

NAS (National Academies of Sciences, Engineering, and Medicine) (2019) Forest health and 
biotechnology: Possibilities and considerations. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/25221 

Ni X.Y., Lu W.J., Qiao X., Huang J. (2021) Genome editing efficiency of four Drosophila suzukii 
endogenous U6 promoters. Insect Mol Biol 30(4): 420-426. https://doi.org/10.1111/imb.12707 

Pfeifer K., Frieß J.L., Giese B. (2022) Insect allies – assessment of a viral approach to plant genome
editing. Integr Environ Assess Managt 18(6): 1488-1499. https://doi.org/10.1002/ieam.4577 

Pollegioni, P., North, A. R., Persampieri, T., Bucci, A., Minuz, R. L., Groneberg, D. A., Nolan T., 
Papathanos P.-A., Crisanti A., Müller R. (2020) Detecting the population dynamics of an autosomal 
sex ratio distorter transgene in malaria vector mosquitoes. J Appl Ecol 57(10): 2086-2096. 
https://doi.org/10.1111/1365-2664.13702

Pollegioni P., Persampieri T., Minuz R.L., Bucci A., Trusso A., Martino S.D., Leo C., Bruttini M., 
Ciolfi M., Waldvogel A.-M., Tripet F., Simoni A., Crisanti A., Müller R. (2023) Introgression of a 
synthetic sex ratio distortion transgene into different genetic backgrounds of Anopheles coluzzii. 
Insect Mol Biol 32: 56–68. https://doi.org/10.1111/imb.12813 

Rangberg A., Diep D.B., Rudi K., Amdam G.V. (2012) Paratransgenesis: An approach to improve 
colony health and molecular insight in honey bees (Apis mellifera)?. Integr Comp Biol, 52: 89-99. 
https://doi.org/10.1093/icb/ics089

Ren X., Hoiczyk E., Rasgon J.L. (2008) Viral paratransgenesis in the malaria vector Anopheles 
gambiae. PloS Pathog, 4: e1000135. https://doi.org/10.1371/journal.ppat.1000135 

15

https://doi.org/10.1371/journal.ppat.1000135
https://doi.org/10.1093/icb/ics089
https://doi.org/10.1111/imb.12813
https://doi.org/10.1111/1365-2664.13702
https://doi.org/10.1002/ieam.4577
https://doi.org/10.1111/imb.12707
https://doi.org/10.17226/25221
https://doi.org/10.1016/j.semcdb.2016.01.042
https://doi.org/10.1093/plphys/kiac159
https://doi.org/10.1111/j.1752-4571.2011.00196.x
https://doi.org/10.1038/s41598-023-28867-8
https://doi.org/10.1080/01650521.2021.2024054
https://doi.org/10.1126/science.aaw8737


Reeves R.G., Voeneky S., Caetano-Anolles D., Beck F., Boete C. (2018) Agricultural research, or a 
new bioweapon system? Science, 362(6410): 35-37. https://doi.org/10.1126/science.aat7664 

Shanmugam K., Ramalingam S., Venkataraman G., Hariharan G.N. (2019) The CRISPR/Cas9 
system for targeted genome engineering in free-living fungi: advances and opportunities for 
lichenized fungi. Front Microbiol 10: 62. https://doi.org/10.3389/fmicb.2019.00062 

Shekhawat K, Almeida-Trapp M, García-Ramírez GX, Hirt H. (2022) Beat the heat: plant- and 
microbe-mediated strategies for crop thermotolerance. Trends Plant Sci 27(8): 802-813. 
https://doi.org/10.1016/j.tplants.2022.02.008     

Shelake R.M., Pramanik D., Kim J.Y. (2019) Exploration of plant-microbe interactions for 
sustainable agriculture in CRISPR era. Microorganisms, 7: 269. 
https://doi.org/10.3390/microorganisms7080269 

Shulse C.N., Chovatia M., Agosto C., Wang G., Hamilton M., Deutsch S., Yoshikuni Y., Blow M.J. 
(2019) Engineered root bacteria release plant-available phosphate from phytate. Appl Environ 
Microbiol, 85: e01210-19. https://doi.org/10.1128/AEM.01210-19

Siddiqui H.A., Harvey-Samuel T., Mansoor S. (2021) Gene drive: a faster route to plant 
improvement. Trends Plant Sci 26(12): 1204-1206. https://doi.org/10.1016/j.tplants.2021.09.005 

Simon S., Otto M., Engelhard M. (2018) Synthetic gene drive: between continuity and novelty. 
EMBO Rep 19 (5). https://doi.org/10.15252/embr.201845760 

Simoni A., Hammond A.M., Beaghton A.K., Galizi R., Taxiarchi C., Kyrou K., Meacci D., Gribble 
M., Morselli G., Burt A., Nolan T., Crisanti A. (2020) A male-biased sex-distorter gene drive for the
human malaria vector Anopheles gambiae. Nat Biotechnol 38(9): 1054-60. 
https://doi.org/10.1038/s41587-020-0508-1 

Sundström L.F., Vandersteen W.E., Lõhmus M., Devlin R.H. (2014) Growth‐enhanced coho salmon
invading other salmon species populations: Effects on early survival and growth. J Appl Ecol 
51(1):82–89. https://doi.org/10.1111/1365-2664.12185

Tao Y., Chiu L-W., Hoyle J. Du J., Rasmussen K., Mellor P., Richey C., Kuiper J. Fried M. 
Dewhirst R., Zuzow R., Tucker D., Crites A., Orr G., Heckert M., Vidal D., Orosco-Cardenas M., 
Hall M. (2020) Enhanced photosynthetic efficiency for increased carbon assimilation and woody 
biomass production in hybrid poplar INRA 717-1B4. BioRxiv 2022.02.16.480797.
https://doi.org/10.1101/2022.02.16.480797 

Target Malaria (2019) Target Malaria proceeded with a small-scale release of genetically modified 
sterile male mosquitoes in Bana, a village in Burkina Faso.
https://targetmalaria.org/target-malaria-proceeded-with-a-small-scale-release-of-genetically-
modified-sterile-male-mosquitoes-in-bana-a-village-in-burkina-faso/  

Taylor C., Touré Y.T., Carnahan J., Norris D.E., Dolo G., Traoré S.F., Edillo F.E., Lanzaro, G.C. 
(2001) Gene flow among populations of the malaria vector, Anopheles gambiae, in Mali.
West Africa Genetics 157: 743-750. https://doi.org/10.1093/genetics/157.2.743 

16

https://doi.org/10.1093/genetics/157.2.743
https://targetmalaria.org/target-malaria-proceeded-with-a-small-scale-release-of-genetically-modified-sterile-male-mosquitoes-in-bana-a-village-in-burkina-faso/
https://targetmalaria.org/target-malaria-proceeded-with-a-small-scale-release-of-genetically-modified-sterile-male-mosquitoes-in-bana-a-village-in-burkina-faso/
https://doi.org/10.1101/2022.02.16.480797
https://doi.org/10.1111/1365-2664.12185
https://doi.org/10.1038/s41587-020-0508-1
https://doi.org/10.15252/embr.201845760
https://doi.org/10.1016/j.tplants.2021.09.005
https://doi.org/10.1128/AEM.01210-19
https://doi.org/10.3390/microorganisms7080269
https://doi.org/10.1016/j.tplants.2022.02.008
https://doi.org/10.3389/fmicb.2019.00062
https://doi.org/10.1126/science.aat7664


Tek M.I. & Budak K. (2022) A new approach to develop resistant cultivars against the plant 
pathogens: CRISPR drives. Front Plant Sci, 13. https://doi.org/10.3389/fpls.2022.889497 

Temme K., Zhao D., Voigt C.A. (2012) Refactoring the nitrogen fixation gene cluster from 
Klebsiella oxytoca. PNAS, 109: 7085-7090. https://doi.org/10.1073/pnas.1120788109

The Anopheles gambiae 1000 Genomes Consortium (2017) Genetic diversity of the African malaria
vector Anopheles gambiae. Nature 552: 96-100. https://doi.org/10.1038/nature24995 

Then, C. Kawall, K., Valenzuela, N. (2020) Spatio-temporal controllability and environmental risk 
assessment of genetically engineered gene drive organisms from the perspective of EU GMO 
Regulation. Integr Environ Assess Manag, 16(5), 555-568. https://doi.org/10.1002/ieam.4278

Vandersteen W.E., Leggatt R., Sundström L.F., Devlin R.H. (2019) Importance of experimental 
environmental conditions in estimating risks and associated uncertainty of transgenic fish prior to 
entry into nature. Sci Rep 9: 406. https://doi.org/10.1038/s41598-018-35826-1 

Verma P., Reeves R.G., Simon S., Otto M., Gokhale C.S. (2023) The effect of mating complexity on
gene drive dynamics. Am Nat 201: E1–E22. https://doi.org/10.1086/722157  

Vitale M., Leo C., Courty T., Kranjc N., Connolly J. B., Morselli G., Bamikole C., Haghighat-Khah 
R.E., Bernardini F., Fuchs, S. (2022) Comprehensive characterization of a transgene insertion in a 
highly repetitive, centromeric region of Anopheles mosquitoes. Path Glob Health. 
https://doi.org/10.1080/20477724.2022.2100192 

von Gleich A. & Schröder W. (eds.) (2020) Gene Drives at Tipping Points. Springer Book, 
https://doi.org/10.1007/978-3-030-38934-5 

Waltz E. (2021) First genetically modified mosquitoes released in the United States. Nature 
593(7858): 175-176. https://doi.org/10.1038/d41586-021-01186-6 

Wang H. (2004) The state of genetically modified forest trees in China, Chinese Academy of 
Forestry, Beijing. FAO report, http://www.fao.org/docrep/008/ae574e/AE574E08.htm 

Wang W., Talide L., Viljamaa S., Niittylä T. (2022) Aspen growth is not limited by starch reserves. 
Curr Biol 32(16): 3619-3627.e4. https://doi.org/10.1016/j.cub.2022.06.056 

Warmbrod K.L., Kobokovich A.L., West R., Gronvall G.K., Montague M. (2022) The need for a 
tiered registry for US gene drive governance. Health Security 20: 43–49. 
https://doi.org/10.1089/hs.2021.0139

Weetman D., Steen K., Rippon E.J., Mawejje H.D., Donnelly M.J., Wilding, C.S. (2014) 
Contemporary gene flow between wild An. Gambiae s.s. and An. Arabiensis. Parasites Vectors 7, 
345. https://doi.org/10.1186/1756-3305-7-345 

Windbichler N., Papathanos P.A., Crisanti, A. (2008). Targeting the X chromosome during 
spermatogenesis induces Y chromosome transmission ratio distortion and early dominant embryo 
lethality in Anopheles gambiae. PLoS Genet 4(12), e1000291. 
https://doi.org/10.1371/journal.pgen.1000291 

17

https://doi.org/10.1371/journal.pgen.1000291
https://doi.org/10.1186/1756-3305-7-345
https://doi.org/10.1089/hs.2021.0139
https://doi.org/10.1016/j.cub.2022.06.056
http://www.fao.org/docrep/008/ae574e/AE574E08.htm
https://doi.org/10.1038/d41586-021-01186-6
https://doi.org/10.1007/978-3-030-38934-5
https://doi.org/10.1080/20477724.2022.2100192
https://doi.org/10.1086/722157
https://doi.org/10.1038/s41598-018-35826-1
https://doi.org/10.1038/nature24995
https://doi.org/10.1073/pnas.1120788109
https://doi.org/10.3389/fpls.2022.889497


Wolf S, Collatz J, Enkerli J, Widmer F, Romeis J. (2023) Assessing potential hybridization between 
a hypothetical gene drive-modified Drosophila suzukii and nontarget Drosophila species. Risk Anal.
https://doi.org/10.1111/risa.14096 

Xu X., Harvey-Samuel T., Siddiqui H.A., Ang J.X.D., Anderson M.E., Reitmayer C.M., Lovett E., 
Leftwich P.T., You M., Alphey L. (2022) Toward a CRISPR-Cas9-based gene drive in the 
diamondback moth Plutella xylostella. CRISPR J 5, 224–236. 
https://doi.org/10.1089/crispr.2021.0129 

Yan Y, Kobayashi Y, Huang C, Liu B, Qian W, Wan F, Schetelig MF. (2021) Highly efficient 
temperature inducible CRISPR-Cas9 gene targeting in Drosophila suzukii. Int J Mol Sci 22(13): 
6724. https://doi.org/10.3390/ijms22136724 

Zeeman S.C. &Solhaug E,M. (2022) Plant growth: An active or passive role for starch reserves? 
Curr Biol 32(16): R894-R896. https://doi.org/10.1016/j.cub.2022.07.024 

Zhang B., Oakes A.D., Newhouse A.E., Baier K.M., Maynard C.A. Powell W.A. (2013) A threshold
level of oxalate oxidase transgene expression reduces Cryphonectria parasitica-induced necrosis in 
a transgenic American chestnut (Castanea dentata) leaf bioassay. Transgenic Res 22: 973-982. 
https://doi.org/10.1007/s11248-013-9708-5 

Zhang T., Mudgett M., Rambabu R., Abramson B., Dai X., Michael T.P., Zhao Y. (2021) Selective 
inheritance of target genes from only one parent of sexually reproduced F1 progeny in Arabidopsis. 
Nat Commun 12(1): 3854. https://doi.org/10.1038/s41467-021-24195-5 . Retraction in: Nat 
Commun 13(1): 3270. 

18

https://doi.org/10.1038/s41467-021-24195-5
https://doi.org/10.1007/s11248-013-9708-5
https://doi.org/10.1016/j.cub.2022.07.024
https://doi.org/10.3390/ijms22136724
https://doi.org/10.1089/crispr.2021.0129
https://doi.org/10.1111/risa.14096

	Introduction and summary
	1. SynBio applications with self-propagating artificial genetic elements as gene drives
	1.1 Gene Drives
	1.2 SynBio Viruses
	1.3 SynBio LMOs with the potential to spread genetic information

	2. Risk assessment and risk management considerations
	2.1 Lessons learned from the ‘X-shredder’ experiment
	2.2. How to address cumulative risks?

	3. Further supporting information and conclusions
	References

