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Summary

The science, biology and techniques of 
Gene Drives

Engineered Gene Drives are a new form of ge-
netic modification that provides the tools for per-
manently modifying or potentially even eradicating 
species or populations in the wild. Unlike the pre-
vious genetically modified organisms (GMOs), gene 
drive organisms (GDOs) are not meant to stay where 
they are released, but instead are designed and 
purpose-built to spread and to drive their modified 
genes far and wide into wild populations. The first 
chapter of this report provides an overview of the 
technology of gene drives, its history and the pres-
ent body of scientific knowledge about them. 

The realisation of functional gene drive mecha-
nisms has only become possible with the arrival of 
the genome editing tool CRISPR/Cas. This tool of-
fered a sense of simplicity and ease and this in turn 
inspired hopes, projections, claims – and funding. 
However, intentions and promises must be submit-
ted to a reality check, meaning an in-depth under-
standing of the tools and mechanisms involved, in-
cluding a focus on their risks and limitations.

The most advanced type of CRISPR/Cas-based 
gene drive is characterised by its potential capac-
ity to modify or eliminate all targeted organisms. 
This means that no mistakes must be made, neither 
concerning the target species nor the affected eco-
systems. They must not go where they are not in-
tended to go, nor accidentally escape from cages 
in laboratories, nor have any unintended effects on 
the target species, ecosystems, biodiversity or hu-
man health. Many risks of this type of gene drive 
are being voiced in the literature as well as at the 
Convention on Biological Diversity (CBD) and other 
bodies. Moreover, there are also serious limitations 
with the functioning of this technology, such as its 
inefficacy in many organisms, the quick emergence 
of resistance, and with its control, such as irrevers-

ibility and the impossibility of containment or recall 
once released.

This technology, as it stands, is not fit for ap-
plication. Are the above issues addressed? Are they 
being solved? Major efforts are being undertaken to 
circumvent or overcome resistance. The other issues 
of concern, so far, are stuck at the stage of theoret-
ical models and designs, such as the various daisy 
drive designs, or the “anti-gene drive”-drives, e.g. 
immunisation drive, reversal drive, drive catchers 
etc. All these efforts are still lacking proof of con-
cept and often merely exist in the form of mathe-
matical modelling, which carries its own limitations. 
It is, however, important to recognise that any new 
layer of ‘solutions’ will also carry, and needs to be 
assessed for, their own risks and limitations. These 
include the utilisation of highly conserved genes as 
disruption targets that are also found in other spe-
cies. 

These developments have considerably expand-
ed knowledge at the genetic level. There is, howev-
er, a sad lack of knowledge about the complexities 
of real-life settings, with completely different sur-
rounding conditions, high genetic variation in wild 
populations and a complex network of interactions 
with other species. The behaviour of gene drives 
and gene drive organisms in the real world may be 
very different from any laboratory experiments and 
modelled predictions, thus adding an extra layer of 
risk. This powerful technology so far has not prov-
en to be reversible or containable. This means, as 
pointed out above, we must not make any mistakes.

Potential applications

The usual categorisation of gene drives based on 
fields of applications and desired or claimed benefits 
betrays an excitement about the technical advanc-
es and a focus on the benefits only. The underlying 
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causes of the problems gene drives are intended to 
solve have often been created by current unsustain-
able practices which could be discontinued and/or 
replaced or solved by less  hazardous means. For 
instance, modern agriculture is vulnerable to pests 
because of the biological and genetic simplification 
of industrial practices, which destroy the balance 
between pests and their natural enemies, e.g. by 
pesticides and habitat loss. More diverse farming 
systems based on agroecology provide a substan-
tive defense against pests. Choices are a matter of 
information about different options, political will 
and economic support.

This second chapter therefore places the organ-
ism itself and the ecosystems linked to it at centre 
stage. Fully understanding the biology of an or-
ganism and its ecosystems is essential for under-
standing the impacts and identifying the negative 
consequences that may arise from the release of a 
GDO. Three case studies are presented, focusing 
on taxonomic categories, namely mosquitoes, mice 
and Palmer amaranth. In all three, the data are in-
sufficient and the complexities too intricate to pres-
ently (if ever) allow for clear and reliable predictions 
of the outcomes and the impacts from a release of 
invasive gene drives. Given the high level of unpre-
dictabilities, the lack of knowledge and the poten-
tially severe negative impacts on biodiversity and 
ecosystems (including agroecosystems), the authors 
and publishers of this study recommend that any 
releases of GDOs (including experimental releases) 
be placed on hold until there is sufficient knowledge 
on gene drives or other solutions to the problem are 
chosen. For each of the case studies, the search, 
development, availability and support of other sus-
tainable approaches are elaborated. 

Last but not least, the dual use potential of this 
powerful technology should not go unmentioned. 
The fact that civilian gene drive technology can also 
be used for military and harmful purposes needs 
urgent attention.

The spectrum of organisms discussed as gene 
drive targets is already broad and continuously 
growing. The intention of developers is to make the 
technology quickly and widely applicable for small 

mammals and for any type of insect, which we re-
gard as alarming, both as an approach to deal with 
problems, as well as with regards to the impacts of 
such practices. This exacerbates all the problems 
discussed above.

There is no solid scientific basis for performing 
an adequate and robust risk assessment that would 
cover all the points we have raised, and that we re-
gard as essential for safeguarding biodiversity and  
human health. The wisdom of strictly applying the 
Precautionary Principle may be our best guide when 
facing this new and potent technology.

Social issues

Social issues are important from the start of the 
research process, upstream of the whole life cycle 
of innovation (from R&D to outcomes), beginning 
with the science of gene drives itself. The chapter 
describes the political economy of GDOs, including 
how research is patented and funded, and how this 
leads to unrealistic claims about what researchers 
can deliver. While gene drive R&D is still in its in-
fancy and no field trials have been attempted yet, 
many claims about future benefits of gene drives 
portrayed in the media, scientific publications and 
patent applications seem premature. The chapter 
explores how exaggerating effectiveness can lead 
to opportunity costs when alternative solutions are 
neglected, and how it can close down public debate 
about the best ways to develop salient knowledge 
collectively, to tackle societal problems. The chap-
ter discusses open releases of genetically modified 
(GM) mosquitoes into the environment (currently 
without gene drive, but with some plans to include it 
in the future). It highlights serious limitations in the 
process of obtaining prior informed consent and 
discusses how power imbalances may affect the 
regulatory framework, who is liable if anything goes 
wrong, and who is asked for their input in decisions. 

The chapter concludes that public engagement 
has to take place at the very beginning of the pro-
cess, when funders, innovation stakeholders and 
researchers define what a problem is and set R&D 
priorities. Social issues regarding GDOs can only be 
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addressed by broadening the processes of public 
engagement with prevailing R&D and commercial 
interests and by taking a properly precautionary ap-
proach, which acknowledges uncertainty and igno-
rance. Genuine empowerment of all affected parties 
in the interests of making better choices must not be 
conducted with the premise that the technology will 
be accepted. The choice of alternative pathways of 
development for the future must be available.

Ethics and governance

The development of engineered gene drives rais-
es a broad range of ethical questions and consid-
erations. GDOs do not emerge in a vacuum and so 
the chapter begins by providing a brief sketch of the 
social and technological background context from 
which they come and how this context helps shape 
questions of ethics and governance. The chapter 
grants that assessing consequences through a risk/
benefit lens is important, but insists that this is far 
from the only lens through which the ethical aspects 
of a technology as powerful as gene drives should 
be considered. To widen the ethical viewpoint, the 
chapter is organised around three categories of 
concern. These represent concerns connected to 
1.) Impacts, 2.) Intervention and 3.) Intention. In the 
section describing ethical issues connected to im-
pacts, the focus is on describing the uncertainties 
that plague the current state of knowledge about the 
impacts of GDOs on organisms and environments, 
before turning to questions concerning the impacts 
of GDOs on international, intergenerational, and 
interspecies justice. Beyond questions about the 
impacts of GDOs on the physical and social envi-
ronment, though, are a different set of questions 
about the type of intervention into the world a GDO 
represents. The chapter consequently moves on 
to explore ethical questions connected to the lev-
el of interference with the world a gene drive dis-
plays and the ‘naturalness’ of the technology. How 
a person feels about both the type of intervention 
and the impacts of the technology will often depend 
on the intention being embodied and enacted. The 
chapter therefore turns next to describing some of 
the worldviews and attitudes that can be associat-
ed with engineered gene drives and identifies some 

of the characteristics of non-relational thinking that 
GDOs appear to display. With the broad range of 
ethical considerations about impacts, intervention, 
and intention outlined and in hand, the chapter 
closes by making recommendations for how these 
diverse issues may be addressed through imple-
menting five broad principles for responsible gov-
ernance of this controversial technology.  

Legal and regulatory issues

There is an urgent need for effective internation-
al and legally binding regulation of GDOs, as the fi-
nal chapter of this report shows. Existing biosafety 
rules, established for ‘conventional’ GMOs, are de-
ficient and not fully equipped to manage the unique 
risks of GDOs. With GDOs, spread and persistence 
are their raison d’être, posing different legal and 
regulatory challenges, because of their high poten-
tial to spread beyond national borders, particularly 
in the case of GDOs containing ‘global’ gene drives. 

This chapter’s review of existing instruments 
and processes relevant to gene drives and GDOs 
shows that there are serious gaps. In our assess-
ment, the Convention on Biological Diversity (CBD) 
and its Protocols, whose aims include the protection 
of biological diversity, whose scopes include GDOs 
and which have begun substantive work specific to 
GDOs, are currently the best home for their interna-
tional governance.

We consider the following elements as funda-
mental in a legal and regulatory regime for GDOs: 

•  Strict contained use standards specific to GDOs 
to regulate its laboratory research, as well as 
strict containment measures for transport

•  Joint decision-making, in terms of operational-
ising prior informed consent for all potentially 
affected countries concerning a particular envi-
ronmental release

•  Effective measures for dealing with unintentional 
transboundary movements
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•  Genuine public participation and obtaining the 
free, prior and informed consent of indigenous 
peoples and local communities

•  Adapted risk assessment and risk management 
approaches for GDOs, including acknowledg-
ment when such approaches are not possible

•  Full assessment of socio-economic impacts, in-
cluding ethical concerns 

•  A technology assessment approach, including 
consideration of alternatives

•  Rigorous monitoring and detection

•  Stringent liability and redress rules

These elements are not fully in place and ur-
gent efforts need to be undertaken to ensure they 
are translated into effective rules that are binding 
on all countries in order to remedy the serious gaps 
identified, before any release of GDOs is even con-
templated. The 2018 decision and previous related 
decisions of the Parties to the CBD on GDOs make 
a start in this direction. They establish precaution-
ary obligations that Parties should comply with be-
fore considering any GDO release, and to which the 
United States – a non-Party – and any GDO devel-
oper should also adhere in good faith.

To allow for the space and time to put in place 
legally binding governance arrangements at the in-
ternational level, which should include the estab-
lishment and operationalisation of the elements 
identified above, the following are critical steps for-
ward in the interim: 

•  There should be no intentional releases into the 
environment, including field trials, of any GDO. 

•  There should be strict contained use standards 
applied to existing research and development in 
the laboratory, as well as strict measures for any 
transport of GDOs, to prevent escape.

•  Monitoring and detection for unintentional re-
leases and unintentional transboundary move-

ments of GDOs have to be conducted during this 
period, with emergency response plans in place.

•  International rules for this period of constraint, 
including for their enforcement and for liability 
and redress should there nevertheless be dam-
age, must be effectively operational, including at 
national levels. 

Conclusions and recommendations

•  Engineered gene drives are a new form of genet-
ic modification that provides the tools for perma-
nently modifying or potentially even eradicating 
species or populations in the wild. This is done 
by modifications of genetic material that interfere 
with evolutionary mechanisms and inheritance 
patterns. This is the first time humans have been 
able to create this type of radical genetic change.

•  Ethical governance of gene drives should not 
just openly and inclusively consider gene drives 
themselves but should also consider the range 
of alternative ways of formulating and framing 
the problems that the technology is claimed to 
address. These alternative framings of the prob-
lems (e.g. disease control, invasive species con-
trol) will encourage discussion of a range of al-
ternative approaches to solving them. Many of 
these alternatives may carry fewer risks, may be 
more actionable in the short-term, more sen-
sitive to local needs and resources and/or may 
better align with a diverse range of worldviews.

•  Because spread and persistence in nature (in 
other words, invasiveness) are the raison d’être 
of gene drive organisms (GDOs), they carry an 
extra level of risk in addition to the one they al-
ready have as genetically modified organisms 
(GMOs). Despite all the new genetic knowledge 
gained, we can still say very little about what 
will happen with gene drives in actual real-life 
settings, with completely different surrounding 
conditions, high genetic variation in wild popula-
tions and myriad interactions with other species 
and complexities. The behaviour of gene drives 
and GDOs in the real world may be very different 
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from any laboratory experiments and modelled 
predictions.

•  CRISPR/Cas-based homing drives, one of the 
most advanced gene drive systems and con-
ceived as global gene drives, are not fit for ap-
plication due to important uncertainties at the 
scientific, technical and practical levels and due 
to serious limitations with their functioning. 

•  Most of these uncertainties and limitations of 
CRISPR/Cas-based homing drives have only 
been addressed in theoretical models and de-
signs so far, such as the various daisy drive de-
signs, or the “anti-gene drive”-drives. This new 
layer of ‘solutions’ will also carry, and needs 
to be assessed for, their own risks and limita-
tions, such as their potential for crossing over to 
non-target species.

•  Gene drives should not be categorised on the 
basis of applications and desirable benefits, but 
on the basis of organisms and ecosystems. This 
is essential if one wants to focus on solving real 
problems in conservation, healthcare or agricul-
ture and to avoid being blinded by alluring tech-
nological fixes.

•  Given the high level of unpredictabilities, the lack 
of knowledge and the potentially severe negative 
impacts on biodiversity and ecosystems, includ-
ing agroecosystems, this report recommends 
that any releases (including experimental) of 
GDOs be placed on hold until there is sufficient 
knowledge or alternative solutions to the prob-
lem are available.

•  There is no solid scientific basis for performing 
an adequate and robust risk assessment that 
would cover all the points we have raised, and 
that we regard as essential to safeguard biodi-
versity as well as human health. The wisdom of 
applying the Precautionary Principle may be our 
best guide when facing this new and potent tech-
nology.

•  Discussion about gene drives must not be re-
stricted to the technical assessment of their fea-

sibility and their risks, but in the first place must 
involve the knowledge and opinions of the inhab-
itants and farmers of the regions concerned, as 
well as of patients, consumers and/or workers 
in the field of the application concerned. The 
technology is being developed in their interest, 
so they are the most important rightsholders and 
stakeholders. Private interests should not control 
gene drive development.

•  Public engagement has to take place at the very 
beginning of the process, when funders, innova-
tion stakeholders and researchers define what 
a problem is and set R&D priorities. The pub-
lic rights- and stakeholders must be involved in 
this problem-defining and priority-setting. Gene 
drives, at this stage, should not by definition be 
considered better solutions than the alternatives.

•  Complete transparency and honesty regarding 
the underlying motivations for the technology’s 
development and use are moral requirements.

•  Military funding is one of the largest resources of 
gene drive research. This shows that offensive or 
defensive weapons are considered as potential 
applications. However, gene drive R&D for civil-
ian use and for military use cannot be separated.

•  Good governance demands that actors specif-
ically reflect on how values and assumptions 
shape and inform their work. This is important 
if we are to understand and critically question 
how desirable futures are being imagined, and 
by whom, as well as how problems and solutions 
are framed. It will particularly allow for divergent 
worldviews to be brought into the open, rather 
than being obscured by an overly narrow debate 
about human and environmental risk.

•  Failure to properly include alternatives and ex-
aggeration of the effectiveness of gene drives can 
lead to significant opportunity costs (mis-spend-
ing of money), especially if large sums of money 
– and other resources, as well as time – are wast-
ed on unrealistic future promises rather than im-
plementing existing interventions effectively and 
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conducting more cost-effective, diverse, and ap-
propriate R&D.

•  Addressing the social issues around GDOs re-
quires taking a properly precautionary approach, 
which acknowledges uncertainty and ignorance. 
This is the best guarantee for effective and effi-
cient innovations that respect public health, the 
environment and biodiversity.

•  Public debate about gene drives should be or-
ganised and should include the above points. 
The debate should not be framed by unsubstan-
tiated and unrealistic claims about gene drives 
as compared to other problem approaches, nor 
even by the premise that gene drive technology 
will be accepted.

•  There is an urgent need for effective internation-
al and legally binding regulation of GDOs. Exist-
ing biosafety rules, established for ‘convention-
al’ GMOs, are deficient and not fully equipped to 
manage the unique risks of GDOs. 

•  In our assessment, the Convention on Biological 
Diversity (CBD) and its Protocols, whose aims 
include the protection of biological diversity, 
whose scopes include GDOs and which have 
begun substantive work specific to GDOs, are 
currently the best home for their international 
governance.

•  The necessary elements of a precautionary legal 
and regulatory regime for GDOs are not fully in 
place and urgent efforts need to be undertaken 
to ensure they are translated into effective rules 
that are binding on all countries, before any re-
lease of GDOs is even contemplated. 

•  To allow for the space and time to put in place 
legally binding governance arrangements at the 
international level, as well as genuine public en-
gagement, the following are critical steps forward 
in the interim: there should be no intentional re-
leases into the environment, including field trials, 
of any GDO; strict contained use standards need 
to be applied to existing laboratory research; 
monitoring and detection for unintentional re-

leases and unintentional transboundary move-
ments of GDOs have to be conducted during this 
period; and international rules for this period of 
constraint must be effectively operational, in-
cluding at national levels .

•  If gene drive advocates wish to obtain a clear so-
cial licence, it will be essential that they take all 
ecological and ethical concerns into account and 
follow the responsible practices of governance 
outlined above.
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Introduction
From wiping out disease-carrying insects or in-

vasive mammals to stopping weeds from evolving 
resistance to herbicides – even if some applica-
tions are still theoretical, gene drives are, without a 
doubt, the most intriguing and at the same time the 
most controversial offshoot of genetic engineering. 
This goes for engineered gene drives. We need to 
distinguish these from certain natural genetic sys-
tems that show a particular similarity to them. Some 
scientists call these systems ‘natural gene drives’. 
Justified or not, this is reminiscent of the beginnings 
of the genetic engineering debate in the 1980s, 
when the argument was used that genetic engineer-
ing occurs in nature too, e.g. by viruses transferring 
their DNA to animals, plants and humans, or by the 
soil bacterium Agrobacterium tumefaciens injecting 
a few genes into fruit trees to make them produce 
rare nutrients, which only this bacterium can live 
on (Pitzschke et al. 2010, Setubal et al. 2009). The 
point, however, is: what nature does automatical-
ly and what humans do through engineering is, in 
spite of superficial similarities, quite different – both 
in execution and in effects. One of the goals of this 
report is to show the differences.

So what do we mean by gene drives – and what 
do we do when we make them? The comparison with 
nature turns out to be quite informative. Gene drives 
enforce their own propagation with time, down the 
generations and throughout a population – this is 
the main feature of what we mean by the concept 
‘gene drive’. They bias their own inheritance, they 
‘drive’ themselves into a population. At first glance, 
we do find something similar happening in nature, in 
what are often called ‘selfish genes’, meaning genes 
that ensure their own survival – though not all selfish 
genes do this purely by means of their DNA; many 
owe their favoured propagation to the observable 
characteristic (phenotypic trait) to which they are 
linked. 

If selfish genes show a tendency to copy them-
selves to their home location (‘locus’) on the other 

chromosome of a pair (which only some types of 
selfish genes do), we say they ‘home in’ on this spot. 
Hence the term ‘homing endonuclease gene’, one 
example of this. ‘Homing’ is another property that 
is favoured for engineered gene drives – though it 
is human engineers now deciding what the genes’ 
‘home’ shall be, what place on the chromosome 
they should go to (and what genes should be prop-
agated). Indeed, for some engineered gene drives 
(the so-called ‘suppression drives’, the type that 
eradicate a population), homing is the only thing we 
want them to do – but homing in to a locus where 
they have never been before, with the effect of kill-
ing the organism. Furthermore, it is important to be 
aware that many of the natural propagation mecha-
nisms of selfish genes are not yet fully understood, 
and that these mechanisms are certainly not sim-
ply copied one-to-one into engineered gene drives. 
Just consider the currently most popular engineered 
gene drives, the ones based on CRISPR/Cas. These 
are quite different from anything natural, since they 
transfer a bacterial defence system to animals, 
something never found in nature. CRISPR/Cas  
plays its natural role in bacteria and does not ap-
pear in other realms of nature.

An essential aspect of all this is the context in 
which it happens: the organism and its ecosystem. 
If we say, as above, that a gene drive ‘enforces its 
own propagation’ or ‘biases its own inheritance’, we 
suggest that a gene does something with itself. Can 
it? Will it do this outside of the organism to which it 
belongs? What actually makes it do what it does? 
A reasonable answer seems to be: the organism 
makes the gene do what it does – in the natural case. 
Here is one of the major differences between natu-
ral and engineered gene drives: with natural gene 
drives (if we can speak of such), it is the organism 
that makes them do what they do; with engineered 
gene drives, it is humans who make them do what 
they do – inside the organism. As obvious as this 
may seem, it has far-reaching consequences. It also 
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highlights that those who engineer gene drives are 
responsible for what they do.

This shows us that we need to be careful that 
our arguments are quite correct.  But it should also 
teach us that it is crucially important to form ideas 
and conceptions that reflect physical reality. This 
starts with choosing words that reflect that reali-
ty. What happens in the DNA of a living organism 
when a fragment of it is propagated to the offspring 
more effectively than the rest? Why does nature do 
this? We need to consider if words like ‘selfish’ are 
adequate vehicles to express one of these phenom-
ena, and what phenomenon exactly they express. 
Similarly: how do we, human engineers, achieve the 
favoured propagation of a DNA fragment to the off-
spring of an animal or plant? Why do we do this? To 
find correct words to express the reality of what we 
do and why we do it, is essential to the fate of our 
endeavours.

Why are engineered gene drives suddenly the 
focus of attention, when the concept is rather old, 
first coming up in the 1940s? What is the game 
changer today? This is the rise of CRISPR/Cas, 
the most popular of the newer genetic engineering 
techniques, in the past seven years. It was quickly 
demonstrated that this technique could be used to 
realise the concept of engineered gene drives, which 
up to then had, to a large extent, remained theoret-
ical. A steadily growing number of experiments fol-
lowed, investments soared – and so did the debate. 
The proof of principle for CRISPR/Cas gene drives 
came partly in 2015 for fruit flies (Gantz et al. 2015) 
and more completely in 2018, when a population 
of caged mosquitoes was wiped out after seven to 
eleven generations, by a gene drive that destroyed 
a sex determination gene essential to the survival of 
the mosquito (Kyrou et al. 2018).

The advent of the CRISPR tool has meant a sud-
den and radical change for gene drives, from a hy-
pothesis with no means of verification and no prac-
tical consequences, into a factual and very rapidly 
developing technology with a distinct possibility of 
being applied. The high speed of this innovation 
brings with it a correspondingly high responsibility 
for avoiding and minimising risks. The reason usu-

ally given for developing an engineered gene drive 
is the promised benefit of the application: eradicat-
ing disease-carrying insects or invasive mammals; 
protecting vulnerable populations of plants or an-
imals from disease; or adding diversity to species 
experiencing genetic bottlenecks. The temptation is 
to go for these laudable goals and just make them 
happen. A striking aspect of gene drives, however 
– and of genetic engineering at large and indeed of 
many other recent technologies – is that the goals or 
benefits are thus depicted as unquestionable; while 
the risks are often played down as questionable, 
not having been ‘proven’ or demonstrated. Reality 
is different. As this report shows, the ability of en-
gineered gene drives to perform according to plan 
and to deliver the envisaged benefits is still largely 
hypothetical; the associated risks to biodiversity, 
human health and agroecosystems, on the other 
hand, are very real.

The ethical questions relevant to gene drives 
are not all about risks and benefits. The essential 
starting question that must be asked for every ap-
plication of a gene drive, of course, is: is this the 
best way to solve this problem? What exactly is 
the problem, what options exist to solve it and how 
does a gene drive compare with the other solutions? 
To take one example: are we using all existing tools 
and opportunities for fighting malaria? What can 
a gene drive add to the actual state of this effort? 
Such questions should also play a role in the various 
gene drive applications for conservation purposes, 
such as eradicating invasive animals or plants or 
protecting vulnerable populations from disease. Do 
conservation biology and biotechnology mix well? 
Conservation biology aims to preserve species and 
protect them from extinction. Biotechnology, in this 
case gene drives, aims to do the opposite: to modi-
fy, sometimes even exterminate, entire populations 
of species. Again, the debate needs to be carefully 
developed and include a broad range of critical ar-
guments which reflect reality.

Attached to this is our responsibility to avoid op-
portunity costs. Money spent on gene drives cannot 
be used for implementing existing tools and oppor-
tunities to fight the problem in question. Again, ma-



Introduction 17

laria is a case in point where this question should 
definitely be addressed.

There is one notable exception to the rule that 
the first question should always be “is a gene drive 
the best way to solve this problem?” This is the mil-
itary use of gene drives. It is obvious that the pow-
er to modify or to eradicate populations of plants 
or animals (or even humans) can also be used as a 
weapon, to spread disease, to eradicate or poison 
food crops, etc. Significantly, the US military is one 
of the largest funders of gene drive research. Some 
of their projects take place at universities and oth-
er civilian research institutions and have no overtly 
military goals. However, the technology developed 
in this way can be used for both civilian and military 
applications. The term “dual use” for such technol-
ogy indicates that research and development for ci-
vilian use and for military use cannot be separated. 
Significantly, though, some of these projects with 
military funding aim to develop ways to counter or 
reverse the effects of gene drives. 

Technological solutions have all too often in 
history been applied too quickly and caused more 
problems than they solved; the term ‘technofixes’ 
has been coined for this phenomenon. Technolo-
gy has brought us great benefits, but also immense 
problems that threaten all natural life support sys-
tems on earth (Harremoës et al. 2001, Gee et al. 
2013). Avoiding the problems while reaping the 
benefits requires asking the right questions and tak-
ing the time to answer them carefully. Many times 
quick answers have been given to questions that 
were never asked, while the relevant questions were 
not asked either, let alone answered. We ought to 
think twice before repeating this mistake with the 
technology of gene drives, which introduces deep, 
unprecendented changes in nature. 

An important feature of many technofixes, and 
one that certainly holds for gene drives, is that they 
only ‘fix’ one variable within a complex system. This 
means that technofixes often create new problems 
at other points in the system. These problems are 
often addressed with a new technofix which can 
have a similar fate, and so on. Thus technofixes may 
easily lead into a series of bottlenecks or treadmills. 

Gene drives are quite likely to be examples of this, 
with their risk of spreading into populations where 
they are not meant to be; the resistance against gene 
drives that the targeted organisms may develop; 
and many other unknown variables. These prob-
lems are often approached with further refinements 
of the genetic technology, including concepts called 
‘local gene drives’, ‘reversal drives’ and ‘self-lim-
iting drives’. The reversal drives, for instance, al-
though not operational yet, are claimed to be able to 
reverse or ‘overwrite’ the genomic change brought 
about by the original gene drive, with yet another 
genomic change (DiCarlo et al. 2015). (The concept 
of reversal drives, incidentally, contradicts the old 
claim of controllability of genetic modifications, 
which is being being repeated for gene drives by 
some scientists.)

When it comes to CRISPR/Cas, the question of 
regulation becomes vital. This technique and its 
‘sisters’, the other genome editing techniques (some 
of which may also be used for gene drives), have 
been the subject of long-drawn political controver-
sy, mostly centred in Europe. From a scientific point 
of view, there is a strong case for stringent regula-
tion of genome editing techniques, and gene drives 
only strengthen this case further (ENSSER 2017). In 
2018, the European Court of Justice ruled that the 
genome editing techniques are genetic modification 
in the sense of the existing EU regulations. In global 
and other regulatory frameworks (notably the Con-
vention on Biological Diversity and its Cartagena 
Protocol on Biosafety) there are also good starting 
points for regulating gene drives. This report pro-
vides an overview of all of these regulatory frame-
works and their connections with gene drives.

It is all of society’s responsibility to make sure 
that the high speed of development of gene drives 
does not prevent time being taken in order to: crit-
ically compare them to alternative measures; in-
vestigate the risks of gene drives; and inform and 
consult all people affected by a proposed deploy-
ment. (A peculiar aspect of gene drives compound-
ing this challenge is the fact that any field trial or 
outdoor test is virtually equivalent to deployment.) 
We must be aware that we currently still have the 
chance to do this; if it is ignored, and the technology 
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passes a certain developmental point, this oppor-
tunity will be gone. This critical point may not be 
far away. Christine von Weizsäcker has defined the 
“critical relative speed of innovation” as “the speed 
beyond which it is difficult or impossible, in terms 
of regulation [of] technology and theory of learning, 
to steer the direction of innovation in a reasonable 
way.” She adds: “This happens when the speed of 
technical innovations outruns the speed in which the 
environment can show its impacts …. Beyond the 
critical speed of innovation there is “novelty with-
out compass”. And you cannot learn from errors” 
(Weizsäcker 1998). In these terms, our task is to 
keep the speed of development of gene drives be-
low this critical relative speed of innovation.

Another one of the many serious questions that 
we need to face and that are asked in this report, is: 
what is the role of private interests in driving gene 
drive development? For many of the technologi-
cal developments which have already reached the 
marketplace, private interests seeking profits have 
proven to be the main drivers. Looking at the laud-
able goals of gene drives mentioned above, in most 
of these cases (like malaria) it is quite clear that 
public interest, not private interest, ought to be the 
main driver of gene drive development; this is why 
they are laudable. Making sure that public interest 
is at the steering wheel and private interest does not 
take over, requires a very high moral standard from 
developers. This moral call is embodied in the Pre-
cautionary Principle. This principle emphasises the 
avoidance of harm, based on serious signs that such 
harm may happen. This is an important link to what 
was said above: it is crucially important to form ide-
as and conceptions that reflect reality. Reality ‘on 
the ground’, in society, in nature and in scientific 
research, shows whether or not harm is imminent. 
Objections to precautionary measures are usually, 
if not always, based on expectations of economic 
gain or loss. The reality of such expectations, in the 
case of gene drives, will have to be weighed against 
that of the potential harms. This is a moral exercise, 
which can only be carried out if the ideas and con-
ceptions involved reflect the reality of life. We hu-
mans have many examples from our recent history 
that should teach us how to proceed (Harremoës et 
al. 2001, Gee et al. 2013).

Informing and consulting all the people affect-
ed by a proposed deployment of gene drives is one 
moral requirement that can help guarantee that 
public interest drives gene drive development. The 
Conference of the Parties to the Convention on Bi-
ological Diversity, in its recent meeting in Egypt, 
has called on governments to seek the prior and 
informed consent of indigenous peoples and local 
communities potentially affected by the introduction 
of organisms containing engineered gene drives into 
the environment (COP14 CBD 2018). This is a po-
litical step forward, but it will be hard to achieve if 
consultation and participation do not start right at 
the beginning of the research and innovation chain, 
as opposed to current practices, only seeking such 
social approval at the end.

The speed of innovation in gene drives is high. 
The uncertainty about their functioning and their 
consequences is also high, as this full report demon-
strates. The appearance of these consequences 
may be slow, with the result that no coherent learn-
ing process will be possible. This combination of 
factors is the main argument for the necessity of an 
organised public debate. 

In this context, we should be aware of the ef-
fect of both hype and ‘anti-hype’ (counter-hype, 
the suppression of hype) on the public discourse. 
The role of hype in gene drive research and devel-
opment is considerable, as this report points out. 
However, anti-hype also plays a big role. Many pro-
ponents of gene drives actively try to play down the 
concerns of their critics in order to divert attention 
away from the subject. One way of doing this, as 
already mentioned above, is by suggesting that the 
risks are questionable, whereas the benefits are un-
questionable. This does not reflect reality, which is 
often closer to the opposite – but the aim of such 
anti-hyping is to silence the discussion. While hype 
heats the public discourse, anti-hyping mutes it. 
Both should be avoided.

The same factors that demand a public debate 
(high speed of innovation, high uncertainty and po-
tentially slow emergence of consequences) raise the 
question if, for the duration of the public debate, 
releases of gene drive organisms into the environ-
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ment should not be halted. Several gene drives are 
already reaching the stage where the developers 
wish to seriously test them, preferably by a release 
into the environment. Such a case brings us to the 
verge of exceeding the “critical speed of innovation” 
(see above) and passing a point of no return. It will 
then be too late for a public debate. We should not 
allow facts to be created that make the whole dis-
cussion obsolete. This study’s goal is to lay a solid 
foundation for a public debate.

When realisation of a technology becomes 
possible, as in the case of gene drives, we should 

re-evaluate our wishes about it. Why did we think 
we wanted it in the first place? Was this a valid rea-
son? Here we can learn from the old story of the 
sorcerer’s apprentice (Goethe –). In this cautionary 
tale, an old sorcerer leaves his workshop to the 
care of his apprentice. The latter then uses magic to 
clean the workshop, but since he has not sufficiently 
been trained, he overestimates his skills and conse-
quently causes trouble which he cannot control. At 
the start of the story, he had wished for something 
which, at the end, he wished he had not wished.
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What are Gene Drives?  
The science, the biology, 
the techniques    Ricarda A. Steinbrecher and Mark Wells

1  What are Gene Drive Organisms and how 
do Gene Drives work?

1  The nucleus is only found in eukaryotic organisms. It is a compartment within a eukaryotic cell that holds the chromosomal DNA and is surrounded 
by a porous membrane. Other compartments holding DNA are for example mitochondria or chloroplasts.

Synthetic gene drives are a new form of genetic 
engineering that provide the tools for permanently 
modifying or potentially even eradicating species 
in the wild. Unlike the previous GMOs, Gene Drive 
Organisms (GDOs) are not meant to stay where 
they are released, but instead are designed and 
purpose-built to spread and to drive their modi-
fied genes far and wide. One idea for example is to 
push wild populations back and replace them with 
specially designed populations that additionally 
will cause offspring to die if neighbouring popula-
tions interbreed with each other. The intention for 
synthetic gene drives is to rapidly alter the genetic 
make-up of wild populations, with the aim of either 
changing certain of their characteristics or elimi-
nating them. An example would be using gene drive 
technology to genetically prevent mice from having 
any daughters, then releasing such gene drive mice 
into an island ecosystem so that they breed with the 
wild population. Producing only male offspring the 
whole population eventually collapses and eradi-
cates all the mice on that island. The list of targets is 
manifold - fruit flies, mosquitoes, snails, rats, mice, 
plants, feral cats, possums – and new proposals ap-
pear frequently.

Whilst primarily aimed at organisms that are per-
ceived as a problem by some parts of human socie-
ty, whether or not they have been classified as agri-

cultural pests, disease-spreading insects or invasive 
alien species, the fact is that the technology could 
be applied much more widely, and indeed could be 
weaponised or used for industrial sabotage.

A gene drive target may be any organism that sex-
ually reproduces and that does so with reasonable 
frequency. Thus, gene drives are specific to organ-
isms that reproduce through a process called mei-
osis, and only work as intended in such organisms. 
Meiosis is a dedicated and particular form of cell 
division that ultimately generates non-identical sex 
cells. It is common in eukaryotes (higher organisms) 
but absent from prokaryotes, which thus discounts 
all bacteria and archaea. Moreover, the genes that 
are subject to alteration by engineered drives are 
those situated in the nucleus1, and not genes else-
where, such as in mitochondria. As noted above, 
they will only work when the organism reproduces 
via meiosis and not if for example it does so instead 
via vegetative reproduction, of which many kinds of 
organisms are capable, including some plants and 
probably all fungi.

Looking specifically at organisms that are dip-
loid, i.e. whose nucleic DNA is made up of two sets 
of genetic material with one set from each parent, 
this information will be mixed and halved before it is 
passed on through sex cells e.g. sperm or egg cells. 
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In that process, the DNA of the parents gets redis-
tributed randomly with the only proviso being that it 
will have to result in a complete set again.

Whilst normal genes have this 50% chance of 
inheritance, gene drive elements have changed 
the odds in their own favour. Some call this “su-
per-Mendelian” inheritance (Chevalier and Stod-
dard 2001; Hammond et al. 2016; Grunwald et al. 
2019). When genetically engineering an organism 
with special or specifically designed gene drives, 
these may force their own inheritance to a level of 
80% or nearly 100% (see Figure 1). This is particu-
larly the case with CRISPR/Cas9-based gene drives, 
which have been reported to resemble a “mutagenic 
chain reaction” (Gantz and Bier 2015). Depending 
on whether they have been designed as a popula-
tion suppression drive (to reduce or eliminate a tar-
get species), or as some kind of modification drive 
(to spread a specifically designed or desired trait), 
the release of GDOs with such gene drives may - 
and is generally intended to - either lead to the col-
lapse of a population or to a change of traits and 
characteristics throughout the entire population. 

For example, a population suppression drive 
could be a gene drive that will spread female ste-
rility. In theory, when passed on to each and every 
offspring, and also carried and thus spread by each 
of the males, the wild populations would be quickly 
reduced and eventually collapse. However, in real-
ity - and depending on gene drive type and species 
- there might be significant practical difficulties, as 
well as significant unintended and unpredicted con-
sequences.

2  Different names are being used for such genes that are being linked to and transported by the engineered gene drives: e.g. payload genes (Champer, 
Buchman, and Akbari 2016), effector genes (Sinkins and Gould 2006; Marshall and Akbari 2018) or simply cargo (Hay et al. 2010).

There are various genetic mechanisms that have 
evolved in nature that will result in an increased in-
heritance rate of specific genetic elements, genes or 
even whole chromosomes, irrespective of whether 
their presence negatively impacts the fitness of the 
organism. Whilst initially not referred to as ‘gene 
drives’ or even ‘drives’, the term has now come 
to mean a whole broad spectrum of mechanisms, 
many of which are being investigated, proposed 
or developed for application as synthetic (or engi-
neered) gene drives.

Gene drives are currently defined as systems 
where genetic elements have a biased inheritance 
trait, irrespective of a benefit or lack of benefit for 
the organism. They can be used to carry addition-
al genes often referred to as “payload genes2” and 
spread these and their traits throughout a popula-
tion.  

There is a further aspect to synthetic gene drives 
that is of crucial importance. Deploying GDOs is 
also a form of ecosystem engineering, either as an 
intentional aim, or an accidental and unintentional 
consequence of suppressing or eradicating one or 
more species, or of the intentional modification of 
biological functions and characteristics of one or 
more species. The risks and potential serious neg-
ative consequences of such ecosystem engineering 
cannot be addressed in this chapter, yet this aspect 
needs to be born in mind when discussing the sci-
ence and technologies.

2 Short historical background 
The idea behind using gene drives to suppress or 

modify whole populations, especially those regard-
ed as pests, by genetic control methods and strat-
egies is not new; it is only the technical capabilities 
scientists have very recently developed that are. As 

early as the 1940s, scientists such as Serebrovskii 
(1940) and Vanderplank (1944) proposed redirect-
ing an insect’s own genetic system (against itself), 
in order to either destroy insect populations or to 
make them less destructive to human endeavours 
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Wild Type

Wild Type

Mutant Type
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(trait stressed)

Figure 1 

Figure 1: Synthetic gene drives & super-Mende-
lian inheritance:  in a population, a mutation that 
has no fitness benefit will quickly disappear with the 
Mendelian inheritance rate of 50%. On the other  

hand, a synthetic gene drive system with a near 
100% inheritance rate ensures the spread of a trait, 
even if that trait has a clear fitness cost.
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such as growing crops (for review see Gould and 
Schliekelman 2004). 

Serebrovskii’s theory involved reducing the fit-
ness of insect populations or causing sterile offspring 
by releasing large numbers of mutated strains, in 
particular strains with chromosomal translocations 
(the exchange of whole segments between different 
chromosomes).  This concept was revived by Curtis 
in the late 1960s (Curtis 1968). Vanderplank’s work 
was different in that he suggested and later demon-
strated for tsetse flies in Tanzania, that releasing a 
closely related species or subspecies that will mate 
with the target species would lead to reduced viabil-
ity or sterility in the resulting hybrids (Vanderplank 
1947; 1948). This approach is now referred to as 
‘hybrid sterility’.

In a separate approach, Knipling spearheaded 
the sterile insect technique (SIT), which works by re-
leasing vast quantities of sterile males, with sterility 
caused by chromosomal abnormalities induced by 
radiation (Knipling 1955). A massive and successful 
screwworm fly SIT-eradication program was carried 
out in the US, starting in Florida in 1957, succeeding 
in 1966, and begun in Mexico in 1972 and succeed-
ing in 1991 (Gould and Schliekelman 2004). 

Other research projects also got under way, 
seeking to affect at least 31 insect species in specific 
regions, with particular focus on agricultural pests 
(e.g. fruit flies, bollworms, boll weevils) and vectors 
of diseases (e.g. different species of mosquitoes and 
tsetse flies) (LaChance 1979 in Gould and Schliekel-
man 2004).

By the early 1980s, the ‘golden era’ of research 
on ‘autocidal control and strain replacement’ had 
come to an end (Gould and Schliekelman 2004), 
and funding was drying up, partly due to the lack of 
further such ‘loud’ and ‘easy’ successes. Theoreti-
cal population genetics intended to design genetic 
control programs were equally put back. There were 
a variety of reasons for this, including lack of func-
tion outside laboratories3 (see also Box 1), funders 

3  These include issues of mass rearing, sterilisation methods, release methods (e.g. the unintended release of females alongside, who are often not 
as easily sterilised as males; or greatly reduced male fitness, or loss of fitness over time); but also issues of density dependent populations in the 
context of SIT.

losing interest, and the need for large governmental 
infrastructure.

In short, they couldn’t quite make it work, al-
though as so often happens with new genetic and 
technology approaches, there was a great deal of talk 
and publicity, optimistic claims that brought a great 
deal of funding and prestige, but then calmed down 
when results were less than had been expected. 

Box 1: Density-dependence: Problems not just for 
SIT (sterile insect techniques)

Applying SIT to mosquitoes is complicated by 
what scientists call “density-dependent” effects on 
mosquito populations. The size of a population of 
mosquitoes does not depend only on how well the 
mosquitoes reproduce, but also on other factors, 
such as competition for food between larvae and 
for breeding sites. Reducing reproductive fitness 
may have little effect if the size of the mosquito 
population is limited mainly by these factors, rather 
than by its ability to reproduce. Density-dependent 
effects mean that reducing the numbers of mosqui-
toes that breed successfully can sometimes have 
little effect on total numbers of adult mosquitoes, 
and paradoxically might sometimes even increase 
populations: for example, because reducing breed-
ing success also reduces competition between lar-
vae for resources, resulting in increased survival 
rates or a rebound in numbers. Density-dependent 
effects can influence the current generation of mos-
quitoes or only affect future generations (delayed 
density-dependent effects) (Gould and Schliekel-
man 2004; Juliano 2007; Walsh et al. 2011; 2012).

Excerpt taken from p.2 (GeneWatch_UK 2012)

These early efforts, often referred to as ‘classical 
genetic pest manipulation,’ (Gould and Schliekel-
man 2004), basically showcase the history of the 
broad concept of using genetics to exert control 
over or destroy undesired insect populations. Whilst 
linked to the same aim of suppression or replace-
ment of wild populations, there had been no ‘drive’ 
element, no notion of altering the evolution of entire 
species in any of the examples or strategies men-
tioned above. These relatively recent strategies re-
quired repeated releases of such altered organisms 



Chapter 1: What are Gene Drives? 25

on a large scale; but none of them were capable of 
being ‘run-away’ or true ‘gene-drive’ technologies, 
nor were they intended or designed to actively and 
aggressively spread into all future generations and 
neighbouring populations. 

However, by the early 1990s, with the advent of 
genetic engineering and the ability to construct ar-
tificial genes, recombining different DNA sequences 
and inserting novel gene sequences into an organ-
ism became more commonplace. The possibility 
of using various ‘drive elements’ and ‘drive mech-
anisms’ to actively spread genetic traits in a popu-
lation seemed to open up. One idea was, for exam-
ple, to use parasite resistance genes in mosquitoes 
in order to stop the spread of pathogens, like the 
malaria-causing pathogen Plasmodium. Drive ele-
ments, like the ‘piggy-back transposon,’ a mobile 
and highly active genetic element with the ability to 
carry extra DNA and insert it into host DNA, were 
also utilised and developed for producing transgen-
ic insects, as well as for modelling the spread of in-
fertility (Ribeiro and Kidwell 1994).

Research intensified around drive elements, that 
is to say genetic sequences that had an increased 

4 CRISPR/Cas9 stands for: ‘clustered regularly interspaced short palindromic repeats’ / ‘CRISPR-associated’ protein 9
5 It is not tested or known whether this is the cause of CRISPR evolution in bacteria or indeed if there is another cause.

inheritance ratio above the standard 50%. Some-
times referred to as ‘selfish genes’, these drive el-
ements include transposable elements (TEs), first 
discovered in maize, as well as homing endonucle-
ase genes (HEGs). As transposable elements had 
also been found in Drosophila and other insects, 
they were the first to be proposed as drive ele-
ments in the early 1990s (Curtis 1992; Kidwell and 
Ribeiro 1992). Burt, however, advocated the use of 
site-specific selfish genes as drive elements (such as 
the homing endonuclease genes), to be able to tar-
get and knock out essential host genes, and in this 
way to eradicate entire populations (Burt 2003).

There are a number of genetic elements, as well 
as specific genetic mechanisms, that can give rise to 
‘drive’, that is, to increase the rate of inheritance of 
a specific trait. Some of these elements and mech-
anisms have been investigated or are being devel-
oped as gene drive systems, such as for example 
MEDEA (Maternal Effect Dominant Embryonic Ar-
rest), underdominance, meiotic drive, t-complex in 
mice, and X-shredder. They will be introduced and 
addressed in Section 4 of this chapter.

3  The breakthrough: the CRISPR/Cas9 or 
RNA guided Gene Drive system

Whilst development of Gene Drives and GDOs 
was moving relatively slowly, the advent of CRISPR/
Cas94 in 2012 (Jinek et al. 2012) radically changed 
the pace of developments and advances, igniting a 
fevered push for application.

CRISPR/Cas9 has its origin in bacteria, where it 
was found to act as a natural defence system5 against 
viruses. Utilising this bacterial ability to recognise 
and cut up the DNA of its invaders, it was eventu-
ally developed as an easy-to-use ‘genome editing’ 
tool, designed to cleave (or break) a double-strand 

of DNA at a specific recognition site (Jinek et al. 
2012). As such it is made up of two components: 
the CRISPR part is a single strand of RNA termed 
‘single guide’ RNA (sgRNA), able to recognise a spe-
cific DNA sequence and to ‘guide’ the Cas9 protein 
to this location. The ‘CRISPR-associated’ protein 9 
(Cas9) is an endonuclease, and is thus the part of 
CRISPR/Cas that will cause the DNA ‘double strand 
break’ (DSB) at the target site. In order for the sgR-
NA to recognise and bind to a DNA target site, the 
nucleotide sequence of both the RNA and the target 
DNA need to be near mirror images of each other.
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It is easy to make Cas9 cleave the DNA at a dif-
ferent site by altering the nucleotide sequence of 
the guide RNA. This is sometimes referred to as 
‘programming’ a site-specific nuclease and requires 
detailed knowledge of the DNA sequence of an or-
ganism, since a target sequence should be unique 
so as to avoid cleaving the DNA unintentionally at 
multiple places. Different endonucleases have been 
identified and developed, like Cas12a (formerly 
Cpf1) which creates staggered ends of DNA strands 
rather than the blunt ends of Cas9. Others are also 
tested, to work under different conditions, though 
to do the same task, namely the cleavage (or ‘break-
age’) of a DNA double-strand. 

3.0.1 DNA repair mechanisms after  
double-strand breaks (DSBs)

In genome editing the major role, if not the only 
role, for site-directed nucleases (SDNs) is to create 
a DNA double strand break (DSB) at a specific loca-
tion within the genome. A breakage will in turn in-
duce the cell’s own native DNA repair, which has two 
main repair mechanisms available: the error-prone, 
non-homologous end joining (NHEJ), and the more 
specific homology-directed repair (HDR6), which re-
quires a template (see Figure 2).

DSBs are preferentially repaired through non-ho-
mologous end joining (NHEJ), whereby the ends of 
the broken DNA molecule will often be further pro-
cessed, and sequence information can be lost or al-
tered upon rejoining, making this an error-prone re-
pair process (Wyman and Kanaar 2006). NHEJ thus 
often results in small insertions or deletions (indels), 
or in the substitution of a few nucleotides at or near 
the cutting site. Because the mechanisms behind this 
type of DNA repair are not yet fully understood, it 
cannot be controlled or predicted what exact type of 
DNA modification will occur when no external DNA 
template is supplied. The nature and detail of these 
small mutations are thus regarded as random.

6  This repair system is given different names by different authors, e.g. homologous recombination (HR), homologous repair (HR), homologous recom-
bination repair (HRR), and homology dependent repair (HDR).

Homology-directed repair (HDR) requires a repair 
template with extensive regions of homology to the 
DNA sequences neighbouring the breakage site. If 
such a template is present and if the HDR pathway is 
triggered, the DSB will be ‘repaired’ according to the 
sequence provided in the template, which might be 
small alterations or the insertion of longer DNA se-
quences, including whole genes. CRISPR/Cas-based 
gene drives rely on the actions of this pathway. 

Which DNA repair mechanism will be triggered 
depends largely on the species and taxonomic 
groups, developmental stage of the organism, cell 
type, and presence of environmental factors. The 
predominant repair mechanism is the NHEJ path-
way.

3.0.2 CRISPR/Cas variants

Other variants have been developed that will 
perform other tasks than the initial double strand 
break of Cas9 and Cas12a. Modifying the Cas9 en-
donuclease to cut only a single strand of DNA, such 
nickases (nCas9) are also used to initiate mutations 
or to create double strand breaks when used as a 
pair. A highly versatile variant is the deactivated 
dCas9, which can be fused with other enzymes such 
as deaminases, able to alter individual nucleotides, 
such as cytidine, and are now termed ‘base editors’. 
It can also be linked with gene activators or deacti-
vators, which are in fact used in specific synthetic 
gene drive systems described in Section 4.1.2, un-
derdominance, referred to as CRISPRa.
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Figure 2: Genome editing and the DNA repair 
pathways: Top row: After having constructed a 
site-specific nuclease (SDN)7 that will recognise a 
chosen DNA sequence, this SDN will create a DNA 
double-strand break at its target site. Second row: 
degradation of both DNA ends by endogenous en-
zymes may occur, enlarging the area of damage 
(pink letters above) before the cells own repair 
mechanism will step in. Bottom half: Depending on 
circumstances, one of the following three actions 
may occur. (1) The error-prone ‘non-homologous 
end joining’ (NHEJ) repair pathway is triggered, re-
sulting in smaller random mutations near or at the 
cleavage site. This is predominantly used to create 
gene knock-outs. (2) & (3): If repair templates are 
added, the homology directed repair  (HDR) path-
way may be triggered. For (2) this is a short template 
with a few mismatches intended to achieve small 
specific sequence alterations, either to ‘correct’ a 
gene or to ‘set’ specific mutations. (3)  resembles 
the insertion of a longer DNA sequence at a pre-de-

7  Site directed endonucleases used in genome editing include: Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases 
(TALENs), meganucleases and CRISPR/Cas9. They have different modes of action and of sequence recognition.

termined site, by supplying a template framed by 
DNA sections of high sequence homology with the 
site for insertion. Such inserts could be regulatory 
sequences or a gene coding for a protein. 

Whilst NHEJ (1) is regarded as a routine appli-
cation for many plant species, HDR (2 & 3) remains 
challenging, in particular for plants. 

In the EU, for regulatory purposes, a classifica-
tion has been suggested according to the intended 
outcomes of the actions of site-directed nucleases 
(SDN), i.e. gene disruption (1) gene correction with 
template (2) and gene addition (3). In the EU clas-
sification these are termed SDN1, SDN2 and SDN3 
respectively (Lusser et al. 2012).
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3.1  Limitations and uncertainties of  
CRISPR/Cas 

It is well established that CRISPR/Cas9 works by 
inducing a double strand breakage at a (genomic) 
DNA target site, with sufficient sequence homology 
to its own guide RNA8. After the repair there will com-
monly be the intended on-target effects, but addi-
tionally there is also evidence of unintended on-tar-
get effects, as well as unintended off-target effects. 

Unintended on-target effects: Working with 
both mouse and human cell lines, researchers from 
the Sanger Institute, UK, for example, reported ev-
idence of significant on-target mutations, such as 
large deletions -- of up to 9.5 kb -- and complex 
rearrangements around the DNA breakage site (Ko-
sicki, Tomberg, and Bradley 2018). Additionally, 
they found mutations (deletions, rearrangements 
and even insertions) away from the target site, i.e. 
not physically linked to or running on from it. Whilst 
the implications of these specific and complex re-
arrangements have not been investigated, such re-
arrangements constitute a clear risk, as they can 
alter gene expression, give rise to further muta-
tions during reproduction, as well as disable or alter 
the sequence of genes at the site of rearrangement. 
However, the same situation may also arise for unin-
tended off-target sites, as the action of CRISPR/Cas9 
would work under the same rules for both. Off-target 
sites though have not yet been investigated for com-
plex rearrangements, a fact that needs urgent atten-
tion, given that the risks are likely to be the same. 

Furthermore, a recent pre-publication is indicat-
ing that intended on-target indel mutations – set by 
the error-prone NHEJ repair mechanism – may have 
very unexpected and problematic consequences. 
Tuladhar investigated the consequences of intend-
ed knock-out mutations, in particular of frameshift 
mutations induced by indel mutations. The re-
searchers looked at the processing of the resulting 
RNAs, their translation into proteins as well as the 
impact on gene regulation (Tuladhar et al. 2019). 
Pre-publishing in a not yet peer-reviewed form they 
reported: “By tracking DNA-mRNA-protein rela-

8 And in the presence of a PAM site.

tionships in a collection of CRISPR/Cas9-edited cell 
lines that harbor frameshift-inducing INDELs in var-
ious targeted genes, we detected the production of 
foreign mRNAs or proteins in ~50% of the cell lines.” 
(Tuladhar et al. 2019, 1). The news here is the gen-
eration of new internal ribosomal entry sites (IRES) 
leading to the production of truncated proteins and 
the alteration of pseudo-mRNAs resulting in protein 
coding RNAs. Were these findings found to be com-
mon in CRISPR/Cas induced indel mutations, this 
would have serious implications for safety as well 
as predictability. These findings are however a re-
minder that CRISPR/Cas9 is a new technology that 
due to its ease of use, has found wide-spread appli-
cation without the necessary time to establish all the 
consequences and risks of that use.

Unintended off-target effects: A problem that 
has already been long recognised is that of off-tar-
get effects. At the DNA level, off-target effects are 
those where the RNA-guided nuclease cuts at a site 
that is not the intended target site. This is thought to 
primarily happen at sites that are not identical but 
that have high sequence similarities to the guide-
RNA. Experiments have shown CRISPR/Cas9 may 
cut DNA even with 2-3 nucleotide mismatches be-
tween the DNA sequence and the guide-RNA, albeit 
with lowered efficiency. There does not seem to be 
a hard rule as to how many nucleotide mismatches 
are tolerated by the HD repair mechanism, as this 
also depends on the species, cell type, the actual 
nuclease variant and the experimental conditions. 

Whilst there is an increasing reliance on the use 
of algorithms to calculate and predict the potential 
off-target sites, according to the degree of homolo-
gy (based on the number and position of mismatch-
es), there is also increasing concern about this. In 
fact, the sole reliance on algorithms to accurately 
predict the potential off-target sites or regions for 
off- or on-target effects has come into question re-
peatedly, as only whole genome sequencing, an in-
creasingly affordable technology, would be able to 
pick up some of the mutational effects observed. 
This does not only refer to extensive mutations de-
linked from the actual cutting site (Kosicki, Tomb-
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erg, and Bradley 2018), but also to the integration 
of vector backbone DNA derived from the plasmid 
used in the original transgene construct, and for ex-
ample observed in genome editing experiments with 
oilseed rape (Braatz et al. 2017).

(Akcakaya et al. 2018) find that many studies re-
porting no or few off-target effects (mutations) will 
have failed to identify actual off-target effects due 
to the limitations of the “in silico” (i.e. computer 
modelling) predictions of potential off-target sites9. 

Since CRISPR/Cas has been found to cut sites 
with even seven mismatches, or to bind to se-
quences with as many as 9 consecutive mismatch-
es, Chakraborty argues that restricting searches 
for potential off-target sites to 3 or 4 mismatches 
is failing to investigate properly (Chakraborty 2018, 
226). He states: “In conclusion, the off-target prob-
lems associated with CRISPR-Cas have not been 
addressed conclusively, which does not bode well, 
since non-specificity is an intrinsic feature of CRIS-
PR-Cas, evolved over billions of years—otherwise 
hyper-variable viruses would evade this microbial 
immune-system with ease and render it ineffective.”

It is important to bear in mind that any predic-
tions of potential off-target sites require extremely 
good and accurate knowledge of the DNA sequence 
of an organism. This will be a real difficulty when 
dealing with wild and diverse populations, and the 
degree of variation present within a whole species 
(see Section 3.3, Limitations). Thus far, only labora-
tory data has been generated, and it can be antic-
ipated from the findings, that unintended on-target 
effects as well as off-target effects will take place. 
This is a serious concern, as it adds additional risks 
to the release of GDOs into wild populations.

3.2 How does a CRISPR/Cas Gene Drive 
work?

When CRISPR/Cas is used as a homing endo-
nuclease, it becomes a ‘drive element’. In this sce-

9  “To our knowledge, our report provides the first demonstration that CRISPR–Cas nucleases can robustly induce off-target mutations in vivo. Previous 
in vivo studies have reported no or very few off-target mutations, but used the cell-based ‘genome-wide unbiased identification of double-strand 
breaks enabled by sequencing’ (GUIDE-seq) method12–14 or other in silico approaches that have not been validated to effectively identify these 
sites in vivo (see Supplementary Discussion).” (Akcakaya et al. 2018, 419)

nario, the whole CRISPR/Cas construct will need to 
be copied across into its own target site (see Figure 
3). This can only work properly when the construct 
contains sequences at its outer borders that are ho-
mologous to those present next to the specific CRIS-
PR/Cas target site. Once the construct is present on 
one chromosome it will produce the CRISPR/Cas 
molecule, i.e. the RNA-guided endonuclease, which 
will cleave the DNA at its target site in the parallel 
(homologous) chromosome. Once the target site is 
cut, the repair mechanism kicks in and uses the ho-
mologous chromosome as a repair template, in this 
case containing the CRIPSR gene drive construct. 
With the homology-directed repair (HDR) mecha-
nism activated, the construct gets copied into the 
target site, and thus ensures the ‘inheritance’ and 
spread of the construct.     

The construct may or may not contain a ‘pay-
load gene’ (Champer, Buchman, and Akbari 2016), 
opening up the possibility of introducing new genes 
and traits into the target organism (see Figure 3). 
One category of payload genes aimed for are so-
called refractory genes, that will stop a disease 
from spreading or being transmitted, such as genes 
for malaria resistance (Gantz et al. 2015). 

The adaptation of CRISPR/Cas9 as a drive el-
ement was suggested in 2014 (Esvelt et al. 2014), 
and is based on Burt’s proposal of using site-specif-
ic homing endonuclease genes (Burt 2003). CRISPR/
Cas9 gene drive systems were quickly put to test by 
different research teams, offering proof of principle 
in four different species. Gantz and Bier were the 
first with drosophila, entitling their finding aptly as a 
‘Mutagenic Chain Reaction’ (Gantz and Bier 2015), 
followed by yeast (DiCarlo et al. 2015), Anophe-
les stephensi mosquitoes (Gantz et al. 2015), and 
Anopheles gambiae mosquitoes (Hammond et al. 
2016). More recently mice were added to this list of 
proof of principle, though conversion rates were low 
(Grunwald et al. 2019). See also Table 1.
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Figure 3: The homing of a CRISPR/Cas gene 
drive: The CRISPR/Cas construct is composed of 
the gene sequence for the Cas protein and the se-
quence for the guide RNA (gRNA). Additionally there 
are flanking sequences that are identical to the se-
quences found on either side of the DNA cleavage 
site, and which are required for the homology-di-
rected repair. (1) Once activated (depending on the 
promoter used) CRISPR/Cas molecules will be as-
sembled, find the recognition site on the homolo-

gous chromosome and sever the DNA. (2) The areas 
of sequence homology align: i.e. the areas bordering 
the cleavage site align with the flanking sequences of 
the CRISPR/Cas construct. (3) In the process of ho-
mology-directed repair the CRISPR/Cas construct is 
copied across to the homologous chromosome. Left 
panel: Here the drive is meant to disrupt a gene, e.g. 
for female fertility or pesticide tolerance. Right pan-
el: Here the construct carries an additional payload 
gene, e.g. for pathogen resistance.

3.3 Limitations, shortcomings and uncer-
tainties of CRISPR/Cas Gene Drives

Here we summarise the limitations encountered, 
such as emergence and build-up of resistance, in-
efficiency, off-target effects, lack of specificity and 
inability to be recalled once released. These short-
comings are being clearly recognised not just by re-
searchers, but also by funders like DARPA, which 
has developed a ‘Safe Genes Project’, not simply to 
get gene drives to work, but to find ways to counter 
or undo them. This will be detailed below.

3.3.1 Resistance 

Resistance to CRISPR/Cas almost inevitably 
happens. Endonucleases recognise specific DNA 
sequences as their target sites. If the sequence of a 
target site changes for whatever reason, the nucle-
ase will not recognise the target and thus will not or 
cannot cut. In the case of a CRISPR/Cas-based gene 
drive, this means the drive will be stopped. The or-
ganism with such an altered target site has become 
resistant to the gene drive. There are two sources 
for such altered target sites to occur: First, there is 
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natural variation of the target site sequence within 
a population; and second, new mutations arise due 
to the activity of the CRISPR/Cas-based gene drive 
itself. 

Natural variation is a common phenomenon, 
yet there are genes with more highly conserved se-
quences. Early advocates of endonuclease-based 
gene drives thus proposed using such conserved 
genes as the target of choice (Burt 2003). ‘High-
ly conserved’ means that the DNA sequence of a 
gene (or the corresponding amino acid sequence) 
has remained the same over time on an evolution-
ary scale, and that it has not been changed by ran-
dom mutations. Such genes are commonly essential 
genes. This strategy has recently been picked up by 
Kyrou et al. for mosquitoes (Kyrou et al. 2018) (see 
also Section 4.1.2 on ZFNs, TALENs and CRISPR/
Cas based homing systems).

The problem of new mutations arising is a conse-
quence of the actions of the cell’s own repair mech-
anisms. In fact, what makes CRISPR such a popu-
lar mechanism for genome editing for breeding or 
research purposes is also its biggest weakness for 
gene drives10. As detailed in Figure 2, a cell has two 
main pathways to deal with a double-strand break 
of the DNA: to either stick the ends roughly back 
together again with the non-homologous end joining 
pathway, (NHEJ) or to find and use a DNA template 
for the homology-directed repair (HDR). The NHEJ 
pathway commonly results in random mutations. 
The frequency by which the NHEJ is triggered will 
depend on species, cell type and developmental 
stage, but also on other factors not yet fully under-
stood. 

Looking at mutation rates of two different CRIS-
PR/Cas9 gene drives in the fruitfly Drosophila mela-
nogaster, Jackson Champer and colleagues report-
ed: “We observed resistance allele formation at 
high rates both prior to fertilization in the germline 
and post-fertilization in the embryo due to mater-
nally deposited Cas9. Assessment of drive activity 
in genetically diverse backgrounds further revealed 
substantial differences in conversion efficiency and 

10  See also Grunwald et al.: “The alternative DSB repair pathway, non-homologous end joining (NHEJ), frequently generates small insertions and 
deletions (indels) that make CRISPR–Cas9 an effective means of mutating specific sites in the genome.” (Grunwald et al. 2019, 105)

resistance rates. Our results demonstrate that the 
evolution of resistance will likely impose a severe 
limitation to the effectiveness of current CRISPR 
gene drive approaches, especially when applied to 
diverse natural populations.” (Champer et al. 2017, 
1, emphasis added)

One suggested approach to dealing with this 
problem is “multiplexing”, where a gene drive is 
equipped with multiple guide-RNAs capable of tar-
geting different sequences. So far, no one has been 
able to experimentally advance the idea far enough 
to show a convincing avoidance of resistance. This 
will be discussed in Section 6.

3.3.2 Inefficiency in plants

In order for CRISPR/Cas gene drives to work, a 
major prerequisite is the triggering of the homolo-
gy-directed repair (HDR) mechanism after the DNA 
double strand breakage (induced by CRISPR/Cas). 
Without this, the gene-drive element (or construct) 
cannot align next to the breakage point and be cop-
ied across into the target site (see Figure 3). Howev-
er, the predominant repair mechanism in plants is 
the ‘non-homologous end joining’ (NHEJ) pathway, 
which simply sticks the loose ends of the broken/
severed DNA strand back together in a haphazard 
way. Usually such a repair site will contain small 
mutations when compared to the original DNA se-
quence, and will in future be immune to being cut 
again by the same CRISPR/Cas. Researchers found 
that homology directed repair will rarely happen 
in plants, even in the presence of templates with 
high homologies. There are only a few examples 
in plants where CRISPR/Cas9 as a genome editing 
tool using a sequence insertion has been success-
ful. The efficiency rate has been very low. Hahn for 
example reported, that even with specific frequency 
enhancing methods they only achieved a frequency 
of 0.12% HD-repair in the model plant Arabidopsis 
(Thale cress) (Hahn et al. 2018).  
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3.3.3 Inefficiency in mice   

Experiments did show that whilst a CRISPR/
Cas9 gene drive can work in mice, it does so with 
only very limited efficiency (Grunwald et al. 2019)11. 
In this case the gene drive was designed to spread 
a mutation, which, instead of trying to cause infer-
tility, attempts to change coat colour from grey to 
white. When inherited through the female germline, 
the gene was transmitted to 73% of offspring, ex-
ceeding the 50% expected from Mendelian inher-
itance. However super-Mendelian inheritance was 
not observed when the CRISPR/Cas9 construct was 
passed through the male germline, for reasons that 
are not yet understood. The researchers state that 
levels of transmission efficiency fall short of what is 
needed to rapidly drive a gene through a wild popu-
lation without resistance arising, and comment that, 
“…both the optimism and concern that gene drives 
may soon be used to reduce invasive rodent popu-
lations in the wild is likely premature.” (Grunwald et 
al. 2019, 108)12

3.3.4 Issues with p53 

A further complexity has emerged for CRISPR 
genome editing from experiments on cultured hu-
man (and mouse) cells. This showed that genome 
editing is often counteracted by the cell’s natural 
defences against DNA damage, and that such ed-
iting is most likely to be successful in cells in which 
such a protective defence is somehow not active. 
These protective mechanisms, which are mediat-
ed through a tumour-suppressor protein known as 
p53, may represent an unanticipated hurdle in de-
signing gene-drives in some organisms, in particular 
mammalians, as explored in Box 2

3.3.5 CRISPR/Cas off-target effects 

There are a number of issues regarding off-tar-
get effects, in particular in relation to the behaviour  
 

11 first published online in 2018 without peer review on https://www.biorxiv.org/content/early/2018/07/07/362558
12  The same authors state: “Although HDR of CRISPR–Cas9-induced DSBs does occur in vitro and in vivo in mammalian cells and embryos, usually 

from a plasmid or single-stranded DNA template, NHEJ is the predominant mechanism of DSB repair in somatic cells8,9.” (Grunwald et al. 2019, 105)

of CRISPR/Cas9 in wild populations. Firstly, and as 
detailed above, there have been cases where sub-
stantial mutations have occurred either at the tar-
get site or at a distance from the target site. Whilst 
the mechanisms and reasons behind this are not 
understood, there is even less knowledge concern-
ing how CRISPR/Cas may behave under ‘natural’ 
conditions, outside laboratory settings and in wild 
and diverse populations. Secondly, the same is true 
for off-target effects, where DNA breakage occurs 
at non-target sites and where repair occurs via the 
error-prone NHEJ pathway. Will the rate of such 
off-target breakages change once released into the 
wild, where the conditions may be significantly dif-
ferent from any settings previously tested? Further-
more, the genomic DNA sequence of wild popula-
tions will entail substantial variations as compared 
to any laboratory reared strain. CRISPR/Cas may 
thus find accidental target sites that were not in-
tended as target sites and which once cut may be 
repaired with mistakes.

In fact, releasing CRISPR-Cas9 gene drives into 
the wild is placing the laboratory and genetic mod-
ification procedures into wild populations, with no 
means of any control at hand. Unintentional mu-
tations arising may be harmless or may be highly 
problematic, such as disrupting genes, altering 
gene regulation or producing new proteins or RNAs, 
clearly adding significant risk to any release.  

3.3.6 Invasiveness and potential global 
reach

The majority of gene drives designed or mod-
elled to date, including the CRISPR-Cas9 based 
homing drives, have the potential to be highly in-
vasive (see Section 5). Because populations of spe-
cies breed with other neighbouring groups, over 
the course of many generations genetic material 
can spread throughout a whole species. Therefore, 
a drive released in one country or region could 
spread to other neighbouring areas, and eventually  
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could reach all reproductively linked populations of 
a species around the globe. This means that there 
are considerable technical difficulties in designing a 
gene drive that can be confined to a particular ge-
ographic area. This has been recognised widely as 
a serious problem. Invasiveness, combined with a 
lack of recallability and reversibility (see Table 2), 
and also combined with the potentially increased 
rate of mutations and modifications within a wild 
gene drive population, is likely to make the risks in-
calculable and potentially very high.

3.3.7 Irreversibility 

Almost all of the gene-drive designs construct-
ed so far, and especially the homing CRISPR-Cas9 
technology, make effectively irreversible changes to 
the genome. One possible exception may be very 
low release rates of underdominance based drives, 
which however are not CRISPR-based homing 
drives. This leads to difficult questions about what 
steps could be taken if a CRISPR gene drive be-
haves in an unpredicted or harmful way, and what 
can be done in order to prevent this. Some suggest 
that a way to reverse the effects of a drive would 
be to release another gene drive to ‘overwrite’ 
the changes induced by the first drive. However, 
alongside the obvious potential for further unpre-
dicted effects, this approach could not complete-
ly restore the genomes of affected species to the 
baseline states, because now both the sequence, as 
well as the CRISPR/Cas activity of the second gene 
drive, would be present in the natural population as 
well, gradually spreading throughout. This is such 
a thorny technical question, the irreversibility of 
CRISPR/Cas based homing drives has now become 
a major funding focus of DARPA’s ‘Safe Gene’ pro-
gram, a circumstance which underlines the degree 
and urgency of this problem. 

Box 2: p53 and CRISPR 
Introducing p53, the ‘Guardian of the Genome’

Since its discovery in cultured mouse cells in 
1979  (Lane and Crawford 1979), the tumour sup-
pressor p53 has become one of the most inten-
sively studied proteins in the mammalian cell13. 

13 More than 90,000 publications on this protein can be found on Pubmed

Biologists’ fascination with p53 arises from its role 
in protecting organisms from cancer. In response 
to signals triggered by events such as DNA damage 
(Kastan et al. 1991) or uncontrolled cellular repli-
cation, p53 activates protective responses which 
include halting cellular replication (cell-cycle ar-
rest), DNA repair or programmed cell death (apop-
tosis) (reviewed by Kastenhuber and Lowe 2017). 
This role has earned p53 the title ‘guardian of the 
genome’ (Lane 1992). Inactivation of p53 through 
mutation of its gene, TP53, allows a potential-
ly cancerous cell to avoid these defence mecha-
nisms, and hence this is the most commonly mu-
tated gene in human cancers (Kandoth et al. 2013).  

p53 versus CRISPR
Following its invention only a few years ago, in 

2012, CRISPR-Cas9 genome editing of mammali-
an cells has become a routine laboratory experi-
mental procedure, generating great interest in its 
potential to treat human disease (Adli 2018).  How-
ever, it was only in 2018 that evidence emerged 
from studies of cultured human cells showing that 
the cell’s natural defence mechanisms, centred 
on p53, counteract the genome editing process by 
inducing a DNA damage response and cell cycle 
arrest (Ihry et al. 2018, Haapaniemi et al. 2018). 
Equally, when p53 is inactivated, CRISPR/Cas9 
becomes more effective. In human stem cells 
gene editing was observed to be 17 times more 
efficient in the absence of p53 (Ihry et al. 2018). 
This means that cells which have been success-
fully edited are likely to lack this vital protective 
mechanism, posing a significant cancer risk if they 
are re-implanted in a patient without appropri-
ate screening. This discovery has led to calls for 
caution in applying the technology in the clinic. 

How widespread are p53 type protective mecha-
nisms?

Given the intention for widespread application 
of CRISPR/Cas9, the question arises: in which or-
ganisms and in which cell types might we expect 
similar interference in genome editing?  Answering 
this question requires a little more background. In 
humans and most mammals, p53 has two addition-
al and similar ‘sister’ proteins, p63 and p73, which 
perform a variety of functions, some of which are 
related to controlling development, and some of 
which resemble or even overlap with those of p53 
(Belyi and Levine 2009). All three have some role 
in protecting genomic integrity by responding to 
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DNA damage and inducing apoptosis (Lin et al. 
2009; Zaika et al. 2011). The protective activity of 
each form appears to vary in different cell types: 
p63, for example, has been shown to protect fe-
male germline cells (i.e. reproductive cells) (Suh 
et al. 2006), whereas the core function of p53 is 
protecting somatic (non-reproductive) cells (El 
Husseini and Hales 2018), with an apparently less 
prominent role in protecting the germline (Muller, 
Teresky, and Levine 2000). 

The p53/p63/p73 family can be found in all 
bony fish, mammals and birds, whilst related pro-
teins are found in other vertebrates, mollusks, 
insects and nematodes, but not yeast (Belyi et al. 
2010). The common ancestor of the p53 family is 
believed to have been present in very early ani-
mals: a descendant of this ancestral p53 is found 
in modern day sea anemones, which diverged 
from other animals around a billion years ago, and 
has been shown to protect the genome by induc-
ing apoptosis in response to DNA damage (Pankow 
and Bamberger 2007) in germline cells, but not 
somatic ones. This implies that the ancestral p53 
evolved to protect germline genomic integrity 
and that this function has been retained within 
the p53 family throughout the animal kingdom. 

What does this mean for gene drive research?
The complexity of the many processes involved 

make it difficult to fully predict the consequences of 
the interplay between a CRISPR/Cas9 homing gene 
drive and the protective mechanisms mediated by the  
p53 family. It might be expected that if CRISPR/
Cas9 genome editing is activated in germline cells 
to propagate a gene drive, members of the p53 
family could promote repair of the DNA breaks 
(without integration of the gene drive) or activation 

of programmed cell death, both of which could in-
terfere with  propagation of the drive. Whilst gene 
drives have been shown to work in insects (Kyrou 
et al. 2018) which possess p53 family proteins, this 
does not rule out that the p53 type responses could 
be activated in other cases, either due to a higher 
sensitivity to DNA damage, or to differences in gene 
drive design. This may account for the observed 
low efficiency of CRISPR/Cas9 gene drives in mice 
(Grunwald et al. 2019), which possess a p53/p63/
p73 family similar to that found in humans with 
obvious potential to counter-act CRISPR/Cas9. In-
deed, the presence of this powerful set of defence 
mechanisms may present a significant obstacle to 
efforts to apply gene drives in many animal taxa be-
yond insects.   

3.4 CRISPR/Cas as enabler for many 
Gene Drive systems 

CRISPR/Cas9 has become a key element in the 
development and feasibility of gene drives. This 
is not exclusively but is particularly true for hom-
ing drive systems, as just mentioned above, where 
CRISPR/Cas9 has become the prime agent in the role 
of an RNA-guided homing endonuclease (CRISPR/ 
Cas-based homing drive). 

However, there are other gene drive systems that 
have received little attention, but because of the uti-
lisation of CRISPR/Cas (as a site-directed endonu-
clease and genome editing tool), are now experienc-
ing accelerated development (Marshall and Akbari 
2018), for example the X-shredder and toxin-anti-
dote systems, discussed in the following section. 

4 Mechanisms and techniques used 
Engineered gene drives have two main goals for 

practical and/or commercial use in the fields of hu-
man health, industry or agriculture: to either alter 
(modify) and replace a population; or to suppress 
and eliminate a population or a species. In this, 
some applications depend on the ability to transport 
or carry a ‘payload’ or ‘cargo’ gene, together with or 
linked to, the drive element. Payload or cargo genes 

envisaged for altered characteristics may include, 
for example: toxin genes, disease resistance genes 
or disease-refractory genes.  The latter are genes 
coding for compounds that will stop vectors (e.g. 
mosquitoes or flies) from transmitting diseases (e.g. 
Zika or Malaria), by blocking the pathogen from de-
veloping or spreading in the host-vector. Whether a 
particular drive mechanism has the ability to relia-
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bly transport such extra cargo is a criterion indicat-
ed in the sections below and summarised in Table 2. 

Most drive mechanisms are based on so-called 
‘selfish genetic elements’, also referred to as ‘active 
genetic elements’ by some (e.g. Gantz and Bier 2016, 
Grunwald et al. 2019). As detailed below, these drive 
mechanisms can be categorised as two main types, 
which attempt to achieve inheritance bias through: 
1.) over-replication of the genetic element, thus also 
referred to as ‘replication distorter’; 2.) preferential 
segregation or transmission of the genetic element, 
also referred to as ‘transmission distorter’. 

The utilisation of CRISPR-endonucleases fea-
tures strongly in both types, enabling the develop-
ment of synthetic gene drives for different mech-
anisms and modes of action. In fact, there is an 
overlap between the use of different genetic ele-
ments, the mechanisms, and the modes of action, 
that is detailed below. 

4.1 Selfish genetic elements:

Genes within a genome are commonly seen as 
working together collaboratively to produce a via-
ble organism (Runge and Lindholm 2018). As part of 
this collaboration, all genes get an equal chance of 
transmission during sexual reproduction, which, ac-
cording to Mendel’s Law of Inheritance, gives each 
gene from each of the two parents a 50:50 chance 
of being passed on to the next generation (i.e. from 
‘child’ to ‘grandchild’). Most multicellular organisms 
are (at least) diploid, meaning they have two com-
plete sets of genetic material in the form of chromo-
somes, one set from each parent. This means that 
each gene is present in two copies, occupying the 
same position or ‘locus’ on the parallel (or homolo-
gous) chromosome, often with slight variation. The 
different variations of a gene are termed ‘alleles’, 
coding for example for yellow or green seed colour.  
If the two copies or alleles of a gene are identical 
within an organism, this organism is termed to be 
‘homozygous’ for that gene or allele (or sometimes 
trait) (see Figure 4).  

14 or sometimes parasitic genetic elements or selfish DNA.

If there are two different versions or alleles within 
the organism, the organism is termed ‘heterozygous’ 
for that allele (or trait). These alleles will be passed 
on (transmitted) in a 50% ratio to the offspring.

There are, however, specific genetic elements 
that do not play according to the same rules. This 
is why they are termed ‘selfish genes’ or ‘selfish 
genetic elements’14 (Werren, Nur, and Wu 1988), 
they seem to solely look after their own interests 
rather than the new offspring’s. They are not part 
of the collaborative effort of upholding or enhanc-
ing the viability and fitness of an organism, and do 
not follow the 50:50 rule of inheritance. Instead, 
they have gained control over their own transmis-
sion.  They are also capable of altering the odds of 
inheritance in their own favour, and thus are able 
to rapidly propagate through populations (Manser 
et al. 2017). They can even do so at a high fitness 
cost to the organism. This in turn leads to “coun-
ter-adaptations” by the rest of the organism’s ge-
nome “that generate unique selection pressures on 
the selfish genetic element. This arms race is similar 
to host–parasite co-evolution …” (Runge and Lind-
holm 2018, 1). In this sense, genes can be seen as 
a type of society, in which most members behave in 
a certain way, but there are occasionally outlaws or 
other aberrant members. As in society, the outlaws 
sometimes confer an advantage or disadvantage to 
the group, but unpredictably. Yet the story does not 
stop there.

Rather than casting the selfish genetic elements 
(SGEs) in a negative light, and focusing on the as-
pect of ‘selfish’, it is precisely this co-evolution and 
co-adaptation that is becoming a focus of research. 
Instead, some of the elements or mechanisms, for 
example the over-replication ability of transposable 
elements, are increasingly regarded as vital com-
ponents for genome evolution and even speciation 
(Biemont 2010). John H. Werren importantly noted: 
“The story that is emerging increasingly supports 
a central role of SGEs [selfish genetic elements] in 
shaping structure and function of genomes and in 
playing an important role in such fundamental bio-
logical processes as gene regulation, development, 
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evolution of genetic novelty, and evolution of new 
species.” (Werren 2011, 10863). In fact, the study 
of these elements and the processes involved are 
now contributing to an emerging re-think of what a 
genome is and how it interacts with its environment. 
(Werren 2011; Lindholm et al. 2016).

Consequently, when talking about engineered 
gene drives, which are all based on and are exploit-
ing the mechanism of these SGEs, there is a level 
that we cannot comprehend at this point in time. 
SGEs are vital evolutionary players, deeply embed-
ded in a long evolved and complex regulatory struc-
ture. What therefore does it mean to take SGEs out 
of their own context, reshape and alter them, and 
place them back into this interactive system? What 
might the consequences be at that specific level?

This is an important discussion that needs to 
take place now. It would be wrong to inadvert-
ently assume that SGEs are only a “tool” that can 
be readily adapted and utilised for the purpose of 

modifying organisms and whole populations in the 
wild. They are much more than that and it could be 
most unwise to disregard this.

Setting aside their important role in evolutionary 
dynamics and focusing on the aspect of gene drive, 
there are many different ways by which ‘selfish’ 
genetic elements enhance their own presence in a 
population or species. Such genetic elements may 
for example be genes, sections of chromosomes or 
even whole chromosomes. There are the ‘over-repli-
cators’ (McLaughlin and Malik 2017) that flourish by 
copying or moving themselves to other parts of the 
genome, which are termed ‘transposable elements’, 
or into their own (allelic) locus in the parallel chro-
mosome, termed ‘homing endonuclease genes’. 
The other group are the ‘transmission-distorters’, 
which ensure they are the genes transmitted to the 
next generation, not “the other” ones. This is often 
done by actively destroying “the other”, whether 
that is at the DNA level (e.g. X-shredders) or at the 
level of cells or embryos that will die (e.g. Medusa).  

Figure 4: Diploid chromosomes, alleles and their 
terminology. Depicted are two pairs of chromo-
somes, with one chromosome of each pair (here a 
short and a long one) derived from each parent. The 
chromosomes within a pair are termed homologous 
chromosomes and are basically the same in that the 

position (locus) of the genes are the same, though 
they may be different alleles. If the alleles are iden-
tical then the organism is homozygous for that gene 
or trait (e.g. purple flower colour). Otherwise the 
organism is heterozygous for a gene or a trait (e.g. 
seed colour).
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A number of these selfish genetic elements, their 
multiplication or transmission mechanisms, and 
their mode of action, are being or have been con-
sidered for the construction and use of engineered 
gene drives. The following briefly describes these 
selfish genetic elements and/or drive mechanisms 
by which these elements multiply or change the 
odds of their inheritance and transmission. Also in-
dicated is the extent to which these may potential-
ly lend themselves as gene drive systems for pop- 
ulation eradication or modification, the latter also 
depending on the ability and reliability of carrying 
and spreading payload genes. This section also lists 
limitations and risk factors, such as inactivation of 
or build-up of resistance to gene drive mechanisms, 
the lack of reversibility, and vertical gene transfer 
to neighbouring populations or closely related spe-
cies. A summary is given in Section 5 (Table 2). 

15  Simoni for example states: “Naturally occurring selfish elements include transposable elements, meiotic drive chromosomes, sex ratio distorting 
elements and homing endonuclease genes (HEGs). HEGs are highly specific endonucleases that generate double-strand breaks (DSB) at specific loci 
in the host genome (2).” (Simoni et al. 2014)

The elements and drive mechanisms described in 
this section work at very different levels and cannot 
easily be compared. Some focus on the intentional 
outcome (e.g. sex-ratio distorters) or the mode of ac-
tion (e.g. toxin-antidote based drives), whilst others 
refer to the mobile element itself (e.g. ‘transposable’ 
element). An overview is given in Figure 5, which is 
based on discussions in (McLaughlin and Malik 2017; 
Lindholm et al. 2016; Simoni et al. 2014).15

4.2 Over-replicators / replication- 
distorters

As outlined above, over-replicators achieve an 
inheritance bias in their favour by creating extra 
copies of themselves in the genome. There are two 
members in this group, the transposable elements 

Figure 5: Overview of selfish genetic elements 
and gene drive mechanisms: Schematic representa-
tion with over-replicators on the left and transmis-
sion-distorters on the right. It shows that under-
dominance is not a defined category in itself, but 

that various mechanisms can be used to create an 
underdominance system, including chromosomal 
translocations. Equally it shows that toxin-antidote 
mechanism can be used for sex-ratio distortion and 
underdominance. 
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(TEs) and homing endonuclease genes (HEGs). TEs 
do not have a mechanism to guide the insertion of 
a new copy to a particular site in the genome, al-
though the insertions do not occur randomly either; 
whilst the HEGs have the means to guide their inser-
tion to a precise location on the genome, namely at 
the exact same position where they are, but on the 
parallel chromosome.

4.2.1 Transposable elements (TEs) 

Transposable elements16 (TEs) are a type of 
‘mobile genetic elements’ that are found in almost 
all species. Discovered by Barbara McClintock in 
maize in the late 1940s (McClintock 1950) and lat-
er described as ‘jumping genes’, a TE is a segment 
of DNA that can change its position within the ge-
nome of an organism on its own accord. This pro-
cess is commonly referred to as transposition. Dur-
ing transposition, TEs will often increase their copy 
number within the host genome, thus leading to a 
higher inheritance rate in subsequent generations. 

Whilst there are many different families of TEs, 
they can all be grouped into two classes: (I) those 
that move by copy & paste mechanisms (via an 
RNA intermediate); and (II) those that move by cut 
& paste mechanisms, often referred to as ‘DNA 
transposons’. Transposition of class-I TEs will au-
tomatically result in multiplication, as the original 
TE remains in its place whilst a copy inserts itself 
at a different location in the genome. This is not the 
case with class II TEs, although replication may oc-
cur through a number of mechanisms (summarised 
in Marshall and Akbari 2016), thus still leading to 
their enhanced rate of inheritance. 

If, for example, a DNA transposon moves posi-
tion during the stage of DNA replication of the cell 
cycle, it could jump from a location that has already 
been replicated and land in a location that has not 
yet been replicated, resulting in a net gain of one 
TE. Additionally, once the TE is excised for trans-
position, there will be a gap in the DNA where it had 

16 Though a selfish element, TEs are not considered by everyone to be a gene drive.
17  “On the other hand, host organisms have developed different mechanisms of defense against high rates of transposon activity, including DNA-meth-

ylation to reduce TE expression […], several RNA interference mediated mechanisms […] mainly in the germ line […], or through the inactivation of 

been. The cell’s repair mechanism may simply re-
join the loose ends by non-homologous end joining 
(NHEJ) or it may fill the gap via homology-directed 
repair (HDR), using the duplicated DNA strand con-
taining the TE as a template.  

Whilst TEs are commonly referred to as selfish 
genetic elements, (Munoz-Lopez and Garcia-Perez 
2010), this view is not shared by all. Biemont for 
example states: “TEs are no longer seen as ‘‘junk’’ 
and ‘‘selfish’’ pieces of DNA—the predominant view 
from the 1960s through the 1990s—but as major 
components of genomes that have played a signif-
icant role in evolution, an idea also first proposed 
by McClintock (1984: her Nobel Prize lecture).” 
(Biemont 2010, 1085). Whilst high TE activity out-
bursts can at times be associated with speciation, 
such outbursts are usually very time limited, as the 
host organism will soon generate counter-measures 
to shut down the activity of the TEs and have them 
back in order. Measures like gene-silencing will for 
example disable the production of compounds that 
TEs need in order to multiply or jump. 

TEs of class II are known to be able to spread 
widely throughout populations. The ‘P element’ 
is a good example of this. Now commonly found 
throughout populations of the fruit fly Drosophila 
melanogaster, the P element seems to have only 
arrived in this species in the 1930s, rapidly spread-
ing throughout all its populations within 50 years 
(Anxolabehere, Kidwell, and Periquet 1988). They 
are thought to have horizontally transferred from 
Drosophila willistoni, possibly via the semiparasitic 
mite Proctolaelaps regalis (Houck et al. 1991).

Due to their ability to spread widely and to en-
hance their presence in a genome, TEs can make 
up a substantial portion of the genome of a spe-
cies. However, most of these TEs will have been 
inactivated over time through acquired mutations 
and various host defense mechanisms, including 
gene-silencing mechanisms such as DNA methyla-
tion and RNA interference (Munoz-Lopez and Gar-
cia-Perez 2010)17.  For example, the genome of silk-
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worms (Bombyx mori) is comprised of around 45% 
TEs, that of honeybees (Apis mellifera) only of 1%, 
in (Biemont 2010) and that of the main malaria-car-
rying mosquito (Anopheles gambiae) about 15% 
(Holt et al. 2002). Whilst some plants, especially 
maize, have a genome with more than 70-80% TE 
sequences, humans have around 45%, mice about 
37% and some fish 10%, see (Munoz-Lopez and 
Garcia-Perez 2010 and Biemont 2010). 

TEs as gene drive mechanisms:

The rapid spread of the P element initially raised 
hopes that class II TEs could be used as gene drive 
systems, transporting engineered ‘payload’ genes 
throughout populations of intentionally modified/
engineered organisms. It is these TEs of class II that 
are regarded as having the potential for gene drive 
applications. They basically consist of a transposase 
gene framed by terminal inverted repeats (TIRs). A 
payload gene placed adjacent to the transposase 
gene would thus – at least in theory - move together 
with the TE construct and spread above the 50:50 
odds of inheritance.

Genetically engineered TEs have been used 
to transform and genetically modify insects, first 
achieved in Drosophila melanogaster, utilising the 
P-element (Spradling and Rubin 1982). The P-ele-
ment, however, only works in drosopholid insects. 
The Hermes, mos1/mariner, Minos and piggyBac 
elements were identified to work in some mosquito 
species (listed in Macia et al. 2017B and reviewed in 
O’Brochta et al. 2003).

Attempts have been made to harness TEs as gene 
drives in mosquitoes, yet when engineered into an 
organism the integrated engineered TEs have very 
low remobilisation rates, meaning they stay where 
they are and do not jump. Macias et al. commented 
recently: “It was imagined that transposons would 
also be useful as a gene drive system, but transpos-
ons that could mediate insertion into a mosquito’s 
genome were not so easily remobilized […]. Only 
recently has a synthetic construct based on the pig-
gyBac transposon been demonstrated to mobilize 

transposon activity by the action of specific proteins […].” (Munoz-Lopez and Garcia-Perez 2010, 116)

itself once inserted into a mosquito genome, but 
rarely […]” (Macias, Ohm, and Rasgon 2017, 3). 
Even special attempts to improve the post-integra-
tion mobility of artificial Hermes and piggyBac ele-
ments have only resulted in mobilisation rates less 
than 1% (Smith and Atkinson 2011; Macias, Ohm, 
and Rasgon 2017) and 6% (O’Brochta et al. 2011). 
This is much too low for gene drive requirements. 

Draw backs & limitations:  

• TEs do not integrate at specific recognition sites – 
and therefore cannot be used to disrupt or knock 
out a specific target gene, such as a gene crucial 
for development, fertility or gender. TE-based 
gene drives could thus only be used in replace-
ment strategies for – in theory at least – spread-
ing particular trait or effector genes.

• Low efficiency: As pointed out, experiments have 
shown that the post-integration mobilisation of 
engineered TEs has so far been extremely low 
and insufficient for gene drive purposes.

• Insert size (payload gene or cargo) can be a 
problem – size matters. Frequently, TEs with 
large cargo sizes don’t jump or spread easily, 
e.g. Sleeping Beauty element (Izsvak, Ivics, and 
Plasterk 2000). Lampe et al., for example, found 
for the Himar1 mariner element (in horn fly) that 
“transposition frequency decreased exponen-
tially with increasing transposon size” (Lampe, 
Grant, and Robertson 1998).

• Stability and integrity of the construct and in-
sert: It has been observed that engineered TEs 
can lose (or throw out) the added cargo DNA se-
quences, for example those found with the P ele-
ment (Carareto et al. 1997), or that the sequence 
of the insert is being mutated. The consequence 
would be the spread of the element, but not the 
additional effector gene sequences (Marshall 
2008), which would not be desirable.

• Furthermore, cells or organisms are able to de-
velop defence mechanisms against the mobilisa-
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tion, jumping and spread of TEs. Proof lies in the 
large quantities of stationary and mostly deacti-
vated, mutated or silenced TEs that often make 
up substantial portions of the genome. 

• The specificity of particular and well-adapted 
TEs for particular species would make the use of 
TEs a new challenge for each new species.

• A serious drawback is that of horizontal gene 
transfer, where the TE (and a linked payload 
gene) is transferred to another species by mech-
anisms that are not fully understood. Transfer 
via sexual reproduction will keep a TE within 
the same species, yet TEs specific to one spe-
cies have been found to appear in other species. 
Bourque et al. have summarised this recently: 
“There is now a large body of evidence support-
ing the idea that horizontal transposon transfer 
is a common phenomenon that affects virtually 
every major type of TE and all branches of the 
tree of life […]. While the cellular mechanisms 
underlying horizontal transposon transfer re-
main murky, it is increasingly apparent that the 
intrinsic mobility of TEs and ecological inter-
actions between their host species, including 
those with pathogens and parasites, facilitate 
the transmission of elements between widely di-
verged taxa […].” (Bourque et al. 2018, 4). 

A number of papers have drawn the conclusion 
that if TEs were to be used as gene drive systems, 
they would require a lot more experimentation, 
knowledge and research (Sinkins and Gould 2006) 
– and are in that sense regarded as either too costly 
(Marshall and Akbari 2016) or superseded by other 
gene drive methods.

A key question is also if genetically engineered 
gene-drive TEs will keep to the same pattern of 
semi-random integration, e.g. avoid inserting itself 
into the actual coding sequence of a gene. If it were 
to insert into coding sequences the outcomes would 
be highly unpredictable and could be problematic, 
even if the TE were blocked by the organism from 
further movements.  

18  “Homing is the transfer of an intervening sequence (either an intron or intein) to a homologous allele that lacks the sequence (Dujon 1989; Dujon et 
al. 1989; Belfort & Perlman 1995), leading to gene conversion and dominant transmission and inheritance of the mobile element.” (Stoddard 2005, 50)

4.2.2 Homing endonuclease genes (HEGs) 

Homing endonuclease genes (HEGs) are another 
type of ‘mobile genetic element’, originally discov-
ered in budding yeast in the 1970s and early 1980s 
by researchers in the Pasteur Institute (Dujon 1980, 
Jacquier and Dujon 1985). HEGs have since been 
found in many bacteria, bacteriophages, fungi, and 
plant chloroplasts. 

The principles underlying how HEGs are con-
structed and how they achieve drive are at the 
centre of current gene drive development, with the 
CRISPR/Cas-based homing gene drive being the 
best known category of engineered HEGs.

In general, HEGs are genes that code for an en-
zyme (endonuclease) that is able to recognise and 
cut a specific DNA sequence of 14-40 base pairs 
(Stoddard 2005), and to then have themselves cop-
ied into the middle of that sequence via homology 
repair. This overall process is called ‘homing’ (Stod-
dard 200518). The homing gene thus resides within 
the recognition sequence cut by the endonuclease.

If one chromosome contains a HEG and the 
equivalent homologous chromosome does not, the 
endonuclease will detect the recognition site on 
that chromosome and induce a site-specific double 
strand break. The HEG will be copied across via ho-
mology-directed repair (see Section 3 and Figure 2). 
The severed recognition sequence now becomes the 
flanking sequences (see Figure 3). If, however, the 
cleaved ends get rejoined by the NHEJ repair, mu-
tations will occur in the recognition/cleavage site, 
making this chromosomal site unrecognisable to, 
and ‘resistant’ to, the specific endonuclease. Equal-
ly, natural sequence variation at the recognition site 
could protect the site from HEG insertion. 

Homing gene drives

Austin Burt was the first to suggest utilising HEGs 
and their ability to spread by inserting themselves 
into the parallel chromosome, with the aim of either 
altering or eradicating natural populations of target  
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species. As naturally occurring HEGs are limited in 
the DNA sequences they may recognise, Burt en-
visaged that through genetic engineering it would 
be possible to alter the site-specificity of the endo-
nuclease in order to make it target essential genes 
(Burt 2003). With an appropriate promoter (e.g. for 
meiosis), and ensuring that the resulting knock-out 
was recessive, Burt suggested a population could – in  
theory – be eradicated in 20 generations. Another pos-
sible action suggested was to engineer the HEG con-
struct to contain an extra gene, a so-called payload 
or cargo gene (Champer, Buchman, and Akbari 2016), 
which would get copied across together with the HEG 
and thus also spread in a super-Mendelian fashion. 

The potential use of homing endonucleases as 
gene drive systems in animals was first tested in 
the fruit fly Drosophila melanogaster (Chan et al. 
2011, Chan, Huen, et al. 2013) and the mosquito 
Anopheles gambiae (Windbichler et al. 2011). Us-
ing HEGs derived from yeast and inserting artificial 
target sequences into the respective genomes, the 
experiments provided a proof of principle for hom-
ing processes to work in these species, although 
drive conversion levels were low. 

These experiments also indicated the impor-
tance of the proper timing for when an HE gene is 
activated and for the resulting homing endonucle-
ase to find and sever its target sequence. Depending 
on which point during gametogenesis and meiosis 
a DNA double-strand break occurs, different re-
pair mechanisms dominate the process (see Sec-
tion 3 and Figure 2 for repair pathways). Increased 
frequency of NHEJ-induced repair will result in 
increased frequency of target site mutations, thus 
enhancing the rise of resistance. This means that 
choosing the right promoter element in an HEG 
construct is crucial to the outcome (see Chan et al. 
2011, Table 1).

If HEGs were to be used as gene drive systems, 
their target specificity would need to be adaptable 
for different sequences. Researchers from Cam-

19  Researchers at the University of California, San Diego, changed the body colour of Drosophila (Gantz and Bier 2015) and drove an anti-parasite 
gene through a laboratory population of the malaria mosquito Anopheles stephensi (Gantz et al. 2015). Researchers from Harvard Medical School 
demonstrated proof of concept for yeast, by adding a gene, disrupting another and correcting a third one. Conversion rates were very high, though 
reporting was only for a few generations (DiCarlo et al. 2015).

bridge, UK and Seattle in the US redesigned and 
engineered HEGs based on yeast HEGs with al-
tered specificity, and also used artificial target sites. 
Working with Drosophila, they found that the rede-
signed homing endonucleases had a reduced con-
version frequency, as compared to the original yeast 
HEG (Chan, Takeuchi, et al. 2013). The authors sug-
gested that site specificity alone is not sufficient for 
successful homing.

ZFNs, TALENs and CRISPR/Cas based homing 
systems

To test if site-specific nucleases could be used 
as homing endonucleases, researchers turned to 
zinc finger nucleases (ZFNs) and transcription ac-
tivator-like effector nucleases (TALENs).  Using the 
same experimental system and design as Chan in 
2011 and 2013, researchers at Imperial College, 
London, tested ZFN-based and TALEN-based 
HEGs. They found these site-specific nucleases 
triggered a much higher rate of NHEJ repair than 
the actual/original HEGs (Simoni et al. 2014). As a 
consequence, there was an increased level of tar-
get-site mutations, which in turn creates resistance 
to the gene drive, because the enzyme is no longer 
able to recognise or cut the target site. 

However, with the arrival of RNA-guided site-spe-
cific nucleases such as CRISPR/Cas9, the picture 
drastically changed. As already detailed in Section 
3 of this chapter, the recent uptake of CRISPR/Cas 
as a homing gene-drive system has resulted, most of 
the time, in high conversion rates (rates of homing) in 
laboratory studies, although these also demonstrat-
ed the occurrence and build-up of resistance19 (see 
Table 1). Whilst demonstrating proof of principle for 
the fruit fly Drosophila melanogaster, the yeast Sac-
charomyces cerevisiae and the mosquitoes Anophe-
les stephensi and A. gambiae, the issue of gene drive 
resistance remained an insurmountable hurdle.

This changed suddenly in 2018, when research-
ers from Imperial College London, UK, succeeded 
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in completely crashing a laboratory population of 
caged Anopheles gambiae mosquitoes (Kyrou et al. 
2018). Strictly following Burt’s original strategy (Burt 
2003), they did so after 7-11 cage generations with-
out any emergence of resistance. This was a first, 
and has brought this technology to a further step 
of proof of principle, at least in enclosed, caged, 
artificial systems. 

The strategy was to choose a target gene that 
was both highly conserved and essential in gen-
der determination, the doublesex gene. Disrupting 
this gene at a particular site with a CRISPR-Cas9 
gene drive results in sterility in females carrying the 
drive. ‘Highly conserved’ means that the DNA se-
quence of a gene has remained the same over time 
on an evolutionary scale, and that it has not been 
changed by random mutations. A ‘highly conserved 
sequence’ implies a conserved and highly protected 
gene, where any alteration to that gene sequence 
would result in a non-viable life form. Choosing a 
highly conserved gene sequence, in particular the 
sex determination ‘doublesex’ gene, as the gene 
drive target site, means that no viable resistance 
alleles (gene variants) arise and spread to save the 
caged (or potentially, the wild) population. This is a 
new strategy on the path towards overcoming this 
type of gene drive resistance and so far has result-
ed in the above-mentioned crash of a population of 
caged mosquitoes. 

Because of its vital role, the doublesex gene 
has very little scope for mutation and therefore 
the minor mutations which normally allow resist-
ance to evolve do not appear; this is likely to be 
the mechanism allowing this drive to completely 
eradicate laboratory populations. Significantly, the 
gene sequence is completely conserved across the 
Anopheles gambiae species complex, meaning the 
drive would function just as effectively in these sib-
ling species. Given the capacity of members of this 
complex to hybridise, if this drive were released in 
the wild it could potentially affect the entire species 
complex alongside gambiae – along with the eco-
systems linked to them.

20 Bennet 1977, referenced in Herrmann and Bauer 2012.

The strategy of targeting highly conserved genes 
to avoid the build-up of target site resistance thus 
adds an extra layer of risks and concerns to what is 
already perceived to be a very high-risk technology.

Experiments have also been carried out in mam-
mals, in this case mice. When both gene copies (al-
leles) of a targeted gene controlling coat colour are 
disrupted, in order to change grey coat to white, 
the researchers found that the gene drive did not 
work readily. Drive activity in early embryo or male 
germlines resulted in mutations, rather than drive 
conversion, as the predominant repair mecha-
nism was NHEJ. Of the various strategies, limiting 
the gene drive activity to the female germline gave 
an efficiency or conversion rate of 73%, but also 
showed NHEJ-induced mutations. Whilst provid-
ing a proof of concept, the authors noted that the 
“precise timing of the Cas9 expression may pres-
ent a greater challenge in rodents than in insects” 
in terms of efforts to prevent resistance to the gene 
drive (Grunwald et al. 2019). (see also Chapter 2, 
case study on mice).

4.3 Segregation & transmission distorters

One mechanism for genetic elements to achieve 
drive or super-Mendelian inheritance is by their own 
duplication (over-replication) and insertion into oth-
er chromosomal loci. This is the mechanism used 
for TEs and HEGs. 

The drive mechanisms of transmission distor-
tions described in this section result in an inheritance 
bias by means of eliminating, outmanoeuvering or 
outracing the competition. The term ‘distortion of 
transmission’ was first coined by L.C. Dunn in the 
late 1930s20, working with mice that were showing 
a very biased inheritance pattern, due to a selfish 
genetic element now known as the t-complex (see 
below) (Dunn and Bennett 1971).
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Species Trait Kind Conversion 
rate (homing 
rate)

Resistance Institute REF

Drosophila 
melanogaster 
(fruitfly)

Yellow body 
colour

Loss of func-
tion (X-linked 
gene)

97% Not tested 
[3% ?]

University of 
California, 
San Diego, US

(Gantz and 
Bier 2015)

Saccharomy-
ces cerevisiae 
(yeast)

Colour 
change

Gene addition, 
Gene correc-
tion, Gene 
disruption

>99% Not found Harvard Med-
ical School, 
Boston, US (+)

(DiCarlo et al. 
2015)

Anopheles 
stephensi 
(mosquito)

anti-Plas-
modium 
falciparum 
effector genes 
(refractory)

Introgression 
(population 
modification)

99.5% (in 
germline) ~50% 
in egg

Yes. In 
particular, if 
homing action 
leaked to egg 
from females 
with drive. 
(>70%)

University of 
California, 
San Diego & 
Irvine, US

(Gantz et al. 
2015)

Anopheles 
gambiae 
(mosquito)

Female  
sterility

Loss of func-
tion, suppres-
sion & payload 
gene

91.4 to 99.6% 
initially. 
69–98% at later 
generations

Yes, includ-
ing in-frame 
mutations (6 
bp deletion)

Imperial Col-
lege London, 
UK, University 
of Cambridge, 
UK, University 
of Perugia, 
Italy (+)

(Hammond et 
al. 2016)

Mus (mouse) White coats Loss of func-
tion

Minimal in early 
embryo and 
male germline. 
Up to 72% in 
best case.

Yes Univesity of 
California, US

(Grunwald et 
al. 2019)

Anopheles 
gambiae 
(mosquito)

Female  
sterility

Loss of func-
tion, suppres-
sion

100% unlikely Imperial Col-
lege London, 
UK

(Kyrou et al. 
2018) 

D.melano-
gaster

Sex-conver-
sion to males

Loss of func-
tion, suppres-
sion

30% (third 
of which 
in-frame 
mutations)

University of 
Göttingen, 
Germany

(KaramiNejad-
Ranjbar et al. 
2018)

  

Table 1: CRISPR/Cas9 based drives: Relevant proof 
of concept work published on RNA-guided gene 
drives. This table compares the proof of concept 
drives both for the conversion rate as well as for the 
degree of resistance to the drive observed. Whilst 

not directly comparable due to differing experimen-
tal procedures, including numbers of generations 
observed, the development of resistance is com-
mon to all except for Kyrou et al. (2018).
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 Meiotic drive(r)

Meiosis is the key phase for sexual reproduction 
in a higher organism where the sexual reproductive 
cells (gametes - e.g. egg cells or sperm) are being 
produced and the genetic material is divided up in 
a random fashion in line with Mendel’s Law. During 
meiosis, diploid cells are divided into haploid cells, 
in which only one copy of a gene or a chromosome 
will be present, originating from either of the par-
ents.

‘Meiotic drive’ is an overarching term referring 
to any selfish genetic element or drive mechanism 
that manipulates the processes of meiosis21 and the 
“production of gametes22 to increase their own rate 
of transmission, often to the detriment of the rest of 
the genome and the individual that carries them.” 
(Lindholm et al. 2016, 315).

In the meiotic drive system, the determining 
tasks are ‘who’ will succeed in getting a ride in the 
gametes, eliminating or outmanoeuvering the com-
petitors. And which embryo will survive, which may 
depend on the presence of an antidote to counter 
the toxin produced at an earlier stage by part of 
a selfish genetic element team. This for example 
would be the tactic pursued by the ‘toxin-antidote’ 
based drives. 

The forces present in this dynamic between ge-
netic elements, mode of action and responses and 
protective efforts by the individual organism and 
species, are tremendous. The review “The Ecolo-
gy and Evolutionary Dynamics of Meiotic Drive” by 
Anna Lindholm et al. (2016) offers an insight that 
reminds us that synthetic gene drives based on the 
mechanisms of naturally-occurring meiotic drives 
will not only be exposed to (and have to withstand) 
the same counter-forces, but synthetic drives will 
also shape responses in their turn and thus influ-
ence ecology and evolution. 

There are many types of meiotic drive systems, 
the main ones of which are explained below.

21  This action and timing require meiosis-specific regulatory elements (promoters).
22  Gametes are mature sexual reproductive cells, with female gametes being egg cells (ovules) and male gametes sperm (pollen).

4.3.1 Sex-ratio distorters

Sex ratio distorters are drive systems that skew 
the gender ratio, resulting in either predominantly 
male or female offspring. Also referred to as ‘sex-
linked meiotic drive’ (Champer, Buchman, and Ak-
bari 2016), they are the main drive systems under 
development for synthetic gene drives. If the key 
factor for determining population size is the num-
ber and productivity of females, then eradicating 
females becomes the action of choice for gene drive 
systems. There are two options: to place the mod-
ified selfish element either on the male sex chro-
mosome (the Y-chromosome), or on an autosome 
(a chromosome other than a sex chromosome). 
The highest and swiftest suppression rate can be 
achieved if the drive is linked to the Y-chromosome 
(Champer, Buchman, and Akbari 2016; Marshall 
and Akbari 2018). 

Sex ratio distorters achieve an inheritance ad-
vantage by destroying ‘the other’. If, for example, 
the X-chromosomes gets destroyed during sper-
matogenesis, there can be no female offspring of 
that organism, if the determinant for female is XX. 
A mechanism ensuring that only the Y chromosome 
gets through spermatogenesis would change the 
sex ratio drastically towards male. Such a strategy 
would – in theory - cause a population to collapse 
over time. 

Male bias (sex-ratio distortion) is found in nature, 
for example in Aedes and Culex mosquitoes (Craig, 
Hickey, and Vandehey 1960; Newton, Wood, and 
Southern 1976; Sweeny and Barr 1978). Although 
the actual molecular mechanism behind this is not 
understood, there is a specific type of Y chromo-
some that will result in 90% male offspring. Some-
how the presence of this driving Y chromosome 
during spermatogenesis leads to breakages in the X 
chromosome, disabling or preventing female proge-
ny (Burt and Crisanti 2018).

However, it is obvious that those natural occur-
ring sex-distortion mechanisms have not resulted in 
the elimination of those populations or species, as 
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they can still be found. This was already being dis-
cussed in the 1960s when the use of organisms with 
naturally occurring drives were suggested as a form 
of biocontrol. Hamilton (1967) argued that there 
would be a response, a counter mutation or counter 
elements, to contain and ‘mask’ any sex distortion 
factor, especially a strong Y-linked male bias factor. 
In this way, a co-evolutionary process would bring 
the sex-ratio back to equilibrium23 (Hamilton 1967).

The question remains open as to what extent 
such ‘counter-measures’ would arise in response 
to engineered sex-ratio distortion drives. And if so, 
would they be quick enough to save the popula-
tion or species? Or can gene drives be developed 
in such a way that such counter-measures can be 
blocked? There are currently three types of engi-
neered sex-ratio distorters under consideration and 
being investigated as synthetic gene drives. 

As already detailed above: A CRISPR/Cas9-
based homing drive developed at Imperial College 
London was engineered to target the highly con-
served doublesex gene in the mosquito Anopheles 
gambiae and resulted in male only offspring (Kyrou 
et al. 2018). Already presented in Section 4.1.2 un-
der HEGs, this gene drive has been highly effective 
in the artificial environment of caged trials. 

The second sex-ratio distorter drive is a mouse 
specific t-haplotype-based gene drive, being devel-
oped at Texas A&M University intended to produce 
‘daugtherless’ mice, to eradicate mouse popula-
tions. There is no proof of concept so far. See below 
under Section 4.1.2 (a), t-complex or t-haplotype.

The third drive is the synthetic X-shredder gene 
drive, developed at Imperial College London. 

a.   t-complex or t-haplotype 

The t-haplotype or t-complex is a meiotic drive 
and sex-ratio distorter located on chromosome 17 
that naturally occurs in mice. Its discovery goes 

23 Such a sex-ratio equilibrium is also known as the ‘Fisher’s principle’.
24  The Sry gene is a mammalian sex-determining gene located on the the Y-chromosome. It determines maleness and its name is short for ‘sex-deter-

mining region (of the) Y’. Here, as payload gene of the drive system, it would be on an ‘autosome’, i.e. not on a sex chromosome, and thus present 
and active also in genetically female offspring. These would thus develop male characteristics but be infertile.

back to 1927, when Nadine Dobrovolskaia-Za-
vadskaia, evaluating X-ray experiments in mice, first 
thought this to be the gene for short tails or tailless-
ness (gene symbol T), hence the name (Herrmann 
and Bauer 2012). However, further evaluations with 
crosses showed that “tailless mice produced only 
tailless litters upon intercrossing, but neither short-
tailed nor normal-tailed pups. Inspection of the em-
bryos from such crosses showed that about half of 
the embryos died in utero.” (Herrmann and Bauer 
2012)

It was much later that it became evident that 
this region of chromosome 17 was what would later 
be called a selfish genetic element, containing not 
only genes for transmission distortion, but also for 
male infertility and embryonic lethality. Mice that 
are homozygous for the t-complex (i.e. where both 
parallel chromosomes contain the gene for embry-
onic lethality), will die before birth. And males with 
a copy of the t-complex will pass this on to 90% of 
offspring (Lyon 2003; Lindholm et al. 2013). This le-
thality is based on a toxin-antidote system, where 
a toxin will be released into the cells during sper-
matogenesis (sperm development) and only those 
sperm will survive or be able to fertilise an egg cell 
that carry the gene for the antidote, which is located 
on the t-complex. 

This meiotic drive system is specific to mice. 
Where mice are perceived as a problem, e.g. on is-
lands, plans are underway to try to alter and con-
vert this system into a synthetic gene drive to turn 
against the mice. The idea here is to create ‘daugh-
terless’ mice by modifying the t-complex with a 
mouse gene called Sry.24 This gene will act during 
embryo development and trigger the development 
of male characteristics irrespective of the actual 
gender of the mouse. Released into the wild, any 
offspring should have male characteristics. With no 
females left to breed, the idea is that the population 
would collapse.
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It is highly uncertain, however, whether this ge-
netically engineered gene drive would or could per-
form as envisaged, and also what actual outcomes 
would be. This is conveyed by the fact that the un-
derlying drive system (the t-complex) has been part 
of the mouse population and its evolution dynamics, 
but is still not present at a higher level than it is. 
This brings up the question of how mice manage to 
handle this species-specific selfish genetic element. 
It is a co-evolved system, so wouldn’t the mouse 
genome evolve a response? There are also reports 
that mating or fertilisation rates are lower with 
t-complex males than with wild type males (Manser 
et al. 2017). Altogether this may well mean that the 
system cannot deliver what researchers hoped for. 
However, the second question of course is whether 
this engineered gene drive is more aggressive and 
invasive than the natural mechanism it is based on, 
and what would happen to all and related species 
of mice if it found its way to other locations? As no 
experimental data are available, the performance 
of this gene drive remains speculative.

b.   X-shredder

As indicated by its name, this type of transmis-
sion distorter will shred the X-chromosome during 
spermatogenesis (male meiosis), i.e. cleaving the 
chromosome at multiple sites by using a site-direct-
ed nuclease. Homology directed repair would not be 
possible at this stage, as there would be no second 
X chromosome that could serve as a template for 
such repair. First suggested by Austin Burt in 2003 
(Burt 2003), it was in 2014 that Galizi reported on 
experiments with the malaria mosquito Anopheles 
gambiae, providing a proof of principle for this ap-
proach. Using a homing endonuclease (I-PpoI nu-
clease from a slime mold) to cleave the X-chromo-
some at multiple sites led to a sex ratio of up to 95% 
males (Galizi et al. 2014).  He repeated the same 
experiments with a CRISPR/Cas-based site directed 
nuclease, giving rise to the same degree of trans-
mission distortion and resulting in 86-95 % male 
offspring (Galizi et al. 2016). The authors suggest 
that higher gender distortion could be achieved by 

25  “UD is a genetic property classically defined as the condition where, at a single locus, the fitness of heterozygotes is lower than that of either corre-
sponding homozygote; generating this effect has been proposed as achievable through either chromosomal translocations or mutually suppressing 
transgenic toxin-antidote elements (though none have as yet been developed in exactly the latter format).” (Leftwich et al. 2018, 1204)

placing the gene drive on the Y-chromosome rath-
er than on a normal chromosome, an ‘autosome’. 
This would mean that all offspring (which in this 
case are always male) would automatically carry 
the X-shredder mechanism, rather than leaving its 
distribution to Mendelian inheritance rates.

4.3.2 Underdominance / Heterozygous 
disadvantage

This gene drive approach is envisaged to func-
tion as a tool for population replacement, that is, 
to spread a payload gene with its trait throughout 
a population and bring it to fixation, meaning that 
every individual will carry it. 

Underdominance - also called ‘heterozygous 
disadvantage’ or ‘heterozygous inferiority’ - is a 
phenomenon where the heterozygous offspring is 
less fit than either of its homozygous parents. Where 
a gene has two variants (alleles - see Figure 4)  
and where it is an advantage to be homozygous 
for either one of these alleles (i.e., to have a set of 
either one variant or the other), a cross of the two 
differently homozygous parents will result in a het-
erozygous offspring with one of each allele. Under 
these circumstances, such a heterozygous offspring 
will have a lower fitness level than either parent and 
will over time be selected against. Ultimately, either 
one of the alleles will become firmly established 
(fixed) in a population, usually the one with the high-
er initial frequency (Davis, Bax, and Grewe 2001; 
Champer, Buchman, and Akbari 2016). There is 
also the chance that two distinct populations may 
arise, each occupying different or neighbouring ter-
ritories. See footnote25 for different definition. Ex-
amples of underdominance in nature are mentioned 
in (Champer, Buchman, and Akbari 2016). 

Although resulting in transmission distortion, 
naturally occurring underdominance does not lend 
itself as a gene drive system for spreading payload 
genes (Sinkins and Gould 2006). However, an idea 
arose to create and use genetically engineered un-
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derdominance systems instead, utilising either re-
ciprocal translocations or toxin-antidote systems, 
and increasingly also employing CRISPR/Cas, albe-
it not as a gene drive system, but rather to act as  
a ‘toxin’. However, there are multiple hurdles re-
maining. 

Davis et al. (2001) were the first to suggest using 
a double toxin-antidote system for this purpose (in-
cluding modelling for it). This system would employ 
two separate constructs (see Figure 6), each con-
sisting of a copy of the desired payload gene, a sup-
pressor gene and a lethal gene, with a promoter that 
can be suppressed by the suppressor present on the 
other construct (Davis, Bax, and Grewe 2001). As 
long as both constructs are present within an or-
ganism or an embryo, nothing will happen, as the 
lethal gene is suppressed. But if the offspring ends 
up with one construct only, no matter which one, it 
will die – an approach the authors called ‘extreme 
underdominance’. If sufficient numbers of individ-
uals harbouring both constructs were repeatedly 
released, the expectation is that the engineered trait 
(and construct) would become established in the 
wider population. 

Other teams developed these ideas and systems 
further, either keeping Davis’s idea of a ‘one locus’ 
drive (where both constructs will be at the same 
chromosomal location but on the opposite homolo-
gous chromosome), or suggesting a ‘two-locus’ drive 
system, where the second construct would be on a 
separate chromosome all together. For example, 
Akbari & Matzen, then at the California Institute of 
Technology, designed and built a synthetic ‘two-lo-
cus’ gene drive system they termed ‘maternal-effect 
lethal underdominance’ (UDMEL). Here the toxins are 
expressed maternally during egg-production, and it 
is the embryos that will die as a consequence unless 
they have the genes for the corresponding antidotes 
(Akbari et al. 2013). Males carrying the toxin genes 
will not express them. Tested in the model organism 
Drosophia melanogaster, UDMEL was the first engi-
neered threshold dependent gene drive system, and 
modelling suggesting a required release frequency 
of above 24%. Most papers published on under-
dominance drives however are solely theoretical 
papers, modelling both the thresholds and the mul-

tiple releases required for the payload gene to be-
come fixed in a population, or at least to be present 

temporarily. These models also attempt to predict 
whether reversals might be possible, what variables 
need to be taken into account, etc. These models 
look at different theoretical gene drive constructs 
with different genes (toxins, suppressors, antidotes 
or replacement genes) as well as combinations with 
different promoters that will make drive compo-
nents active either in females, males, adults or dur-
ing embryogenesis or other stages of development 
or in different cell types. 

Whilst the theoretical behaviour of underdomi-
nance has been run through various models and sim-
ulations, data from actual laboratory experiments is 
limited. Reeves et al. genetically engineered the fruit 
fly Drosophila melanogaster with a ‘one-locus’ sys-
tem, using an RNAi transgene for blocking a vital ri-
bosomal protein gene, but also adding an RNAi-re-
sistant version of the ribosomal protein gene as the 

Figure 6 
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(for allele t1)
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Figure 6:  Underdominance with toxin-antidote 
system. A set of two constructs where each con-
struct needs to be present to block (suppress) the 
production of a lethal toxin by the other. Combined 
they constitute an underdominance system, as, if 
only one is present, the carrier will die. The desired 
trait gene is here physically linked to the lethal gene 
and is thus part of the underdominance system and 
will become established in the population if released 
in sufficient quantities.
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‘antidote’ (rescue). In this system, offspring will not 
die but be weakened if they have only one under-
dominance construct. This experiment is viewed 
as a laboratory proof of concept for this particular 
type of drive, with potential for application in oth-
er species. However, it would “require releases to 
exceed an allele frequency of 61% in a given wild 
population”, making this approach impractical for 
large populations (Reeves et al. 2014, 6). 

A recent review on threshold-dependent gene 
drives divides underdominance into 4 subcatego-
ries, which includes CRISPRa (Leftwich et al. 2018). 
This mechanism does not use CRISPR/Cas9 as 
an RNA-guided homing-endonuclease gene drive 
mechanism, but rather uses a deactivated form of 
Cas9 (dCas9) that has been modified into a ‘trans-
activator’. The transactivator is capable of trigger-
ing the overexpression or the untimely (ectopic) ex-
pression of chosen genes, which results in the death 
of the organism (Waters et al. 2018). It is devised as 
a toxin-antidote gene drive system, currently under 
development. First experiments in D. melanogaster 
however evidenced that much more research and 
understanding is required (Waters et al. 2018).

Reciprocal chromosomal translocations

Reciprocal chromosomal translocations arise 
when a segment of one chromosome is exchanged 
with a segment of another, non-homologous, chro-
mosome. 

Already suggested by Serebrovskii in the 1940s, 
and put forward again by Curtis in 1968 (Curtis 
1968), translocations are considered a means to 
create, amongst others, underdominance systems 
that could replace current populations with mod-
ified ones that could for example carry refractory 
payload genes. It is only recently, that this approach 
has been taken up again, using genetic engineering 
methods and achieving translocation via chromo-
somal breakage and homologous recombination. 
Working with Drosophila melanogaster Buchman et 
al. reported the construction a high threshold drive, 
though also finding that further work is required 
(Buchman, Ivy, et al. 2018).  

4.3.3 Toxin-antidote based drives

These systems use combinations of toxins and 
antidotes to achieve an inheritance bias. If we use 
these terms ‘toxins’ and ‘antidotes’ in the broadest 
sense, such combinations could, for example, con-
sist of mechanisms to silence a vital gene (e.g. via 
RNAi), and then provide a replacement gene as an 
antidote that will not be silenced by the mechanism; 
or it could use a toxic protein neutralised by an en-
zyme, or by an RNA-based silencing mechanism, 
that will stop the production of the toxin. 

In order for such gene drives to work, the pres-
ence of the ‘toxin’ needs to create a serious disad-
vantage (e.g. death) that can only be remedied if the 
‘antidote’ is available. If the antidote is not present, 
the cell or organism will die. There are two main 
ways to achieve this: either by physically separating 
the genes for the toxin and the antidote so they will 
not automatically be inherited together; or by a time 
separation of the activities of the respective genes, 
combined with using a long durability toxin product. 
A payload gene could be tightly linked to the anti-
dote gene and thus achieve drive.

In the first case, if the toxin and antidote genes 
were placed on different chromosomes, it would be 
easy for an organism to just de-select the toxin gene 
and make it disappear from a population, thus halt-
ing the drive mechanism, something that could hap-
pen rather quickly. This theoretical model was put 
forward by Gould et al. in 2008 as the ‘killer-rescue’ 
system, regarding its weakness as a benefit (Gould 
et al. 2008). Suggested as a ‘self-limiting’ system, 
it would place a time limit to the lifespan of the 
drive, although the organisms genetically modified 
with both the rescue antidote and the payload gene 
would not necessarily vanish but possibly remain in 
the population. 

In a different form, the toxin-antidote system 
could also be utilised to achieve Underdominance 
(see above), in situations where the toxin is tightly 
linked to an advantage, for example, carrying an 
antidote for a different toxin. In that case, a toxin 
could be produced in females during oogenesis, 
i.e. during egg production. If this substance is toxic 
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only at a later stage, such as during embryonic de-
velopment, and if it is able to remain present into 
that stage of development, then only those offspring 
with the antidote gene will survive. In this scenario, 
the antidote gene would become active only in ear-
ly embryogenesis, counteracting the toxin and thus 
rescuing the embryo. Examples of this are the UDMEL 
underdominance design mentioned above and es-
pecially the Medea system detailed below, togeth-
er with other variations, such as inverse Medea, 
Merea, Semele and Medusa. 

Toxin-antidote components are found as part of 
other gene drive designs and systems, in particular 
underdominance and sex-ratio distortion. Increas-
ingly, CRISPR-based nucleases are incorporated as 
toxins in these theoretical designs, with modified re-
sistant genes added as the antidote.

a. Medea, Merea, inverse Medea and Semele

The following are all single-construct designs, 
meaning all genetic elements involved are tightly 
linked and transfer as a unit. All, with the exception 
of Medea, are theoretical designs.

Medea stands for ‘maternal effect dominant 
embryonic arrest’. It is a selfish genetic element, in 
which the female will make a toxin during egg-pro-
duction (oogenesis) that will lead to the death of the 
embryos--unless any of them has inherited a copy 
of the Medea element from its mother or father--as 
this also holds the antidote within the same element. 

This phenomenon was first discovered in the flour 
beetle Tribolium castaneum (Beeman, Friesen, and 
Denell 1992) and takes its name from Greek my-
thology, where Medea is said to have killed her own 
children (with ancient sources differing as to wheth-
er by intent or accident). 

In 2007, researchers from the California Institute 
of Technology, Pasadena, genetically engineered 
the first gene drive system, based on the principles 
of Medea, which is basically a toxin-antidote system 
(Chen et al. 2007). They did so in the model fruit fly 
Drosophila melanogaster. Using microRNA as the 
toxin to silence an essential embryonic gene (here 

Myd88), the antidote was the same embryonic gene, 
but modified with an altered sequence so it could 
not be silenced by the microRNA. 

At least according to the models, Medea is re-
garded as a strong drive system that could spread 
payload genes rapidly, so long as it is released at 
high frequencies and the fitness cost is kept low 
(Sinkins and Gould 2006; Akbari et al. 2014). Re-
cent laboratory experiments carried out with the 
spotted wing drosophila (D. suzukii), an agricultural 
pest in soft fruit production in California, confirmed 
the need for high release frequencies, and also 
showed in long term cage trials that selection for re-
sistance to the microRNA-based toxin being used is 
a concern (Buchman, MarshalI, et al. 2018).  

Different possible Medea variations have been 
suggested and modelled, e.g. (Akbari et al. 2014). 
In fact, there is a multitude of different systems 
inspired by these Medea principles, the closest of 
which are Merea, where the gene for the antidote 
is recessive, and inverse Medea, where the toxin 
is produced during early embryonic development, 
that is, unless the antidote was produced maternal-
ly during egg production (Marshall and Hay 2012b, 
2011). These are all theoretical designs used for 
modelling of engineered gene drives in order to see 
if, for example, payload genes would easily find 
fixation in a population, gene drives would be less 
invasive, or suppression could lead to population 
collapse. 

Semele is yet another design variant of Medea, 
except that in its case the toxin is produced during 
sperm development, so it is the father killing the off-
spring (Marshall et al. 2011). 

b. Medusa

Medusa is a two-construct design within the tox-
in-antidote system. It has not gone past the model 
stage and again is simply a theoretical design in-
tended for population suppression, in which a pop-
ulation crash might be kept to geographical limits 
(Marshall and Hay 2014).
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Medusa is made up of four components, two 
toxins and the two respective antidotes. One toxin 
and the antidote will be located on the X-chromo-
some, the second toxin with the antidote to the first 
will be located on the Y-chromosome. One without 
the presence of the other could therefore not sur-

vive. This system will thus select for individuals with 
both the transgenic X and Y chromosome, thus se-
lecting against females (XX); and, if initially released 
at a sufficiently high frequency, could bring the pop-
ulation to collapse.

5  Gene Drive categories and attributes, 
their limitations and risks

There are many ways to categorise and compare 
these various potential or theoretical gene drive sys-
tems. Depending on the purpose of such an evaluation 
or comparison, different attributes and parameters 
will be of importance. Some of these will largely be of 
interest to the developers, such as the ability (or ina-
bility) of each system to stably carry payload genes, 
or its susceptibility to resistance and inactivation. 

Naturally, a quite different selection or combi-
nation of attributes and parameters are considered 
when the main goal is to understand the risks to 
the environment, health or biodiversity, that are, or 
can be associated with, a particular (potential) gene 
drive system. Parameters of relevance here are such 
qualities as invasiveness, the potential for global 
spread, the speed of spread, the lack of reversibili-
ty or removability, horizontal gene transfer, and the 
potential for eradication (suppression) or alteration 
(replacement) of a population/species.

A fundamental difficulty presents itself when dif-
ferent gene drive systems are assessed within the 
various parameters. The main problem is that there 
is very little reliable data. Only a few gene drive sys-
tems currently have a proof of concept, and these 
are restricted to laboratory conditions and largely to 
laboratory strains (with the exception of Drosophi-
la suzukii). Many gene drive systems are merely at 
the design stage or in an early state of development 
and assessments of them are thus also largely theo-
retical. Whilst a gene drive system may have a spe-
cific design, current evaluations are based on the 
assumption that the gene drive system, once engi-

neered into a gene drive organism (GDO), will behave 
and perform as designed. Some will draw attention 
to this, like Champer et al. who state in their table 
1: “The characteristics listed here are variable and 
depend on a range of factors (for example, ecology 
of the target species, population distribution, move-
ment patterns, fitness costs, payload characteristics, 
and so on); therefore, only ideal-case scenarios are 
compared to emphasize intrinsic differences of the 
various types of drives.” (Champer, Buchman, and 
Akbari 2016, emphasis added). This means that, 
overall, we are actually talking about “potential gene 
drive systems” (a term used by numerous authors 
when presenting their assessments).

A major question relevant to biosafety is wheth-
er a particular gene drive system can be confined, 
once it has been released or has escaped into the 
wild--or if its design will favour uncontrollable 
spread, with potential global eradication or per-
manent genetic modification of the entire species. 
In the following we will briefly introduce gene drive 
categories that are relevant to this question: a.) 
threshold-dependent drives; threshold-independ-
ent drives and temporally self-limiting drives; b.) 
suppression (eradication) vs. replacement or mod-
ification; and c.) recallability and reversibility.

As far as these drives rely on CRISPR/Cas for its 
ability to cause a DNA breakage at the site of a spe-
cific target sequence, the systems are vulnerable to 
the development of resistance.
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5.1 Threshold-dependent, threshold-in-
dependent and temporally self-limiting 
drive systems

These categories have been given different 
names by different groups and authors. Min et al., 
for example, refer to these same categories as 
threshold, standard and self-exhausting drive sys-
tems (Min et al. 2018). We are using here the ter-
minology chosen by Marshall & Akbari in their 2018 
review entitled “Can CRISPR-based gene drive be 
confined in the wild? A question for molecular and 
population biology” (Marshall and Akbari 2018).

Predictions and statements made to date rely 
heavily on modelling, which again relies heavily on 
population biology, meaning that answers differ 
from species to species or even from population to 
population, as well as from ecosystem to ecosys-
tem. In fact, many more factors will come into play. 
Looking at threshold-dependent drive systems, 
Gould’s group found “that to determine the best 
method of spatial release, and the total number of 
engineered insects that must be released, it is im-
portant to take into account the age and sex of the 
released insects and spatial structure of the popu-
lation.” (Huang et al. 2011, 415).

Another major point is that of mating behaviour. 
Many models assume (implicitly) a deterministic 
representation of a randomly mating (panmictic) 
population (Edgington and Alphey 2018), which 
may well not reflect reality. Modelling outcomes 
will be different, if, for example, assortative mat-
ing (non-random) and polyandry strategies (female 
mating with multiple males) are taken into consid-
eration eg. (Bull 2017). Leitschuh points out that 
wild rodents will “exhibit mating strategies such as 
polyandry and assortative mating, …and have sea-
sonal population fluctuations…, while laboratory 
rodents have very controlled reproductive environ-
ments.” (Leitschuh et al. 2018, S132). There is real 
concern that sexual selection might develop against 
drive-carrying individuals: “The costs associated 
with drive create a benefit to avoiding mating with 
individuals carrying a driver, and thus preferenc-
es against driver carriers are expected to evolve…” 

26 Frequency here means the proportion that the released GDOs constitute as compared to the whole of the existing population.

(Lindholm et al. 2016, 322) – as found for example in 
stalk-eyed flies (Johns, Wolfenbarger, and Wilkin-
son 2005, Cotton et al. 2014) or in mice carrying 
the t-complex (Manser, Konig, and Lindholm 2015). 
The mechanisms behind this are not understood.

It is important to remember that any predic-
tions and assumptions made about gene drives and 
GDOs are most likely not realistic. 

Threshold-dependent drive systems 

Depending on its frequency26 level when being re-
leased, this category of drive will spread into a popula-
tion and achieve fixation, unless it is below the thresh-
old frequency, in which case it will quickly vanish from 
the population (Davis, Bax, and Grewe 2001, Min et 
al. 2018). The determining factor here is quantity.   
Examples are engineered underdominance, Medea, 
or autosomal X-shredder (see Table 2).

According to some models, this drive category 
offers local confinement with local fixation. It is be-
ing argued that the dynamic assumed in simple pop-
ulation models may not hold true in the wild. Mar-
shall and Akbari state, “…whether this holds true 
or not depends crucially on the dispersal patterns 
and population structure of the species being con-
sidered.” (Marshall and Akbari 2018, 426). There 
may well be numerous other hurdles to this cate-
gory functioning as intended, for instance selective 
mating behaviour. 

‘Dilution’ has been suggested as a ‘remedy’ to 
counteract the drive and its effects, but that would 
necessitate a large-scale release of wild specimens 
(see ‘reversibility’ below).

Threshold-independent drive systems 

This category of drive does not require a specif-
ic minimal frequency for its proliferation. Instead, it 
can spread from an initially very low occurrence. It 
is characterised by high invasiveness and high risk 
of spreading throughout populations, affecting a 
targeted species and its linked ecosystems globally. 
As mentioned above, this category is also referred 
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to as ‘standard’, with other researchers also calling 
it a ‘self-sustaining drive, or a ‘global drive’ (Del-
borne et al. 2018) as well as ‘global drive system’ or 
‘global gene drive’ (Noble et al. 2016).

For example, the engineered homing endonu-
clease drives, especially the CRISPR/Cas based 
homing drives, and the Y-linked X-shredder are all 
threshold independent gene drives (see Table 2).

Whilst there exist proof of concept from labora-
tory experiments for some of these, it is not clear 
at all whether or how this will perform in the wild. 
Success is debatable, but the risks of negative im-
pacts are not; they are indisputably serious. It is in 
this context that a number of researchers are clear-
ly indicating that this category of drive should not 
be attempted or released into the wild unless it 
can be stopped from spreading and reversed. One 
statement reads: “Before robust and efficient hom-
ing-based gene drive systems can be implemented 
in the wild, tools are required to remove the effector 
gene and possibly the entire drive system from the 
environment in the event of unwanted consequenc-
es.” (Marshall and Akbari 2018, 427).

There are no such tools or countermeasures cur-
rently available, and none of the current conceptual 
models are capable of even hypothetically restoring 
the populations to a non-GM (and non-GD) popu-
lation.

Temporarily self-limiting drives:  

This category is highly theoretical, and con-
ceptual models such as the so-called ‘daisy chain 
drive’ will be described in Section 6. To summa-
rise, the idea behind this category is that a synthet-
ic drive can be designed that will stop functioning 
after a given number of generations, for example 
by including elements with Mendelian inheritance. 
Whilst some suggest such drives will therefore be 
transient, others counter this optimism, stating, 
among other points, that this will largely depend on 
the fitness cost. For example: 

“For payloads that incur relatively low fitness 
costs (up to 30%), a simple daisy-chain drive is 

practically incapable of remaining localized, even 
with migration rates as low as 0.5% per generation.” 
(Dhole et al. 2018, 794)

Due to its theoretical time limitations and Men-
delian non-drive component, there is a mistaken as-
sumption that this means it will not be able to spread 
outside the target population. This result again is, 
entirely dependent on fitness costs (e.g. Dhole et al. 
2018), as well as on biological and behavioural fac-
tors in a target population, such as dispersal rate. 

5.2 Suppression (elimination/eradication) 
vs modification 

Suppression drives are intended to reduce or 
eliminate a population. If combined with a thresh-
old-independent drive, they may spread to a global 
scale and result in the eradication of an entire spe-
cies. This may particularly become the case if the 
drive system itself has a low intrinsic fitness cost 
and no resistance develops to the drive (Champer, 
Buchman, and Akbari 2016).

Modification drives are intended to spread spe-
cific traits through a population, for example with 
the aid of payload genes. Again, if linked to thresh-
old-independent global drives, and if it overcomes 
resistance problems, this may genetically modify an 
entire species. Modification drives are sometimes 
referred to as ‘alteration drives’, and occasionally 
as ‘replacement drives’. The latter is problematic 
though, as it is not quite accurate here and it con-
fuses the issue with population replacement seen 
for the underdominance system. Such replacement 
would strictly mean to replace one population with 
the other, without those populations mixing, or 
without relying on the spread of the modification via 
homing-CRISPR/Cas9 drives. Replacement would 
require a large scale release of a modified popula-
tion reared in laboratories and cages.

5.3 Removability and reversibility

The inability to predict the behaviour and con-
sequences of a gene drive once it is released has 
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Threshold-
dependent

Threshold- 
independent

Temporally 
self-limiting

Intended as 
Suppression 
drive (eradi-
cation)

Modification /
replacement with 
payload gene (PLG)

Confineability

Transposable 
Elements

- yes - Probably not (*1) no

HEGs - yes yes Maybe (in theory - 
with tightly linked 
PLG

no

CRISPR-HEG - yes yes Maybe (in theory – 
with added PLG

no

autosomal 
X-shredder

yes - yes - medium-high 
(Mendalian  
inheritance)

Y-linked 
X-shredder

- yes yes - no

T-haplotype - yes yes yes no
Medusa yes - yes -
Medea yes - yes, theoretically 

(esp. if PLG is placed 
between toxin & 
antidote genes)

Engineered 
Transloca-
tions

yes - yes yes (though 
can replace 
population)

Engineered 
Underdomi-
nance

yes - yes depends on 
design & threshold

(toxin-anti-
dote) killer- 
rescue

yes - yes

Theoretical:  
(Daisy) 
Chain-Drive

(can in 
theory be 
engineered 
for that)

in theory hypothetically not necessarily

 

Table 2: Comparison of potential gene drive systems. 
Please note, all table entries are not based on actual 
studies in the field, but are based on modelling in 
combination with laboratory findings or deductions. 
The entries thus largely reflect the potential if the 
specific gene drive system were to succeed in work-
ing as envisaged. 

The table shows that hardly any gene drive sys-
tem is confinable, with the potential exception of 

high-threshold lethal underdominance systems, 
which though whilst they may not mix with and 
spread into wild populations, would push them 
back and replace them. 

(*1) large transposons will commonly not jump 
easily, and transposons are regarded as having a 
tendency to lose components and be mutated by 
host organism. PLG: payload gene.
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led many researchers and scientists to call for the 
requirement that gene drives be stoppable and re-
versible, e.g. (Marshall and Akbari 2016) – at the 
very least in initial testing phases.

Given their potential to modify entire ecosys-
tems27, the ability to stop and remove a gene drive 
system is seen by many as a necessary or at least 
highly desirable prerequisite for any release of a 
gene drive organism. This is particularly the case 
for any releases in the trial phase, where it is being 
highlighted as a ‘must have’. 

It is important to understand here that frequently 
a crucial distinction is being made between ‘remova-
bility’ and ‘reversibility’, which differentiates between 
sequence reversibility and trait reversibility (Min et al. 
2018). ‘Removal’ here means the ability to restore the 
population to its original wild-type state. In the case 
of high-threshold gene drives the suggested means 

27 In Champer et al. 2016 its reference 40 & 41.

to attain this is the large-scale release of wild-type 
organisms , which in itself is a serious challenge and 
may not be possible. ‘Reversal,’ however, is to genet-
ically counteract and to block, disable or neutralise a 
gene drive system once released or escaped into the 
wild, by releasing an additional second gene drive as 
a “reversal drive”. This measure, however, does not 
mean that the original population will be reinstated. 
Crucially, Champer et al. point out: “Of note, despite 
their name, reversal gene drives do not restore the 
original modification to the wild type; rather, they 
induce further changes that may undo a phenotypic 
alteration caused by the initial gene drive.” (Cham-
per, Buchman, and Akbari 2016, 148). In short, this 
means there are additional biosafety concerns to be 
addressed for “reversibility”.

It is important to note that some authors are not 
making this separation and may refer to both as ‘re-
moval’ (Marshall and Akbari 2016).

6 Real problems and the search for safety
 In July 2017, the U.S. Defense Advanced Re-

search Projects Agency (DARPA) announced a signif-
icant programme of research, named ‘Safe Genes’, 
that gives insights into concerns in the wider re-
search community about the potential for irreversi-
ble and global effects from the use of synthetic/en-
gineered gene drives. The programme itself directs 
considerable funding towards proving methodolo-
gies that might address these risks, to achieve “spa-
tial, temporal, and reversible control of genome ed-
itors [including gene drives] in living systems” and 
to “eliminate unwanted engineered genes from sys-
tems and restore them to genetic baseline states” 
(DARPA 2017).

Reading this not through the perspective of a goal, 
but as a clear reflection of the real safety problems 
involved, and in particular (although not only) for the 
CRISPR/Cas9-based homing drive, it makes clear (to 
paraphrase) that: We do not know, nor do we have 

the technical tools, to reliably stop gene drives from 
spreading and being active once in the wild. There 
is no spatial or temporal control system or mecha-
nism that has any demonstration of proof of concept. 
It further states that once the (genetic) changes have 
occurred in the wild there are no tools or mechanisms 
for undoing this, i.e. for reversing it and restoring a 
living system back to its genetic baselines. 

Synthetic gene drives, and not uniquely but in 
particular CRISPR/Cas9-based homing drives, are 
very potent instruments, with potentially serious and 
significantly negative, even devastating consequenc-
es for biodiversity and ecosystems. These issues of 
lack of control over an instrument and of its technical 
limitations have already come up in previous sections 
of this chapter and are of deep concern to many. 

In the following we will give some examples of 
CRISPR gene drive concepts and designs that have 
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been proposed as possibly providing some answers 
to the above concerns – should they themselves be 
made to work and be shown to work predictably. 
These examples are either DARPA-funded projects 
or related research.

6.1 Restrictive Gene Drives: (daisy) chain 
drives, split drives and global vs. local 

The ‘daisy drive’ is a theoretical gene drive tech-
nology proposed by Kevin Esvelt, that theoretical-
ly would only ‘drive’ a gene into a population for 
a certain number of generations, and which is thus 
described as ‘temporally self-limiting’.

It is a variation on a CRISPR/Cas homing drive 
described in detail by Noble et al., where the differ-
ent elements have been split up and spread across 

different chromosomes (Noble et al. 2016). In fact, 
the principle is quite simple. 

There are three separate elements: element A: 
a payload gene that is inserted into location (L-a); 
element B: a gene coding for a CRISPR-based endo-
nuclease designed to cut the DNA at location (L-a) 
and itself inserted at location (L-b); finally element 
C: a gene coding for another CRISPR-based endo-
nuclease, here designed to cut the DNA at location 
(L-b) and itself inserted at location (L-c). All these 
elements can function in a chain-like manner: ele-
ment A (the payload gene) needs a helper to achieve 
drive and to get itself copied to its ‘home’ location 
on the homologous chromosome; element B will be 
that helper, in that it cuts the DNA at the spot ele-
ment A needs to be copied into; yet element B also 
requires a helper to achieve drive, which will be el-
ement C. The only element that cannot obtain drive 
in this design is element C, which will be passed on 

Figure 7: Design of Daisy Chain Drive.  In a Dai-
sy chain no drive element works on its own. It is a 
series of split drives; the guide-RNA for A is placed 
in construct B, and the guide RNA for B is placed 
in construct C. Thus, in a chain, A needs B, and 
B needs C.  The last element in the chain, here C, 

does not have a drive and will thus not be copied 
across to the homologue chromosome. Instead it 
will be passed on in a 50:50 ratio. Thus gamete a 
(e.g. sperm) will have a full daisy-chain, whilst gam-
ete b lacks construct C, and thus the ability to drive 
the next element. 
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according to Mendelian Law. So, if a certain num-
ber of such gene drive organisms are released that 
are homozygous for all three elements, i.e. where 
all elements are present twice, then there will be 
drive for A and B but not for C. Once C gets thinned 
out in the following generations, then there will be 
reduced drive for element B, which will ultimately 
result in a loss of drive for element A. 

If however recombination takes place between 
the gRNA of C with A, then this “could create a 
“daisy necklace” capable of self-sustaining global 
drive.” (Noble et al. 2016)

‘Daisy-chain drive’ is one of the potential method-
ologies being proposed which can supposedly limit 
the geographical spread of a gene drive and its trait(s), 
and so is portrayed as a potential means of alleviating 
concerns about gene drives uncontrollably spread-
ing through a whole global population. No proof of 
concept of this technology has yet been published, 
though Esvelt’s team has secured significant funding 
to attempt to achieve their goal of such a local and 
reversible daisy-chain drive (DARPA 2017). 

Whilst it is referred to as a ‘local’ drive by its de-
signers, this may actually be somewhat misleading, 
as it is designed as a drive with temporal limited 
spread, a so-called ‘self-exhausting’ drive.  Mod-
elling studies carried out by researchers at North 
Carolina State University, Raleigh, suggest that 
there are flaws in this chain-drive concept once it 
is exposed to interbreeding with neighbouring pop-
ulations. As mentioned previously, they concluded 
that daisy-chain will not be locally contained unless 
fitness costs are above 30% and migration rates are 
below 0.5% per generation (Dhole et al. 2018).

Furthermore, modelling studies also show that, 
should the drive perform as planned, a payload 
gene which has a 10% fitness cost may readily reach 
fixation in a population with an introduction frequen-
cy of as little as 3% (Dhole et al. 2018). There is also 
the potential for the genetic modifications, includ-
ing payload gene, to spread more widely via normal 
Mendelian inheritance through the interbreeding of 
linked populations, depending on fitness costs.

A serious technical hurdle is the potential for 
rapid emergence of resistance, as two different 
CRISPR/Cas homing drives must be active for this 
drive design to work, and not just one, though the 
authors hope that the use of multiple sgRNAs may 
help the situation.

Split drives & synthetic target site drives

Concerns about accidental escape of GDOs 
from laboratories, transport or cage trials into the 
wild are shared by many, especially in terms of 
CRISPR-based homing drives. Given the possibil-
ity of human error or unforeseen natural events, 
Champer and his colleagues point out that relying 
on physical containment solely is insufficient and 
note: “Since very few escapees can establish an ef-
fective drive in a population (Unckless et al. 2015; 
Noble et al. 2018; Marshall and Hay 2012[a]; Mar-
shall 2009), additional safety measures should be 
employed in any experiments with drives potentially 
capable of spreading indefinitely.” (Champer et al. 
2019, 3). Both split drives and synthetic target site 
drives have thus been designed for this particular 
purpose, namely to add an additional layer of safe-
ty to experimentation with GDOs in the laboratory 
(Akbari et al. 2015; Champer et al. 2019). 

In a split drive the endonuclease (Cas9) is phys-
ically separated from the drive construct (the guide 
RNA and potentially a payload gene), and both need 
to be present for drive to occur. In this system, the 
endonuclease is inherited according to Mendeli-
an Law. A synthetic target site drive is designed to 
recognise a DNA sequence that has previously been 
added to the laboratory strain through genetic engi-
neering but that will be absent in wild populations. 
Both these designs have recently been tested in the 
model insect Drosophila melanogaster (Champer et 
al. 2019).

Whilst this is a good step for increasing the safe-
ty of laboratory experimentation, it should be a 
binding requirement, and not a voluntary approach 
taken by some. 
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6.2 Gene Drives targeting geographic 
sequence variants 

An alternative proposed means of limiting the 
spatial range of a gene drive is to identify geograph-
ic variations in genome sequences, and target a 
gene drive to such particular variants. Also funded 
by DARPA (DARPA 2017), this strategy is being ex-
plored by teams developing gene drives in mosqui-
tos (Wood 2017), mice and feral cats (AWC 2018), 
but again, no proof of concept in a laboratory has 
yet been published.  Furthermore, unless the target 
gene is a highly conserved and essential gene (see 
Kyrou et al. 2018), resistance is bound to arise. Still, 
a highly conserved and essential gene would com-
monly have the same sequence across the whole 
species or even species group, thus being able to 
leak the gene drive quickly into the wider popula-
tion. This leaves this approach clearly at the hypo-
thetical stage.

6.3 Gene Drive ‘catchers’ – ideas and  
approaches for ‘anti-gene drive’-drives 

The question of how to counteract a gene drive, 
whether it is a drive which behaves in unforeseen 
ways, has unpredicted negative impacts, is an unin-
tended release, or is used maliciously, is evidently a 
key concern in the research and development com-
munity. The theoretically most plausible method if it 
can’t be countered with CRISPR inhibitors28, which 

28 A separate DARPA funding stream with in the ‘safe genes’ program

seems somewhat of an unlikely strategy at eco-sys-
tem scale, then perhaps the only imaginable strat-
egy for counteracting a gene drive is to release a 
second gene drive to ‘catch’ it, an ‘anti-gene drive’. 
DARPA is clearly aware of this and is directing fund-
ing to developing “drives that can overwrite every 
copy of a ‘rogue’ gene drive” (Esvelt 2017) through 
their $65 million ‘Safe Genes’ research programme. 
Again, no proof of concept in a laboratory has yet 
been published.  

6.4 ‘Immunising’ drives 

A yet different idea is that of target prevention. 
In the case of an unwanted or problematic CRISPR/
Cas-based homing drive being ‘on the move’, the 
idea would be to release a separate synthetic gene 
drive that could over-write the target sequence of 
the first gene drive, thus ‘immunising’ the popula-
tions (Esvelt et al. 2014). This would be an approach 
that relied on genetically modifying a wild popula-
tion with, once again, unforeseeable consequences. 
It is for example unclear what the implications are 
of leaving active Cas9 constructs/endonucleases 
in a population, and whether that might produce a 
background toxicity or give rise to off-target effects. 
Equally it is not understood what the chances are 
of accidentally arriving at an equilibrium between 
two counteractive gene drives and its possible con-
sequences. (Vella et al. 2017). Again, no proof of 
concept in a laboratory has yet been published. 

7 Summary and conclusions
As discussed in this chapter, gene drives are de-

fined as a genetic element or mechanism that im-
poses a greater than 50% inheritance rate of itself or 
an associated trait, even if this inflicts a high fitness 
cost on the organism. Such elements and mecha-
nisms have been found or observed in nature, and 
their roles are as yet not really understood. Termed 
‘selfish genetic elements’ from early on, some of 

these, for example the over-replication ability of 
transposable elements, are increasingly regard-
ed as vital components for genome evolution and 
even speciation (Biemont 2010). John H. Werren 
for example noted: “The story that is emerging in-
creasingly supports a central role of SGEs [selfish 
genetic elements] in shaping structure and function 
of genomes and in playing an important role in such 
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fundamental biological processes as gene regula-
tion, development, evolution of genetic novelty, and 
evolution of new species.” (Werren 2011, 10863). 
In fact, the study of these elements and the pro-
cesses involved are now contributing to an emerging 
re-think of what a genome is and how it interacts 
with its environment. (Werren 2011; Lindholm et al. 
2016).

The origin and design of synthetic - or engi-
neered – gene drives is based on these genetic ele-
ments and mechanisms found in nature. There are 
basically two main categories of gene drives. The 
“over-replicators” actively pursue their own mul-
tiplication within a species by copying themselves 
directly across to the genomes of the next gener-
ation without passively awaiting their distribution 
during sexual reproduction according to Mendeli-
an Law. These are the transposable elements and 
the homing endonuclease genes (homing drives).  
Then there are the ‘transmission distorters’, that 
will seriously disadvantage or eliminate ‘competi-
tors’, such as sibling gametes or embryos that did 
not inherit the specific genetic element (e.g. some 
sex ratio-distorters), or that will weaken or kill the 
developing organism if an element is not inherited 
from both parents (underdominance drive). A major 
instrument with the genetic ability to kill rival cells is 
the toxin-antidote mechanism, which can be used in 
almost any transmission distorter system. 

There are real complexities involved in the dif-
ferent mechanisms and systems described in this 
chapter. To imagine and build functional synthet-
ic gene drives has long eluded the abilities of re-
searchers. This changed completely with the arrival 
of the genome editing tool CRISPR/Cas9. This ver-
satile endonuclease is currently being employed in 
almost all categories of gene drives. Whilst it can be 
used as a ‘toxin’ in the toxin-antidote mechanism, it 
is most prominent in the CRISPR/Cas-based homing 
drive (also known as the RNA-guided homing drive), 
and the CRISPR/Cas-based ‘X-shredder’, both of 
which quickly attained proof of concept in labora-
tory settings with model organisms.

The arrival of CRISPR/Cas thus seemed like a 
breakthrough, making gene drive construction ap-

pear simple and easy, and with this came many 
claims, hopes, dreams, promises and projections – 
and funding. At the same time, the discussion began 
to focus on the risks, complexities and limitations 
that were rapidly emerging from the research.

What follows is just a summary of concerns that 
voiced in the literature as well as at the CBD and 
other bodies. For example it was recognised from 
early on that the concept of the CRISPR/Cas-based 
homing drive, one of the most advanced and potent 
systems so far developed, poses major risks pre-
cisely because it is a global gene drive, because it 
is self-sustaining and thus threshold-independent. 
Its potential power to eliminate or modify means 
that there is no room for errors in the technology 
or for unintended effects on the target species or 
the ecosystem into which it is released. There is also 
no room for accidental escape from labs or cages, 
unintended spread, or crosses into closely related 
species, nor for a spreading payload gene to turn 
out to be problematic in the wild, or change a spe-
cies such that it becomes invasive, a stronger or dif-
ferent pest or vector. There must also be no nega-
tive impacts on the resilience of ecosystems, or on 
biological diversity including agricultural biodiversi-
ty, food systems or human health, livelihoods, and 
cultural practices of indigenous peoples and local 
communities. 

As pointed out, research is also revealing seri-
ous limitations and malfunctions to this technology, 
such as its inefficacy in many organisms, the rapid 
emergence of resistance, off-target effects, irrevers-
ibility and the impossibility of containment or recall 
once released. In view of both risks and limitations, 
this technology as it stands is not fit for application. 

So are these issues being addressed? Major ef-
forts are being undertaken to circumvent or over-
come resistance. The other issues, so far, are stuck 
at the stage of theoretical models and designs, such 
as the various daisy drive designs, or the ‘anti-gene 
drive’-drives, e.g. immunisation drive, reversal 
drive, drive catchers. 

All these efforts are still lacking proof of con-
cept and often merely exist in computer modelling, 



Chapter 1: What are Gene Drives? 59

which carries its own limitations. It is, however, 
important to recognise that, as the technology de-
velops, so new problems and challenges emerge, 
requiring new layers of ‘solutions’, which in turn 
carry their own risks and limitations, and add to the 
overall complexities involved in assessing both per-
formance and impacts of proposed applications.

It also applies to other gene drive systems with 
proof of principle that are being followed up, such 
as the CRISPR/Cas-based X-shredder (a potential-
ly self-sustaining drive system), underdominance 
(Buchman, Ivy, et al. 2018) and Medea (Chen et al. 
2007; Buchman, MarshalI, et al. 2018), which will 
also have their own limitations and risks.

Whilst this, our report’s first chapter, has looked 
at the technical and technological aspects of gene 
drives and related elements, it is still impossible to 
say very much about either the actual performance 
or the potential impacts of release under real life 
conditions, e.g.: on high genetic variation in wild 
populations, or on interactions with other species 
and response to the complexities of ecosystems. 
The behaviour of gene drives and gene drive or-
ganisms in such settings may be very different from 
laboratory experiments and modelled predictions, 
thus adding an extra layer of risk whose nature and 
gravity may be impossible to accurately predict in 
advance.
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1  General introduction
Gene drives are genetic elements that are able to 

override the rules of inheritance.  When genetically 
engineered and linked to a biological function, they 
are intended to be used to modify, and in some cir-
cumstances, eradicate, a whole population or even 
an entire species. This idea has largely remained 
just a theory until quite recently. With the arrival 
of the genome editing tool CRISPR/Cas9, the field 
of gene drives and the ability to eliminate unde-
sired species and wild populations got a big boost.  
CRISPR/Cas-based gene drives were first proposed 
in 2014 (Esvelt et al. 2014) and the proofs of prin-
ciple came swiftly, published in 2015 and 2016 for 
fruit flies (Drosophila), yeast and two species of 
mosquitoes (Anopheles stephensi & Anopheles gam-
biae) and in 2018 for mice. Gantz and Bier called it 
a “mutagenic chain reaction” when they delivered 
the first laboratory proof of principle (2015), show-
ing that the genome editing tool CRISPR/Cas could 
in theory be turned into a self-spreading gene drive 
that might be capable of altering or eliminating wild 
populations or potentially whole species (Gantz and 
Bier 2015). Yet laboratory experiments picked up a 
flaw in this method – the emergence and build-up 
of ‘resistance’ to CRISPR/Cas, capable of stopping 
the functioning and spread of the gene drive, as dis-
cussed in Chapter 1. Crisanti’s team applied a dif-
ferent strategy, which by targeting highly preserved 
(conserved) genes, proved capable for the first time 
of completely crashing caged populations of the 
mosquito Anopheles gambiae in laboratory set-
tings (Kyrou et al. 2018a). This strategy, however, 
comes with heightened new risks of the gene drive 
mechanism spreading beyond the target species, 
as such genes are often highly conserved across a 
whole species group.  Hybridisation (cross-breed-
ing) within these groups would move the gene drive 

and its action into closely related species, a distinct 
possibility for the Anopheles gambiae complex. 
Whilst this strategy might have overcome the resist-
ance problem in this particular instance, it has to be 
noted that caged experiments do not address the 
complexities of how species will actually respond in 
the real world.

Other strategies and designs of CRISPR/Cas-
based homing gene drive strategies are being devel-
oped under DARPA (US Defense Advanced Research 
Projects Agency) funding, and different non-homing 
gene drive systems and applications are also under 
development, utilising for example MEDEA (e.g. for 
fruit flies), t-haplotype systems (mice) or X-shredder 
(e.g. mosquito) (see Chapter 1 for technical details).

Gene drive organisms and gene drives are clear-
ly not just research interests and research projects 
on their own – they include the clear intention of 
application. This is revealed by significant factors: 
the large sums of funding being provided; the cate-
gorisation into fields of applications found in many 
reviews and reports, e.g. the report by the Nation-
al Academy of Sciences, Engineering and Medicine 
(NAS 2016); the rationale presented in scientific 
papers published by research groups; the substan-
tial budgets for public and policy engagement in 
DARPA-funded gene drive projects; and the general 
benefit-focused portrayal in the media.

With such a strong application and benefit mind-
set and focus on “deployment”, there seems to 
be little room for crucial critical reflections, which 
should include:  looking dispassionately at the real 
risks of this powerful technology; being clear about 
the fact that the claimed benefits are largely only 
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hypothetical and at best potential benefits, as none 
of them have undergone a scientific, and socio-eco-
nomic, robust and transparent benefit analysis and 
assessment; taking note that there is no methodolo-
gy in place for such needed assessments; taking time 
to investigate the spectrum of other solutions and 
approaches that might be cheaper or safer; trying 
to isolate and then address the underlying causes to 
the problems gene drives are supposed to address, 
which might actually require very different solutions; 
and finally, attempting to determine where the best 
answers to all these questions might lie - which may 
not always be with science and technology.

It would be problematic and inappropriate to 
view the use of engineered gene drives as some kind 
of a self-replicating, self-spreading, target-specific 
“pesticide”, to be readily ‘applied’ or released to at-
tack any pest, disease vector, invasive species, un-
wanted or disliked species or nuisance populations; 
and yet that tendency is already present in media 
coverage and in promotional claims.  Such a view of 
usage demonstrates an unwarranted sense of famil-
iarity with, as well as a misconception of, what en-
gineered gene drives are. We are talking about liv-
ing organisms, living and highly interactive systems. 
We are talking about completely new and unknown 
numbers and levels of risks and impacts.

Gene drives - in particular CRISPR/Cas-based 
homing drives - are a technology which gives hu-
mans the potential to intentionally (or unintentional-
ly) re-engineer whole ecosystems, perhaps altering 
or wiping out wild populations of various species 
across vast regions. If they are deployed, that is, 
released into the environment, there is no doubt 
there will be impacts.  These include impacts on bi-
odiversity, which is already in unprecedented and 
rapid decline (Ceballos, Ehrlich, and Dirzo 2017; 
Sanchez-Bayo and Wyckhuys 2019; FAO. 2019); 
impacts on ecosystem functions and services, in-
cluding agricultural systems, at a time when many 
are already at the point of collapse; there will be 
co-evolutionary responses of pests and associated 
pathogens and parasites; and the disruption, unbal-
ancing and shifting of ecosystems in unpredictable 

1 See tables and special studies for references.

ways, which may not only be triggered by the sup-
pression or elimination of a population or species or 
by the alteration of their traits, biological functions 
and behaviour, but also from the engineered gene 
drive moving or crossing to other species.  For ex-
ample, the mosquito species Anopheles gambiae is 
known to cross with other closely related species, 
such as A. quadriannulatus or A. arabiensis, both 
in the laboratory and in the wild, resulting in hybrid 
offspring with fertile females and at times also fertile 
males (Coluzzi, Sabatini, Petrarca, and Dideco 1979).

There will also be consequences from the tech-
nology not working as expected, or from it working 
differently than expected. This has been discussed in 
Chapter 1 and will also be considered in Section 3 on 
risks and risk assessment at the end of this chapter.

Suggestions for proposed gene drive applica-
tions cover a wide range and extend across plants, 
animals and fungi. To date, they include mice, rats, 
fish, birds, insects (e.g. various mosquitoes, flies, 
beetles, hornets, etc.); also spiders, feral cats, 
snails, nematodes, plants such as pigweed (Am-
aranth) and horseweed; and finally the phylum of 
fungi.1

In order to understand the risks and identify the 
hazards of of gene drive organisms (GDOs), a cat-
egorisation into areas of application or envisaged 
potential benefits is of little help. Gene drive appli-
cations are frequently categorised into three areas: 
Public Health; Ecosystem Conservation (including 
combating alien invasive species); and Agriculture, 
mostly regarding pests, weeds, and diseases. An-
other category however, is military use; the poten-
tial weaponising of gene drives is commonly covered 
under the topic of “dual use”, as the knowledge cre-
ation and technological capacities achieved in civ-
il research and for civil application can equally be 
used or misused for intentionally harmful purposes, 
including military ones. When looking at potential 
dual use scenarios, the US National Academy of 
Sciences (NSA) argues in their 2016 report on gene 
drives: “Yet, with a better understanding of the ba-
sis of mosquito—pathogen interactions, it is not in-
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conceivable that rather than developing a resistant 
mosquito, one could develop a more susceptible 
mosquito capable of transmitting a specific path-
ogen more efficiently than wild-type mosquitoes. 
It might even be possible to develop mosquitoes 
that could transmit a pathogen that is not normally 
vector-borne, or that could even be able to deliv-
er a toxin.” (NASEM 2016, 161) There are in fact 
many scenarios one could conceive of, especially 
for insects, given the recent research advances in 
that field. Whilst spreading toxins and diseases to 
humans, livestock or plants is a serious prospect, 
it would be of equal concern to intentionally weak-
en or eliminate beneficial insects. The US National 
Academy of Sciences hence states in its conclu-
sions: “Governance mechanisms need to be in place 
to address questions about the biosecurity implica-
tions of gene drive research and consider develop-
ing mitigation strategies that are not dependent on 
the underlying technology.” (NASEM 2016, 171).

Such categorisations into fields of application 
does not only move the idea of benefit into the fore-
ground, but also inadvertently raises sets of con-
cerns and questions other than those necessary to 
identify hazards and understand risks. The former 
will look at questions related to doability, efficiency, 
reliability and simplification, that is, getting the gene 
drive to work despite or irrespective of environmen-
tal and ecosystem complexities; or to ideally creat-
ing a gene drive system that is easily transferrable to 
multiple species, e.g. to different insects that have 
become agricultural pests that could be new gene 
drive targets, (see for example criteria in (Marshall 
and Akbari 2016)).

Therefore, three points arise: Which categories 
are helpful to open up and reflect issues of hazards 
and risks? What questions need to be asked, and 
what kind of knowledge is required to answer them? 
Finally, is the experience we have with GMOs suf-
ficient to deal with GDOs, or are there substantial 
differences?

Looking at the current experience with releases 
of approved GMOs (see Table 1), the vast majority 
are highly domesticated and uniform crop plants, 
as well as some trees and ornamental flowers. They 
are being released into simple, highly controlled 
(agricultural) and managed environments and are 
not intended to spread. Nonetheless, outcrossing 
and gene flow are regarded as serious problems and 
contamination incidents are frequently reported, 
such as for oilseed rape (Friesen, Nelson, and Van 
Acker 2003; Hecht et al. 2014), Maize in Mexico and 
South Africa (Pineyro-Nelson et al. 2009; Iversen et 
al. 2014) or for rice, alfalfa and creeping bentgrass 
in North America (Sharratt and Chopra 2019). With 
regard to GM animals, all are intended for rearing in 
enclosed systems, with strict containment require-
ments. The only open release of GM animals has 
been a few sterile GM insects, again not intended 
to spread, but instead incapacitated from doing so.

In contrast, GDOs will not be domesticated and 
uniform but genetically and behaviourly diverse. 
They will be released into open, wild, uncontrolled 
and highly complex environments. Unlike plants, 
most of them – especially insects - are highly mobile 
and are intended to spread and cross-bread, thus 
resulting in intentional contamination of wild popu-
lations and ecosystems.

Table 1: GM crops and GM animals that have gained approval in at least one country (source for plants: 
ISAAA 2019)

GM crops GM trees GM flowers & grasses GM animals GM insects
Predominantly:
Cotton, Maize, Oilseed rape  
(canola), Soya bean 

Also approved: 
Alfalfa, Bean, Eggplant, Flax, 
Melon, Potato, Rice, Safflower, 
Sugar, beet, Sugar cane, Sweet 
pepper, Tobacco, Tomato, Wheat

Apple, Papaya, 
Plum, Eucalyptus, 
Poplar

Creeping Bentgrass, 
Carnation, Petunia, 
Rose

In containment:
Pigs, Goats, 
Salmon, Mice  
(for research)

For release:
Mosquitoes 
(sterile), Pink  
Bollworm 
(sterilised) 
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Suggestions about using regular GM risk as-
sessment and risk management methodology with 
this new technology displays a misconception of 
what engineered gene drives and GDOs are.  The 
most advanced engineered gene drives to date are 
CRISPR/Cas9-based gene drives (including homing 
drives). Being equipped with an active CRISPR/Cas9 
machinery that genetically modifies each individual 
anew in vivo in the wild allows for multiple chang-
es to occur that cannot be predicted or assessed 
in the laboratory. The release of such GDOs into 
complex interactive systems2 is equivalent to intro-
ducing one complex system into another, even more 
complex system, the environment (Bar-Yam 2002).  
In systems theory, the result would by definition be 
unpredictable, or nearly impossible to compute; 

2 A system that can be analyzed into many components having relatively many relations among them, so that the behavior of each component de-
pends on the behavior of others. [Herbert Simon]” https://www.informatics.indiana.edu/rocha/publications/complex/csm.html
3 “A central feature of a complex system is that attempting to understand it by breaking it down into smaller parts and studying those parts in isolation 
is likely to fail. Although any scientific endeavor must simplify a system in order to study it, the complex system itself cannot be simplified—it takes on 
its characteristics from the whole.” (Vandermeer and Perfecto 2017, 698)

and assessing gene drive risks thus ascends to an 
unprecedented and potentially intractable level of 
complexity.3  This is one reason that we are suggest-
ing a different categorisation, namely one guided 
by taxa and ecological ‘ranking’, focussing both on 
the individual species, with all knowledge required 
(including its ecological role, linkages and intercon-
nections), as well as on each of the complex ecosys-
tem(s) that are the potential recipients of the GDOs 
or that are directly or indirectly impacted.

This chapter will look at the different envisaged 
applications, the status quo of research and de-
velopment, as well as at the risks and associated 
negative impacts with a focus on biodiversity and 
ecosystems.

2 GDOs - applications under development
2.1 Introduction 

This section consists of three main components. 
First, we provide a detailed overview of the various 
gene drive applications under development, indi-
cating the stage of development, i.e. the readiness 
for application. This is illustrated in the form of de-
tailed tables which cover insects (Table 2a), small 
mammals (Table 2b) and fish, birds, mollusks, nem-
atodes, flatworms and fungi (Table 2c).

These tables are followed by three main case 
studies, namely mosquitoes, mice and Palmer am-
aranth (pigweed).

We will then look at two fields of potential ap-
plication. The first explores the issue of agricultural 
insect pests, why they have become such a prob-
lem in modern agriculture, what the arguments are 
for targeting them with engineered gene drives, and 
what other possible actions, agricultural practices 
and solutions are also available to counter the in-

creasing emergence of such pests. The second ap-
plication field briefly covers the issue of dual use, 
i.e. of civil as well as military use of gene drive tech-
nology. This will be done in the context of specific 
research being funded under DARPA.

2.2 Overview of Gene Drive applications 
under development

To give an overview of which species are being 
targeted and why, Tables 2a, b and c describe the 
gene drive concepts that are being developed for 
each target and the stated intentions for their devel-
opment. In many cases there is an intention to even-
tually employ the drive against the target species in 
the wild; however we have also included important 
proof of concept experiments in laboratory mod-
el organisms, for example the fruit fly (Drosophila 
melanogaster) or baker’s yeast (Saccharomyces 
cerevisiae).
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Scope of tables

We include:
• Representative published work on each drive 

concept from each research group. In this we 
combine into one group variations on a similar 
concept, for example the two insect X-shredder 
drives described by  (Galizi et al. 2016) and (Gal-
izi et al. 2014).

• Research proposals that have been funded, ei-
ther for drive development or preliminary work.

• Representative examples of drives that have 
been proposed in the literature, but laboratory 
research has not yet begun.

We have not attempted to provide a comprehen-
sive list of proposed gene drive concepts or applica-
tions as these are very numerous, especially those 
consisting mainly of the target idea without further 
reflections.

We have not included work aimed at:

(1.) Characterising the emergence of resistance 
(Hammond et al. 2017; Champer et al. 2017).

(2.) Improving existing drive concepts by

• multiplexing gRNAs in homing CRISPR/Cas9 
drives (Champer et al. 2018; Oberhofer, Ivy, 
and Hay 2018);

• optimising expression of CRISPR/Cas9 (Champer  
et al. 2018; Hammond et al. 2018);

• improving biosafety by splitting drive compo-
nents or targeting artificial sites (Champer et al. 
2019).

(3.) Exploring feasibility of gene drives in the model 
organism Drosophila melanogaster using non-pro-
grammable Homing Endonuclease Genes (HEGs), 
which now appears to be superseded by CRISPR/
Cas9 drives - (Chan et al. 2011; Chan et al. 2013).

2.2.1 Insects

Insects are increasingly becoming the main tar-
get for gene drive developments. On one hand there 
are the vectors of diseases such as the mosquitoes 
Anopheles gambiae, Anopheles stephensi, Aedes 
aegyptii and Culex quinquefasciatus (listed in Ta-
ble 2a and in the Mosquito case study); on the other 
hand there is a long list of agricultural pests that are 
shifting more into focus as potential targets. Whilst 
research with Dropsophila melanogaster has no di-
rect application, it nevertheless has been the main 
laboratory model insect organism for almost 100 
years. Research carried out on D. melanogaster 
has therefore to be viewed as R&D research for de-
veloping the “right” gene drive system and under-
standing innate technical problems (see six entries 
in Table 2a). Additional to the 8 agricultural pests 
listed in the table, there are many others being sug-
gested and proposed, such as:  gene drives against 
the brown plant hopper (Nilaparvata lugens),  the 
silverleaf whitefly (Bemisia tabaci), the diamond-
back moth (Plutella xylostella), and the New World 
screwworm fly (Cochliomyia hominivorax) (Scott et 
al. 2018). The question around agricultural pests 
is also explored in detail further on in ‘Agricultural 
pests as gene drive targets’.

2.2.2 Small mammals

Whilst small mammals are definitely potential 
targets for gene drive applications, the work has not 
progressed as rapidly as for insects, due to techni-
cal obstacles that are not yet fully understood (see 
Chapter 1). At present, most of this development 
work is being carried out in mice, as mice are the 
laboratory model animal for mammals. Neverthe-
less, mice are also targets themselves for elimination 
gene drives (homing drive, X-shredder and t-haplo-
type), as illustrated both in the case study and in Ta-
ble 2b. It is understood that once the system works 
in mice that many more small mammals will become 
targets for elimination gene drives, such as various 
rodent ‘pests’, feral cats, brushtail possums and 
stoats, which have been especially named already 
in scientific reports; work on feral cats and brushtail 
possums has received preliminary funding.
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2.2.3 Fish, birds, mollusks, nematodes, 
flatworms & fungi

As can be seen in Table 2c, fish, birds, mollusks, 
flatworms and nematodes, are all on the radar as po-
tential gene drive targets, whilst fungi and possibly 
nematodes are being employed as model organisms 
for developing gene drive technology. The table in-
cludes drives to target invasive species (lionfish and 
starlings) and organisms involved in disease, includ-
ing the soil transmitted helminths commonly called 
hookworm (Trichuris trichiura), whipworm (Neca-
tor americanus and  Ancylostoma duodenale) and 
threadworm4 (Strongyloides stercoralis), as well as 

4 Note this is a different parasite to the one commonly known as threadworm in the U.K.

the parasites that cause Schistosomiasis and their 
intermediate snail host.  These examples illustrates 
that if gene drives become established as a tool for 
controlling pests, invasive species or agents of hu-
man disease, they will likely be employed against 
other taxa beyond insects and mammals. It is also 
worth noting, that in contrast to the strategy of tar-
geting disease vectors, which is the motivation be-
hind many of the proposed gene drives in insects, 
the planned suppression drives against nematode 
(roundworm) and flatworm parasites directly target 
the parasite themselves. This becomes an option 
when the parasite reproduces sexually.

Table 2a: Insects

Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Mosquitoes
Anopheles gambiae
African malaria  
mosquito

predicted distribution;  
red=present; blue=absent  
(MAP 2019, Wiebe et al. 2017)

Morbidity and mortality 
from malaria in sub-Sa-
haran Africa

Population suppression Autosomal 
‘X-shredder’ 

In theory local 
(may spread)

Male only (drive 
results in >95% 
male offspring)

A. Crisanti 
Imperial College 
Gates/DARPA/BBSRC 
(Galizi et al. 2016, Galizi 
et al. 2014, 
Facchinelli et al. 2019)

Anopheles gambiae  Morbidity and mortality 
from malaria in sub-Sa-
haran Africa 

Population suppression 
‘collapsing …vector popu-
lation to levels that cannot 
support malaria transmis-
sion’

Homing  
CRISPR-Cas9

Probably global 
(no localisation 
strategy clear)

Intersex and  
sterile females 
(Kyrou et al)

A. Crisanti 
Imperial College 
Gates/DARPA BBSRC 
(Kyrou et al. 2018, 
Hammond et al. 2015)

Anopheles stephensi 
Asian malaria mosquito

predicted distribution; red=pre-
sent; blue=absent (MAP 2019)

Morbidity and mortality 
from malaria in India and 
surrounding regions

Population modification to 
‘interrupt parasite transmis-
sion’ 

Homing  
CRISPR-Cas9

Probably global 
(no localisation 
strategy clear)

Resistance to 
malaria parasite, 
P. falciparum

V. Gantz, E. Bier and A. 
James 
UCSD 
NIH/TATA/DARPA 
(Gantz et al. 2015)]

1 Please see separate bibliography for sources for maps and geographic range.
2 Principal investigator
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The table also shows alongside Drosophila 
melanogaster and Mus musculus, the baker’s and 
brewer’s yeast Saccharomyces cerevisiae is in-
creasingly becoming a model organism for devel-
oping the technology (and that the soil nematode 
Caenorhabditis brenneri will also perhaps become 
established in this capacity). Saccharomyces cere-
visiae is a widespread organism, and this is likely 
why two of the studies include molecular safeguards 
to reduce the risk of the drive and the GDO spread-
ing outside the laboratory. These studies and others 
(e.g. Champer et al. 2019) raise the additional and 
important question: should molecular safeguards 
be mandatory in the design of more gene drive ex-
periments, in addition to high level containment?

Gene drives in agricultural weeds and other 
plants are speculative at this point in time, and we 
have not found examples that have been proven to 
work, even in the laboratory. Plants present several 
challenges for gene drive function. Their generally 
low rates of homologous recombination compared 
to other organisms makes it less likely that they will 
be suitable target organisms because of resulting 
mutations at target sites during NHEJ, or low rates 
of incorporation of genes used in drives. Seed bur-
ied in soil that may remain viable for many years 
could escape gene drive exposure, while many plant 
species are self-fertile or commonly reproduce veg-
etatively, also avoiding gene drive exposure.   

Table 2a: Insects

Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Mosquitoes
Anopheles gambiae
African malaria  
mosquito

predicted distribution;  
red=present; blue=absent  
(MAP 2019, Wiebe et al. 2017)

Morbidity and mortality 
from malaria in sub-Sa-
haran Africa

Population suppression Autosomal 
‘X-shredder’ 

In theory local 
(may spread)

Male only (drive 
results in >95% 
male offspring)

A. Crisanti 
Imperial College 
Gates/DARPA/BBSRC 
(Galizi et al. 2016, Galizi 
et al. 2014, 
Facchinelli et al. 2019)

Anopheles gambiae  Morbidity and mortality 
from malaria in sub-Sa-
haran Africa 

Population suppression 
‘collapsing …vector popu-
lation to levels that cannot 
support malaria transmis-
sion’

Homing  
CRISPR-Cas9

Probably global 
(no localisation 
strategy clear)

Intersex and  
sterile females 
(Kyrou et al)

A. Crisanti 
Imperial College 
Gates/DARPA BBSRC 
(Kyrou et al. 2018, 
Hammond et al. 2015)

Anopheles stephensi 
Asian malaria mosquito

predicted distribution; red=pre-
sent; blue=absent (MAP 2019)

Morbidity and mortality 
from malaria in India and 
surrounding regions

Population modification to 
‘interrupt parasite transmis-
sion’ 

Homing  
CRISPR-Cas9

Probably global 
(no localisation 
strategy clear)

Resistance to 
malaria parasite, 
P. falciparum

V. Gantz, E. Bier and A. 
James 
UCSD 
NIH/TATA/DARPA 
(Gantz et al. 2015)]

1 Please see separate bibliography for sources for maps and geographic range.
2 Principal investigator
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Mosquitoes
Aedes aegypti  
Yellow fever mosquito

‘…predicted to occur primarily 
in the tropics and sub-tropics, 
with concentrations in northern 
Brazil and southeast Asia in-
cluding all of India…’(Kraemer 
et al. 2015)

Transmission  of  Zika 
and Dengue in California

Probably population modi-
fication 

probably Homing 
CRISPR-Cas9 

Intention appears 
to be ‘local’  

Resistance to Zika 
Virus

O. Akbari 
UCSD 
NIH/DARPA 
(DARPA 2017)

Aedes aegypti Transmission of vec-
tor-borne diseases such 
as Zika and dengue

Population suppression CRISPR-Cas9 Dai-
sy chain drive

In theory ‘local’ 
(but no proof of 
concept for this 
method)

Sterile females Esvelt and Alphey 
MIT/Pirbright 
DARPA 
(DARPA 2017, 
BBSRC 2018)

Culex quinquefasciatus  
Southern house mos-
quito

  
blue=present (Samy et al. 2016)

Transmission of vec-
tor-borne diseases

Population suppression CRISPR-Cas9  
Daisy chain drive

In theory ‘local’ 
(but no proof of 
concept for this 
method)

Sterile females K. Esvelt and L. Alphey 
MIT/Pirbright 
DARPA 
(BBSRC 2018, 
DARPA 2017)

Culex quinquefasciatus  
Southern house mos-
quito

Transmission of avian 
malaria in Hawaii

Population replacement or 
suppression:  ‘engineered to 
be incapable either of trans-
mitting the malaria parasite 
or of reproducing’

Under-dominance3 In theory ‘local’ Resistance to 
avian malaria par-
asite (Plasmodium 
gallinaceum)

4

 

F. Reed 
University of Hawaii 
(Goldman 2016) 

Drosophila 
melanogaster
Drosophila 
melanogaster 
Common fruit fly

cosmopolitan, present on all 
continents except Antractica 
(Miller 2000)

NA (Laboratory model) Providing proof of concept  
for  homing CRISPR-Cas9 
gene drive 

Homing CRISPR- 
Cas9

Not intended for 
release.5 

Yellow colour (due 
to lack of pigment)

V. Gantz and E. Bier 
UCSD 
NIH 
(Gantz and Bier 2015)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept for specific gene drive 
system

Under-dominance 
by reciprocal chro-
mosome translo-
cations 

Not intended for 
release: in theory 
local

Red fluorescence 
throughout body

6

 

B. Hay 
California Institute of 
Technology 
US Army, USDA, DARPA, 
NIH and others 
(Buchman, Ivy, et al. 
2018)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept  for specific gene drive 
system(UD MEL) 

Underdominance: 
Maternal effect 
lethal under-domi-
nance (UD MEL)

Not intended for 
release: in theory 
local

No detected phe-
notype (individ-
uals not carrying 
drive do not 
hatch)

B. Hay 
California Institute of 
Technology 
NIH and others 
(Akbari et al. 2013)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept for specific gene drive 
system 

MEDEA (Maternal 
Effect Dominant 
Embryonic Arrest) 

Not intended for 
release: in theory 
local 

No detected phe-
notype (individ-
uals not carrying 
drive do not 
hatch)

B. Hay 
California Institute of 
Technology 
NIH and others 
(Chen et al. 2007, 
Akbari et al. 2014) 

3 The particular underdominance system is not specified in the article, but is likely to be similar to Floyd Reeds RPM drive developed in Drosophila
4 Not clear if this work is funded or not
5 Not clear how much it would spread in the case of accidental release
6 Not clear if issues with resistance are present and need to be resolved
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Mosquitoes
Aedes aegypti  
Yellow fever mosquito

‘…predicted to occur primarily 
in the tropics and sub-tropics, 
with concentrations in northern 
Brazil and southeast Asia in-
cluding all of India…’(Kraemer 
et al. 2015)

Transmission  of  Zika 
and Dengue in California

Probably population modi-
fication 

probably Homing 
CRISPR-Cas9 

Intention appears 
to be ‘local’  

Resistance to Zika 
Virus

O. Akbari 
UCSD 
NIH/DARPA 
(DARPA 2017)

Aedes aegypti Transmission of vec-
tor-borne diseases such 
as Zika and dengue

Population suppression CRISPR-Cas9 Dai-
sy chain drive

In theory ‘local’ 
(but no proof of 
concept for this 
method)

Sterile females Esvelt and Alphey 
MIT/Pirbright 
DARPA 
(DARPA 2017, 
BBSRC 2018)

Culex quinquefasciatus  
Southern house mos-
quito

  
blue=present (Samy et al. 2016)

Transmission of vec-
tor-borne diseases

Population suppression CRISPR-Cas9  
Daisy chain drive

In theory ‘local’ 
(but no proof of 
concept for this 
method)

Sterile females K. Esvelt and L. Alphey 
MIT/Pirbright 
DARPA 
(BBSRC 2018, 
DARPA 2017)

Culex quinquefasciatus  
Southern house mos-
quito

Transmission of avian 
malaria in Hawaii

Population replacement or 
suppression:  ‘engineered to 
be incapable either of trans-
mitting the malaria parasite 
or of reproducing’

Under-dominance3 In theory ‘local’ Resistance to 
avian malaria par-
asite (Plasmodium 
gallinaceum)

4

 

F. Reed 
University of Hawaii 
(Goldman 2016) 

Drosophila 
melanogaster
Drosophila 
melanogaster 
Common fruit fly

cosmopolitan, present on all 
continents except Antractica 
(Miller 2000)

NA (Laboratory model) Providing proof of concept  
for  homing CRISPR-Cas9 
gene drive 

Homing CRISPR- 
Cas9

Not intended for 
release.5 

Yellow colour (due 
to lack of pigment)

V. Gantz and E. Bier 
UCSD 
NIH 
(Gantz and Bier 2015)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept for specific gene drive 
system

Under-dominance 
by reciprocal chro-
mosome translo-
cations 

Not intended for 
release: in theory 
local

Red fluorescence 
throughout body

6

 

B. Hay 
California Institute of 
Technology 
US Army, USDA, DARPA, 
NIH and others 
(Buchman, Ivy, et al. 
2018)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept  for specific gene drive 
system(UD MEL) 

Underdominance: 
Maternal effect 
lethal under-domi-
nance (UD MEL)

Not intended for 
release: in theory 
local

No detected phe-
notype (individ-
uals not carrying 
drive do not 
hatch)

B. Hay 
California Institute of 
Technology 
NIH and others 
(Akbari et al. 2013)

Drosophila 
melanogaster

NA (Laboratory model) To provide proof of con-
cept for specific gene drive 
system 

MEDEA (Maternal 
Effect Dominant 
Embryonic Arrest) 

Not intended for 
release: in theory 
local 

No detected phe-
notype (individ-
uals not carrying 
drive do not 
hatch)

B. Hay 
California Institute of 
Technology 
NIH and others 
(Chen et al. 2007, 
Akbari et al. 2014) 

3 The particular underdominance system is not specified in the article, but is likely to be similar to Floyd Reeds RPM drive developed in Drosophila
4 Not clear if this work is funded or not
5 Not clear how much it would spread in the case of accidental release
6 Not clear if issues with resistance are present and need to be resolved
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Drosophila 
melanogaster
Drosophila 
melanogaster

NA (Laboratory model) To provide proof of concept 
for specific gene drive varia-
tion (ClvR) using CRISPR/
Cas9 as ‘toxin’

Toxin-Antidote 
drive; Here via 
“Cleave and Res-
cue” (ClvR)

Not intended for 
release7 

Red and green 
fluorescence 
markers

8

 

B. Hay 
California Institute of 
Technology 
USDA 
(Oberhofer, Ivy, and Hay 
2019)

Drosophila 
melanogaster

NA (Laboratory model) Aim is demonstrating under-
dominance system

Under-domi-
nance RPM-drive 
(Ribosomal Protein 
Minute Drive)

Not intended for 
release: in theory 
local

No detected phe-
notype except red 
fluorescent mark-
er. Heterozygotes 
develop slower 
and have less 
viable offspring 

9

 

F. Reed 
University of Hawaii 
NSF and others 
(Reed et al. 2018, 
Reeves et al. 2014)

Others
Drosophila suzukii 
Spotted wing  
drosophila

Brazil, United States, Canada, 
Europe and Japan (Polo et al. 
2016)

Economic impacts of 
damage to soft fruit crops 
(e.g. cherries)

Here providing proof of 
concept for MEDEA in D. 
suzukii for population sup-
pression or replacement

MEDEA In theory local but 
capable of spread

Here for testing: 
red fluorescence 
throughout body, 
weak green in eyes

O. Akbari 
UCSD 
California Cherry Board 
(Buchman, Marshall, et 
al. 2018)

Ceratitis capitata  
Mediterranean fruit fly

Africa, Mediterranean area 
Australasia, North and South 
America (FAO/IAEA 2017) 

Economic impacts caused 
by damage to fruit crops

Population suppression Homing CRISPR- 
Cas9

Potentially global 
with some discus-
sion of theoreti-
cal potential for 
localisation 

Either infertility or 
sex ratio distor-
tion

E. Wimmer 
University of Göttingen10 
(KaramiNejadRanjbar et 
al. 2018)

Diaphorina citri  
Asian citrus psyllid

Central and South America, 
India, South East Asia and Sau-
di Arabia (Grafton-Cardwell et 
al. 2005)

Economic impacts  of 
Citrus greening disease 
(caused by a bacterium  
which is transmitted by 
the psyllid) 

Population modification or 
replacement

Possibly ‘cleavage 
drive’ (low thresh-
old) or ‘reciprocal 
chromosome 
translocations’ 
(high threshold) 

Both global and 
local are being 
considered 

Various mech-
anisms under 
investigation 
to block trans-
mission of the 
bacterium

1 1

 

B. Hay and others 
California Institute of 
Technology 
CitrusRDF 
(Turpen 2017)

Rhodnius prolixus 
Kissing bug

Venezuala, Columbia and 
parts of Central America (So-
sa-Estani and Leonor Segura 
2015)

Impacts of Chagas 
disease: R. prolixus is a 
vector for the causative  
parasite Trypanosoma 
cruzi

Population suppression Probably homing 
CRISPR-Cas9

Need for localisa-
tion noted but no 
strategy as yet

Not clear: proba-
bly female sterility 
or sex ratio distor-
tion

1 2

 

N. El-Sayed13 
University of Maryland 
PAF 
recommended for  
funding 
(Darrow et al. 2016)

Lucilia cuprina  
Australian sheep 
blowfly

Warmer regions worldwide, 
including areas of Australasia, 
North America and Sub-Saha-
ran Africa. 

Blowfly infection of sheep 
causes lesions which 
can cause death and/or 
welfare issues

Population suppression, 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is proba-
bly ‘local’ to New 
Zealand

All male offspring NA 
(Dearden et al. 2018)

7 Not clear how much it would spread in the case of accidental release
8 Not clear if issues with resistance are present and need to be resolved
9 Reported to be stable for 200 generations
10  The funders acknowledged here are the German Academic Exchange Service, and the Excellence Foundation for the Promotion of the Max Planck 

Society
11  This project apparently encountered difficulties with developing molecular genetics tools in the target species. It was funded until 2017, but it is not 

clear if work is still ongoing.
12 Not clear if this work is funded or not
13  This investigator was recommended for funding but is a specialist in the parasite T. cruzi, so the gene drive itself would likely be constructed by a 

group specialising in insect molecular genetics
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Drosophila 
melanogaster
Drosophila 
melanogaster

NA (Laboratory model) To provide proof of concept 
for specific gene drive varia-
tion (ClvR) using CRISPR/
Cas9 as ‘toxin’

Toxin-Antidote 
drive; Here via 
“Cleave and Res-
cue” (ClvR)

Not intended for 
release7 

Red and green 
fluorescence 
markers

8

 

B. Hay 
California Institute of 
Technology 
USDA 
(Oberhofer, Ivy, and Hay 
2019)

Drosophila 
melanogaster

NA (Laboratory model) Aim is demonstrating under-
dominance system

Under-domi-
nance RPM-drive 
(Ribosomal Protein 
Minute Drive)

Not intended for 
release: in theory 
local

No detected phe-
notype except red 
fluorescent mark-
er. Heterozygotes 
develop slower 
and have less 
viable offspring 

9

 

F. Reed 
University of Hawaii 
NSF and others 
(Reed et al. 2018, 
Reeves et al. 2014)

Others
Drosophila suzukii 
Spotted wing  
drosophila

Brazil, United States, Canada, 
Europe and Japan (Polo et al. 
2016)

Economic impacts of 
damage to soft fruit crops 
(e.g. cherries)

Here providing proof of 
concept for MEDEA in D. 
suzukii for population sup-
pression or replacement

MEDEA In theory local but 
capable of spread

Here for testing: 
red fluorescence 
throughout body, 
weak green in eyes

O. Akbari 
UCSD 
California Cherry Board 
(Buchman, Marshall, et 
al. 2018)

Ceratitis capitata  
Mediterranean fruit fly

Africa, Mediterranean area 
Australasia, North and South 
America (FAO/IAEA 2017) 

Economic impacts caused 
by damage to fruit crops

Population suppression Homing CRISPR- 
Cas9

Potentially global 
with some discus-
sion of theoreti-
cal potential for 
localisation 

Either infertility or 
sex ratio distor-
tion

E. Wimmer 
University of Göttingen10 
(KaramiNejadRanjbar et 
al. 2018)

Diaphorina citri  
Asian citrus psyllid

Central and South America, 
India, South East Asia and Sau-
di Arabia (Grafton-Cardwell et 
al. 2005)

Economic impacts  of 
Citrus greening disease 
(caused by a bacterium  
which is transmitted by 
the psyllid) 

Population modification or 
replacement

Possibly ‘cleavage 
drive’ (low thresh-
old) or ‘reciprocal 
chromosome 
translocations’ 
(high threshold) 

Both global and 
local are being 
considered 

Various mech-
anisms under 
investigation 
to block trans-
mission of the 
bacterium

1 1

 

B. Hay and others 
California Institute of 
Technology 
CitrusRDF 
(Turpen 2017)

Rhodnius prolixus 
Kissing bug

Venezuala, Columbia and 
parts of Central America (So-
sa-Estani and Leonor Segura 
2015)

Impacts of Chagas 
disease: R. prolixus is a 
vector for the causative  
parasite Trypanosoma 
cruzi

Population suppression Probably homing 
CRISPR-Cas9

Need for localisa-
tion noted but no 
strategy as yet

Not clear: proba-
bly female sterility 
or sex ratio distor-
tion

1 2

 

N. El-Sayed13 
University of Maryland 
PAF 
recommended for  
funding 
(Darrow et al. 2016)

Lucilia cuprina  
Australian sheep 
blowfly

Warmer regions worldwide, 
including areas of Australasia, 
North America and Sub-Saha-
ran Africa. 

Blowfly infection of sheep 
causes lesions which 
can cause death and/or 
welfare issues

Population suppression, 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is proba-
bly ‘local’ to New 
Zealand

All male offspring NA 
(Dearden et al. 2018)

7 Not clear how much it would spread in the case of accidental release
8 Not clear if issues with resistance are present and need to be resolved
9 Reported to be stable for 200 generations
10  The funders acknowledged here are the German Academic Exchange Service, and the Excellence Foundation for the Promotion of the Max Planck 

Society
11  This project apparently encountered difficulties with developing molecular genetics tools in the target species. It was funded until 2017, but it is not 

clear if work is still ongoing.
12 Not clear if this work is funded or not
13  This investigator was recommended for funding but is a specialist in the parasite T. cruzi, so the gene drive itself would likely be constructed by a 

group specialising in insect molecular genetics
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Others
Tribolium castaneum 
Red flour beetle

present on all continents ex-
cept Antractica (IRAC 2019)

Economic impacts of 
consumption of stored 
grains

Population suppression Probably homing 
CRISPR-Cas9

Not clear (early 
stage)

Infertility or sex 
ratio distortion

M. Wade and G. Zentner 
Indiana University 
NIH and others  
(Drury et al. 2017, 
Scott et al. 2018)

Vespula vulgaris 
Common wasp

North America, Asia, Europe 
(Holartic species) and Australia 
and New Zealand

‘Wasps attack native 
birds and insects and 
deplete critical food 
resources’

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is  ‘local’ 
to New Zealand14 

Infertility or sex 
ration distortion

NA 
(Dearden et al. 2018)

Vespula germanica 
German wasp

predicted distribution; red/yel-
low = suitable; green= marginal 
(de Villiers, Kriticos, and Veldt-
man 2017)

‘Wasps attack native 
birds and insects and 
deplete critical food 
resources’

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand14 

Infertility or sex 
ratio distortion

NA 
(Dearden et al. 2018)

Listronotus bonariensis 
Argentine stem weavil

South America (Argentina, 
Brazil, Chile, Bolivia, Uruguay), 
Australia and New Zealand

Economic impacts of 
damage to pasture grass

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand14 

Infertility or sex 
ratio distortion

NA 
(Dearden et al. 2018)

14 Not clear how localisation would be achieved

Table 2b: Small Mammals

Species Geographic range1 Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Mus musculus 
House mouse

Generating new lab 
mouse strains carrying 
multiple modifications is 
laborious

Proof of concept of   
CRISPR-Cas9 gene drive in 
mice as a mouse genetics 
tool

Homing  
CRISPR-Cas9

Theoretically 
global but current 
efficiency likely too 
low to effectively 
spread in wild 

all white coats K. Cooper 
(with V. Gantz and E. 
Bier) 
UCSD 
NIH and others 
(Grunwald et al. 2019)

Mus musculus Impacts of invasive pop-
ulations on islands – and 
potentially wider applica-
tions: see case study

Population suppression to 
eliminate invasive popula-
tions 

T-haplotype Not clear (but no 
localisation strate-
gy given) 

daughterless D. Threadgill 
Texas A&M 
DARPA 
(Leitschuh et al. 2018)

Mus musculus Impacts of invasive 
populations on island 
biodiversity

Population suppression to 
eliminate invasive popula-
tions 

Homing  
CRISPR-Cas9 

Not clear (but no 
localisation strate-
gy given) 

daughterless P. Thomas 
University of Adelaide 
DARPA 
(GeneDriveFiles 2017)

Mus musculus Economic costs of rodent 
‘pest’ populations in UK 
and elsewhere 

Population suppression 
‘humane’ and cost-effective 
control of rodent popula-
tions 

Homing  
CRISPR-Cas9 or 
CRISPR-Cas9 
X-shredder

Not clear sterile females B. Whitelaw 
Roslin Institute, UK 
BBSRC 
(McFarlane, Whitelaw, 
and Lillico 2018)

1 Please see separate bibliography for sources for maps and geographic range.
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Species Geographic range1 Problem it is aiming to 
address

Intended application Type of gene drive Global or ‘local’ Phenotype Readiness of technology 
1 2 3 4 5 6 7 8 

PI2, institution and 
funder Source

Others
Tribolium castaneum 
Red flour beetle

present on all continents ex-
cept Antractica (IRAC 2019)

Economic impacts of 
consumption of stored 
grains

Population suppression Probably homing 
CRISPR-Cas9

Not clear (early 
stage)

Infertility or sex 
ratio distortion

M. Wade and G. Zentner 
Indiana University 
NIH and others  
(Drury et al. 2017, 
Scott et al. 2018)

Vespula vulgaris 
Common wasp

North America, Asia, Europe 
(Holartic species) and Australia 
and New Zealand

‘Wasps attack native 
birds and insects and 
deplete critical food 
resources’

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is  ‘local’ 
to New Zealand14 

Infertility or sex 
ration distortion

NA 
(Dearden et al. 2018)

Vespula germanica 
German wasp

predicted distribution; red/yel-
low = suitable; green= marginal 
(de Villiers, Kriticos, and Veldt-
man 2017)

‘Wasps attack native 
birds and insects and 
deplete critical food 
resources’

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand14 

Infertility or sex 
ratio distortion

NA 
(Dearden et al. 2018)

Listronotus bonariensis 
Argentine stem weavil

South America (Argentina, 
Brazil, Chile, Bolivia, Uruguay), 
Australia and New Zealand

Economic impacts of 
damage to pasture grass

Population suppression, 
(Eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand14 

Infertility or sex 
ratio distortion

NA 
(Dearden et al. 2018)

14 Not clear how localisation would be achieved

Table 2b: Small Mammals

Species Geographic range1 Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Mus musculus 
House mouse

Generating new lab 
mouse strains carrying 
multiple modifications is 
laborious

Proof of concept of   
CRISPR-Cas9 gene drive in 
mice as a mouse genetics 
tool

Homing  
CRISPR-Cas9

Theoretically 
global but current 
efficiency likely too 
low to effectively 
spread in wild 

all white coats K. Cooper 
(with V. Gantz and E. 
Bier) 
UCSD 
NIH and others 
(Grunwald et al. 2019)

Mus musculus Impacts of invasive pop-
ulations on islands – and 
potentially wider applica-
tions: see case study

Population suppression to 
eliminate invasive popula-
tions 

T-haplotype Not clear (but no 
localisation strate-
gy given) 

daughterless D. Threadgill 
Texas A&M 
DARPA 
(Leitschuh et al. 2018)

Mus musculus Impacts of invasive 
populations on island 
biodiversity

Population suppression to 
eliminate invasive popula-
tions 

Homing  
CRISPR-Cas9 

Not clear (but no 
localisation strate-
gy given) 

daughterless P. Thomas 
University of Adelaide 
DARPA 
(GeneDriveFiles 2017)

Mus musculus Economic costs of rodent 
‘pest’ populations in UK 
and elsewhere 

Population suppression 
‘humane’ and cost-effective 
control of rodent popula-
tions 

Homing  
CRISPR-Cas9 or 
CRISPR-Cas9 
X-shredder

Not clear sterile females B. Whitelaw 
Roslin Institute, UK 
BBSRC 
(McFarlane, Whitelaw, 
and Lillico 2018)

1 Please see separate bibliography for sources for maps and geographic range.
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Species Geographic range1 Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Peromyscus leucopus 
White footed mouse

 

Increasing incidence of 
Lyme’s disease in humans

Population modification (to 
reduce tick borne trans-
mission of Lyme disease to 
humans)

Homing  
CRISPR-Cas9 

Theoretically 
‘local’ (daisy-chain 
drive) and poten-
tially global

Intention: Resist-
ance to tick bites 
or resistance to 
Lyme disease 
(Borrelia burgdor-
feri) 

Esvelt 
MIT 
NIH/DoD
Greenwall Foundation 
(Esvelt 2017)

Targeting rats in UK, 
probably Rattus nor-
vegicus Brown rat 

Economic costs of rodent 
‘pest’ populations in UK 
and elsewhere 

Population suppression Homing  
CRISPR-Cas9 or 
CRISPR-Cas9 
X-shredder

Not clear Sterile females B. Whitelaw 
Roslin Institute, UK 
BBSRC 
(McFarlane, Whitelaw, 
and Lillico 2018)

Felis silvestris House 
cat, wild cat & feral cat

 Wild cat range (excluding feral 
 populations)

Feral cat populations 
in Australia preying on 
native wildlife

Population suppression 
(eradication of Australian 
feral cat population)

Probably homing 
CRISPR-Cas9

Not clear Sterile females 
or daughterless 
females 

O. Edwards? 
CSIRO 
Australian Wildlife  
Conservancy 
(AustralianWildlifeCon-
servancy 2017, 2018, 
Kachel 2018)

Trichosurus vulpecula 
Brushtail possum

 Native range

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
bovine TB’

Population suppression 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)

Rattus rattus 
Common rat

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
diseases’

Population suppression 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)

Mustela erminea 
Stoats

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
diseases’

Population suppression 
(eradication in New Zea-
land)

probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)
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Species Geographic range1 Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Peromyscus leucopus 
White footed mouse

 

Increasing incidence of 
Lyme’s disease in humans

Population modification (to 
reduce tick borne trans-
mission of Lyme disease to 
humans)

Homing  
CRISPR-Cas9 

Theoretically 
‘local’ (daisy-chain 
drive) and poten-
tially global

Intention: Resist-
ance to tick bites 
or resistance to 
Lyme disease 
(Borrelia burgdor-
feri) 

Esvelt 
MIT 
NIH/DoD
Greenwall Foundation 
(Esvelt 2017)

Targeting rats in UK, 
probably Rattus nor-
vegicus Brown rat 

Economic costs of rodent 
‘pest’ populations in UK 
and elsewhere 

Population suppression Homing  
CRISPR-Cas9 or 
CRISPR-Cas9 
X-shredder

Not clear Sterile females B. Whitelaw 
Roslin Institute, UK 
BBSRC 
(McFarlane, Whitelaw, 
and Lillico 2018)

Felis silvestris House 
cat, wild cat & feral cat

 Wild cat range (excluding feral 
 populations)

Feral cat populations 
in Australia preying on 
native wildlife

Population suppression 
(eradication of Australian 
feral cat population)

Probably homing 
CRISPR-Cas9

Not clear Sterile females 
or daughterless 
females 

O. Edwards? 
CSIRO 
Australian Wildlife  
Conservancy 
(AustralianWildlifeCon-
servancy 2017, 2018, 
Kachel 2018)

Trichosurus vulpecula 
Brushtail possum

 Native range

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
bovine TB’

Population suppression 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)

Rattus rattus 
Common rat

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
diseases’

Population suppression 
(eradication in New Zea-
land)

Probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)

Mustela erminea 
Stoats

‘Predator on native birds 
and invertebrates, eats 
native plants, carrier for 
diseases’

Population suppression 
(eradication in New Zea-
land)

probably homing 
CRISPR-Cas9

Intention is ‘local’ 
to New Zealand, 
but not clear 
how this will be 
achieved

Not yet selected NA 
(Dearden et al. 2018)
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Table 2c: Fish, Birds, Mollusks, Nematodes, Flatworms & Fungi

Species Geographic range Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype to be 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Fish
Pterois volitans 
Lionfish

Indian Ocean, Red Sea, Inva-
sive in Gulf of Mexico, Car-
ibbean and Western Atlantic 
(FFWCC 2019)

‘This invasive species 
has the potential to harm 
reef ecosystems…  …a top 
predator that competes 
with overfished native 
stocks’

Population suppression 
(eradication in Gulf of Mex-
ico, Caribbean and Western 
Atlantic)

Homing  
CRISPR-Cas9

Not clear if or 
how it would be 
localised

Not yet selected P. Venturelli 
Ball State University 
Funder unknown 
(Vacura et al. 2018)

Birds
Sturnus vulgaris 
Common  starling

Dark colours= native; Light 
colours = invasive

Not stated but probably 
impacts of invasive star-
lings on agriculture and 
competition with native 
species

Population suppression 
(eradication in Australia )

Probably Homing 
CRISPR-Cas9

Not clear if or 
how it would be 
localised

Not yet selected NA 
(Moro et al. 2018) 
(GISD 2019)

Mollusks
Biomphalaria glabrata 
Snail

Parts of Brazil, and Venezuela, 
the Lesser Antilles (Mavarez et 
al. 2002)

Human health impacts 
of infection with schisto-
some parasites for which 
the snail is an intermedi-
ate host

Populations modification Probably Homing 
CRISPR-Cas9

Proposal to local-
ise with daisy drive 
technology

Resistance to 
infection with 
schistosome 
parasites

J. Teem 
ILSI Foundation 
Funder not clear 
(Teem 2016)

Nematodes
Caenorhabditis 
brenneri

Probably circum-tropical  (Sud-
haus and Kiontke 2007)

NA Aim is development and 
testing of daisy chain drive 
and related concepts

CRISPR-Cas9 or 
CRISPR-Cpf1 Dai-
sy chain drive (and 
variants)

Local (not intend-
ed for release)

Either a) change 
in fluorescence; 
or b) right hand 
coiled; or c) 
short (dumpy)

K. Esvelt 
MIT 
DARPA 
(Esvelt 2017)

Necator americanus Circum-tropical and some 
temperate regions (Palmer, 
Reeder, and Dunn 2000)

Human health impacts of 
soil transmitted helminth 
infection

Population suppression Probably homing 
CRISPR-Cas9

Not clear Possibly biasing 
sex ratios

1

 

M. Berriman, 
Sanger Institute  
J. Lok  
Uni. of Pennsylvania 
Recommended for 
funding 
(Darrow et al. 2016)

Nematodes
Ancylostoma 
duodenale

Mainly South East Asia, and 
Mediterranean (Palmer, Reed-
er, and Dunn 2000)

Same project

Trichuris trichuria Circumtropical, Southern Eu-
rope and some other temper-
ate regions (Palmer, Reeder, 
and Dunn 2000)

Same project

Strongyloides 
stercoralis

Endemic in Central and South 
America, sub-Saharan Africa, 
India and South East Asia (Var-
atharajalu and Kakuturu 2016)

Same project

1  It is not clear if this work has been funded or not
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Table 2c: Fish, Birds, Mollusks, Nematodes, Flatworms & Fungi

Species Geographic range Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype to be 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Fish
Pterois volitans 
Lionfish

Indian Ocean, Red Sea, Inva-
sive in Gulf of Mexico, Car-
ibbean and Western Atlantic 
(FFWCC 2019)

‘This invasive species 
has the potential to harm 
reef ecosystems…  …a top 
predator that competes 
with overfished native 
stocks’

Population suppression 
(eradication in Gulf of Mex-
ico, Caribbean and Western 
Atlantic)

Homing  
CRISPR-Cas9

Not clear if or 
how it would be 
localised

Not yet selected P. Venturelli 
Ball State University 
Funder unknown 
(Vacura et al. 2018)

Birds
Sturnus vulgaris 
Common  starling

Dark colours= native; Light 
colours = invasive

Not stated but probably 
impacts of invasive star-
lings on agriculture and 
competition with native 
species

Population suppression 
(eradication in Australia )

Probably Homing 
CRISPR-Cas9

Not clear if or 
how it would be 
localised

Not yet selected NA 
(Moro et al. 2018) 
(GISD 2019)

Mollusks
Biomphalaria glabrata 
Snail

Parts of Brazil, and Venezuela, 
the Lesser Antilles (Mavarez et 
al. 2002)

Human health impacts 
of infection with schisto-
some parasites for which 
the snail is an intermedi-
ate host

Populations modification Probably Homing 
CRISPR-Cas9

Proposal to local-
ise with daisy drive 
technology

Resistance to 
infection with 
schistosome 
parasites

J. Teem 
ILSI Foundation 
Funder not clear 
(Teem 2016)

Nematodes
Caenorhabditis 
brenneri

Probably circum-tropical  (Sud-
haus and Kiontke 2007)

NA Aim is development and 
testing of daisy chain drive 
and related concepts

CRISPR-Cas9 or 
CRISPR-Cpf1 Dai-
sy chain drive (and 
variants)

Local (not intend-
ed for release)

Either a) change 
in fluorescence; 
or b) right hand 
coiled; or c) 
short (dumpy)

K. Esvelt 
MIT 
DARPA 
(Esvelt 2017)

Necator americanus Circum-tropical and some 
temperate regions (Palmer, 
Reeder, and Dunn 2000)

Human health impacts of 
soil transmitted helminth 
infection

Population suppression Probably homing 
CRISPR-Cas9

Not clear Possibly biasing 
sex ratios

1

 

M. Berriman, 
Sanger Institute  
J. Lok  
Uni. of Pennsylvania 
Recommended for 
funding 
(Darrow et al. 2016)

Nematodes
Ancylostoma 
duodenale

Mainly South East Asia, and 
Mediterranean (Palmer, Reed-
er, and Dunn 2000)

Same project

Trichuris trichuria Circumtropical, Southern Eu-
rope and some other temper-
ate regions (Palmer, Reeder, 
and Dunn 2000)

Same project

Strongyloides 
stercoralis

Endemic in Central and South 
America, sub-Saharan Africa, 
India and South East Asia (Var-
atharajalu and Kakuturu 2016)

Same project

1  It is not clear if this work has been funded or not
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Species Geographic range Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype to be 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Flatworms
Schistosoma mansoni Africa, the Middle East, South 

America and Carribean(Weer-
akoon et al. 2015)

Human health impacts of 
schistosomiasis (bilhar-
zia) caused by infection 
with this parasite

Population suppression CRISPR-Cas9-
based  ‘W-shred-
der’2 

Population 
level “locally or 
globally” Drive is 
invasive

All male off-
spring

P. Brindley 
George Washington 
University 
(with K. Esvelt)
Thomas Mather 
(Philanthropist) 
(Brindley and Esvelt 2019)

Schistosoma  
haematobium

Africa and the Middle East 
(Weerakoon et al. 2015)

Same project as above

Fungi
Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments. (Can hybridize with 
closest relative S. paradoxus) 
(Peter et al. 2018)

NA Aim is to study gene drives 
over ‘hundreds of gen-
erations’, to understand 
emergence of resistance  

Probably Homing 
CRISPR-Cas9 (as 
Gantz and Bier use 
this technology)

Not intended for 
release

Not public S. Kryazhimskiy and J. 
Meyer (collaborating 
with O. Akbari, V. Gantz 
& E. Bier) 
UCSD 
DARPA 
(Aguilera 2017 )

Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments (Peter et al. 2018)

NA Validation of CRISPR-Cas 9 
gene drive in S. Cerevisiae

Homing  
CRISPR-Cas9

Not intended for 
release (Con-
tained: Cas9 
expressed on 
episome separate 
from drive)

Pink colour 3

 

G. Church 
Harvard Medical School 
DOE, 
NSF and others 
(DiCarlo et al. 2015)

Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments (Peter et al. 2018)

NA Testing of various methods 
to modulate gene drive 
activity (e.g. Cas9 expres-
sion level) (Roggenkamp et 
al. 2018) and multiplexed 
gRNAs (Yan and Finnigan 
2018)

Homing  
CRISPR-Cas9

Not intended for 
release (Contained: 
Cas9 expressed on 
episome separate 
from drive and tar-
get sequence not in 
wild type)

Sensitivity to 
hygromycin

3 G. Finnigan 
Kansas State University 
NIH and USDA 
(Roggenkamp et al. 2018, 
Yan and Finnigan 2018)

Candida albicans A commensal organism in 
humans and animals (including 
mammals, and probably birds, 
reptiles, and fish)

NA Aim is to easily create ho-
mozygous deletion mutants 
in diploid strains

CRISPR-Cas9 Not intended for 
release (contain-
ment strategy not 
described)

Various pheno-
types relating to 
drug resistance 
and biofilm for-
mation

3 Collins
MIT 
Various including 
NIH  
(Shapiro et al. 2018)

2  The sex of schistosomes is determined by Z and W rather than X and Y: females are ZW and males ZZ’. The proposed drive is conceptually similar 
to an X-Shredder design, the W-shredder would be encoded on the Z chromosome.

3 Not clear if issues with resistance are present and need to be resolved

Readiness of Technology. Categories are:
1 Gene drive proposed
2  Gene drive proposed with published preliminary re-

search (but potentially not done with intention  
of creating gene drive)

3  Funded preliminary research (genome sequences, 
molecular genetics tools, etc)

4  Funded research on gene drive construction  
(with no results published yet)

5  Limited proof of concept for gene drive (i.e. there are 
outstanding technical issues such as resistance, low 
efficiency, too high fitness costs)

6  Laboratory proof of concept
7  Proof of concept in contained simulated natural  

environments
8  Releases in natural environment
Grey bars denotes gene drives that are not intended for 
release
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Species Geographic range Problem it is aiming to 
address

Application Type of gene drive Local or global Phenotype to be 
propagated

Readiness of technology
1 2 3 4 5 6 7 8

PI, institution and funder

Flatworms
Schistosoma mansoni Africa, the Middle East, South 

America and Carribean(Weer-
akoon et al. 2015)

Human health impacts of 
schistosomiasis (bilhar-
zia) caused by infection 
with this parasite

Population suppression CRISPR-Cas9-
based  ‘W-shred-
der’2 

Population 
level “locally or 
globally” Drive is 
invasive

All male off-
spring

P. Brindley 
George Washington 
University 
(with K. Esvelt)
Thomas Mather 
(Philanthropist) 
(Brindley and Esvelt 2019)

Schistosoma  
haematobium

Africa and the Middle East 
(Weerakoon et al. 2015)

Same project as above

Fungi
Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments. (Can hybridize with 
closest relative S. paradoxus) 
(Peter et al. 2018)

NA Aim is to study gene drives 
over ‘hundreds of gen-
erations’, to understand 
emergence of resistance  

Probably Homing 
CRISPR-Cas9 (as 
Gantz and Bier use 
this technology)

Not intended for 
release

Not public S. Kryazhimskiy and J. 
Meyer (collaborating 
with O. Akbari, V. Gantz 
& E. Bier) 
UCSD 
DARPA 
(Aguilera 2017 )

Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments (Peter et al. 2018)

NA Validation of CRISPR-Cas 9 
gene drive in S. Cerevisiae

Homing  
CRISPR-Cas9

Not intended for 
release (Con-
tained: Cas9 
expressed on 
episome separate 
from drive)

Pink colour 3

 

G. Church 
Harvard Medical School 
DOE, 
NSF and others 
(DiCarlo et al. 2015)

Saccharomyces 
cerevisiae 
Brewer’s yeast

Found globally in domesticat-
ed, human and wild environ-
ments (Peter et al. 2018)

NA Testing of various methods 
to modulate gene drive 
activity (e.g. Cas9 expres-
sion level) (Roggenkamp et 
al. 2018) and multiplexed 
gRNAs (Yan and Finnigan 
2018)

Homing  
CRISPR-Cas9

Not intended for 
release (Contained: 
Cas9 expressed on 
episome separate 
from drive and tar-
get sequence not in 
wild type)

Sensitivity to 
hygromycin

3 G. Finnigan 
Kansas State University 
NIH and USDA 
(Roggenkamp et al. 2018, 
Yan and Finnigan 2018)

Candida albicans A commensal organism in 
humans and animals (including 
mammals, and probably birds, 
reptiles, and fish)

NA Aim is to easily create ho-
mozygous deletion mutants 
in diploid strains

CRISPR-Cas9 Not intended for 
release (contain-
ment strategy not 
described)

Various pheno-
types relating to 
drug resistance 
and biofilm for-
mation

3 Collins
MIT 
Various including 
NIH  
(Shapiro et al. 2018)

2  The sex of schistosomes is determined by Z and W rather than X and Y: females are ZW and males ZZ’. The proposed drive is conceptually similar 
to an X-Shredder design, the W-shredder would be encoded on the Z chromosome.

3 Not clear if issues with resistance are present and need to be resolved

Abbreviations for funders and other organisations:
BBSRC – UK Biotechnology and Biological Sciences 
Research Council
Gates – The Bill and Melinda Gates Foundation
DARPA – US Defense Advanced Research Projects 
Agency
NIH – US National Institutes of Health
TATA – TATA trusts
USDA – US Department of Agriculture
PAF – Philanthropy Advisory Fellowship
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2.3 Knowledge required to understand 
the risks of using a species as a GDO

In the following case studies, we tried to address 
some main points that we regard as essential for 
gaining an understanding of the complexities, un-
certainties and possible hazards that are involved 
in gene drive organisms. For this we used in part 
the brief check list below, which is not intended to 
be exhaustive, but rather to illustrate the breath of 
elements and knowledge required. Some of these 
points will be picked up again in the final section on 
risk assessment.

A check list with important elements and ques-
tions for hazard identification

a)  Ecological importance or “ranking” of gene drive 
target organism
•  Role within ecosystem; e.g. pollinators, place 

in food chain.
•  Knowledge of behaviour and interactions of 

GDO species
•  Listing of all predators, including their spec-

trum of prey and possible reliance on the GDO 
species.

•  Ability to spread; including speed of spread, 
distance of movement of individuals, ability to 
be carried by other organisms or by wind or 
water; dependence on particular ecological 
niche or ability to adapt easily to altered con-
ditions.

•  Is it a “keystone species”?
•  Is it important for the survival of threatened or 

endangered species?

b)  Global spread, ubiquity (only local, or every-
where)

c) Population genetics
•  Diversity of genetic background (within spe-

cies)
•  Closely related species
•  Data on introgression (from hybridisation or 

in-crossing)

5 https://www.cbd.int/doc/meetings/bs/mop-08/official/bs-mop-08-08-add1-en.pdf

d)  Are GDOs intended as a “solution approach”, 
and if so, at which level?
•  The perceived problem
•  What underlies this perceived problem, in-

cluding the causes, the root causes and what 
enhances or what reduces the problem. Is 
the perceived or addressed problem more a 
symptom of underlying causes and problems.

•  Which answers/solutions are already pres-
ent, have been tried, suggested, or may be 
possible? e.g. push-pull systems, plants with 
semiochemicals, biological controls (release 
of predators or parasitoids), drying up water, 
crop diversity and enhanced pest enemy habi-
tat, protection from pesticides, breeding crops 
for resistance.

e) The gene drive approach
•  Description of suggested gene drive approach: 

what is it? Who is suggesting it, developing it, 
funding it? (e.g. national weapons researchers, 
infectious disease agency, agribusiness, biotech 
venture companies, conservation researchers). 
Who is involved? How far has it gotten?

•  Is it the right approach (treatment of cause vs. 
symptom)?

•  Will gene drives actually be effective to solve 
the problem?

•  What negative implications, off-target effects 
and risks in general may this approach en-
tail? (A central reference would be the CBD’s 
AHTEG Guidance on LM mosquitoes)5  

•  Does the gene drive approach provide impor-
tant environmental co-benefits, and how does 
this compare to other approaches to solving 
the problem?

•  Has a similar approach to the problem been 
taken in the past (with other techniques)? What 
were the consequences? (e.g. SIT - sterile in-
sect technique)

•  What would be a more sustainable approach 
or alternative solution?

•  Problems/solutions and other approaches (e.g. 
sterile insect technology SIT and GM RIDL 
mosquitoes; Wolbachia treatment for mosqui-
toes)
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•  Is the GDO acquiring an intended or accidental 
advantage as compared to the wild, non-mod-
ified population?  (For example, endangered 
species might be given a resistance or advan-
tage gene). What might those consequences 
be?

f) Social Implications
•  Beyond the possible resolution of the immedi-

ate problem, who benefits from the gene drive 
approach compared to other possible solu-
tions?

•  Does the gene drive attract funding over oth-
er solutions because it benefits favoured seg-
ments of society?

•  Does the gene drive have co-benefits for soci-
ety broadly compared to other strategies?

All of the above considerations point to the com-
plexity and challenges associated with the risk as-
sessment of gene drives. Because of the intended 
or unintended spread of gene drives, their effects 
on the environment and society may be particu-
larly complex compared to older technologies that 
are more contained and less likely to spread.  Risk 
assessments for technologies like very widely used 
pesticides and GMOs in recent years have revealed 
many risks and harms several steps removed from 
direct impacts on target organisms. The scale of 
these technologies can be revealing for broad eco-
system of social effects. These effects have often 
been sub-lethal, on behaviour, fertility, the immune 
system, or other population level effects that have 
been difficult and time consuming for regulatory 
agencies to address. These have often not been ef-
fectively anticipated, and resulting harm only later 
detected. Similarly, social effects can be complex 
and favour some groups in society over others, 
prosing equity challenges. As the power of technol-
ogies like gene drives increases, their potential im-
pacts can be much more complex.    

2.4 Studies and specific applications

2.4.1 Case study 1: Mosquitoes

Introduction

Gene drives are actively being developed in at 
least four different mosquito species. Whilst tech-
nical issues remain, drives with the potential to 
suppress mosquito populations by biasing sex ra-
tios or causing female infertility, or to modify pop-
ulations with disease resistance genes, have been 
demonstrated in laboratories. In the light of these 
proof of concept studies, and the active pursuit by 
its developers for environmental release, focusing 
on the possible consequences of employing and 
releasing such technology has become paramount. 
Here we argue that, given the interwoven nature of 
ecosystems and the serious limitations in scientif-
ic understanding of these systems, and especially 
when combined with the unpredictability of the be-
haviour and actions of the engineered gene drives 
and GDOs, the attempted extinction or suppression 
of mosquito species would bring consequences that 
are difficult or impossible to fully or accurately pre-
dict, and which could be profoundly and irreversi-
bly harmful.

Mosquitoes have existed at least since the be-
ginning of the Jurassic, 200 million years ago (Rei-
denbach et al. 2009), co-evolving within a web of 
relationships to other species over this vast period 
of geological time (Tang et al. 2018). These rela-
tionships are not well explored; field studies usual-
ly only reveal single threads, or at best small parts 
of this web. Yet enough has been discovered to see 
these connections are likely to be significant. To 
consider some examples, one field study shows that 
for nesting house martens mosquitoes appear to be 
an important food source as they raise their young 
broods (Poulin, Lefebvre, and Paz 2010). Oth-
er studies reveal that for blunt-leaf orchids in the 
forests of North America, Scandinavia and Siberia, 
they are a major pollinator (Thien and Utech 1970; 
Gorham 1976). And in the tiny aquatic ecosystem 
inside the common pitcher plant, research shows 
their larvae are even a keystone predator, shaping 
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the diversity of the microscopic community within 
(Peterson et al. 2008).

Taking a broader view, the mosquito family has 
adapted to virtually all land habitats around the 
globe, from the arctic tundra to the tropical forests, 
resulting in a huge variety of species in many eco-
logical niches. More than two centuries of dedicat-
ed work by entomologists has described over 3500 
species (Harbach 2013), yet this number continues 
to grow each year; some tropical regions probably 
contain numerous species which are still unknown 
to science (Foley, Rueda, and Wilkerson 2007).

At least 1606 species play some role in trans-
mitting human pathogens and thus there is ongoing 
debate about the desirability of eliminating some or 
even all forms of the mosquito (Fang 2010), which 
has intensified with the arrival of CRISPR/Cas-based 
gene drives and suggestions that this technology 
could achieve such goals. To better understand the 
complexities, the potential hazards and the possible 
negative impacts of deploying such drives, we ex-
amine the various gene drive proposals, and briefly 
review the biology and ecological role of the mos-
quito, before moving on to consider the many un-
certainties surrounding outcomes.

Gene drive proposals

Population suppression or eradication

At the time of writing, the most advanced gene 
drive technology targeting mosquitoes has been 
developed by a team at Imperial College London, 
UK, led by Andrea Crisanti, as part of the Gates 
Foundation’s Target Malaria project. This group is 
conducting advanced trials (in simulated natural en-
vironments, according to news reports)7 of at least 
two gene drive technologies theoretically capable 
of supressing or eradicating populations of the Af-
rican malaria mosquito, Anopheles gambiae, which 
they plan to use against wild populations (Molteni 
2018). One technology under development is the 

6 See Table 3
7 Results have very recently been published on the I-PpoI X-shredder in simulated natural environments see Facchinelli et al, 2019.
8  Two versions of this approach have been described one using CRISPR/Cas9 (Galizi et al. 2016) and another employing an altered homing endonu-

clease gene I-PpoI from the slime mold Physarum polycephalum (Galizi et al. 2014)

X-shredder, here making the mosquito produce en-
donucleases8 to specifically target and sever sites 
on the X-chromosome during sperm production, 
resulting in the near absence of intact X-chromo-
somes in sperm and so producing almost entirely 
male offspring (Galizi et al. 2014; Galizi et al. 2016). 
If the gene for the endonuclease is engineered into 
an ordinary (autosomal) chromosome, the drive is 
not believed to spread rapidly, as it will be inherit-
ed in a Mendelian fashion.  However, if the gene is 
engineered into the Y-chromosome (a sex-chromo-
some), the drive will be passed on to every male, 
making this drive theoretically highly invasive (Mar-
shall and Akbari 2018). Whilst the first version has 
been tested in a laboratory (Galizi et al. 2016) the 
second version described by Marshall and Akbari 
2018 has not yet been constructed. Following initial 
trials with conventional GM mosquitoes in Burki-
na Faso, the Imperial College group are proposing 
to release a theoretically self-limiting form of the 
X-shredder as a step towards gaining regulatory 
approval for more invasive and persistent drives 
(Molteni 2018).

Their second drive project is a CRISPR/Cas 
based homing drive (see Chapter 1). Resistance is a 
crucial issue in gene drive design (see Chapter 1): in 
the case of CRISPR/Cas9-based drives in particular, 
mutations frequently arise at the DNA target site as 
a result of erroneous repair after cutting, rendering 
individuals that inherit them resistant to the drive. 
Whilst it is unclear to what extent such resistance 
emerges to the X-shredder; the team has recently 
published details of a CRISPR/Cas-homing drive 
design which experimentally overcame this defence 
mechanism. They chose to disrupt a gene named 
doublesex, which results in sterility in females car-
rying the drive (Kyrou et al. 2018b). Because of its 
vital role, this gene has very little scope for mutation 
and therefore the minor mutations which normally 
allow resistance to evolve do not appear, allowing 
this drive to completely eradicate laboratory pop-
ulations.
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Population modification

In contrast to the goal of population suppression, 
a consortium of researchers in California includ-
ing Valentino Gantz, Ethan Bier, Anthony James 
and Omar Akbari aim to use gene drives to modify 
populations to confer resistance to pathogens, an 
approach which they believe will reduce the pres-
sure for resistance to the gene drive to evolve and 
to spread. A principal target is Anopheles stephen-
si, a major malaria vector in India, which has been 
modified in a proof of concept experiment with a 
homing CRISPR/Cas9 drive to spread genes con-
ferring a level of immunity to the malaria pathogen 
in mosquitoes in laboratory populations (Gantz et 
al. 2015b). As observed with similar CRISPR/Cas9 
designs however, mutations giving resistance to the 
drive appear rapidly, which the group are exploring 
methods to overcome. The consortium is also be-
ing funded to develop gene drives in Aedes aegypti  
(DARPA 2017), which may include drives to propa-
gate genes that inhibit the capacity of this mosquito 
to transmit Zika virus (Buchman et al. 2019)9.

‘Self-limiting’ gene drives

Because they wish to gain acceptance for the 
technology, the emerging view among gene drive 
researchers is that drives are required that will be 
self-limiting in their geographic reach or persis-
tence, or indeed both. Theoretically, several de-
signs of drive could achieve this goal (Marshall and 
Akbari 2018), including the autosomal X-shredder 
described above. Another gene drive technology, 
known as underdominance (see Chapter 1), has 
been successfully demonstrated in the laboratory 
in the fruit fly Drosophila melanogaster, a distant 
relative of the mosquito (Reeves et al. 2014), by 
a team led by Floyd Reed at the University of Ha-
waii. The same research team proposes to use this 
method to either modify or supress populations of 
Culex quinquefasciatus to control avian malaria 
in Hawaii (Goldman 2016). A variant of the CRIS-
PR/Cas9 homing drive proposed by Kevin Esvelt, 
known as the ‘daisy drive’, has also gained much 

9 This paper describes the modification of mosquitoes with genes encoding miRNAs that target Zika virus genes, which are reported to reduce the 
capacity of these mosquitoes to transmit Zika to mice.
10 A full literature review is beyond the scope of this report.

attention owing to its theoretical potential to provide 
a self-limiting drive. In other words, as it ‘drives’ 
through the species population, it slows down; 
and, depending on frequency, may stop altogeth-
er – although the genetic modifications would like-
ly remain present in the population, especially the 
payload gene. Whilst the method remains a theory 
and has not been demonstrated in the laboratory, a 
consortium based at MIT in the US and the Pirbright 
Institute in the UK has been funded by DARPA to 
develop daisy drives in Culex quinquefasciatus and 
Aedes aegypti. Given these projects and the efforts 
by others, it seems likely that variants of the mos-
quito gene drive concept will continue to proliferate 
over the coming years.

Resources

Much of the massive investment in gene drive re-
search has been directed at research in mosquitoes. 
More than $200 million from institutions, including 
the Gates foundation, the US Defense Advanced 
Research Projects Agency (DARPA) and the TATA 
trust, has been invested in gene drive research as 
a whole, and these driving resources are beginning 
to produce results, raising questions about who 
will decide which species are targeted and where. 
Although numerous technical difficulties remain, 
field trials of gene drives in Anopheles gambiae are 
planned by the research consortium Target Malaria, 
potentially in as little as 5 years, according to news 
reports (Molteni 2018). It is very possible that trials 
of systems targeting other mosquito species could 
follow in their wake.

Ecological importance

Scope

To help understand the risks and hazards of em-
ploying gene drives to suppress or modify mosqui-
toes in the wild, we here give an overview of eco-
logical roles within the mosquito family as a whole, 
with reference to specific cases from the literature10. 
To consider the implications of any particular gene 
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drive proposal, broad and detailed knowledge of the 
ecological roles of each potentially affected species 
would of course be required. This data is however 
lacking at the level of individual species, so taking 
a broader view is informative in identifying areas of 
concern. This bigger picture is also important be-
cause the numbers and identities of mosquito spe-
cies that may eventually be suppressed or eliminat-
ed via gene drives, and the potential reductions in 
total mosquito biomass that would result, are both 
highly uncertain. As we later explore, gene drives 
may eventually be used against a wide range of mos-
quito species, and have potential to impact non-tar-
get mosquito species for example through hybrid-
isation. It is also unclear what fraction of the total 
mosquito biomass, both locally and globally, would 
be represented by targeted species. It is beyond the 

11  For example a study in a rice growing area of Kenya indicated that Anopheles arabiensis, Culex quinquefasciatus, both important disease vectors, 
together make up nearly 90% of the total mosquito population (Muturi et al. 2006).

scope to investigate this question in detail, but it is 
of ecological relevance that major vectors, which 
are likely to be among the initial targets, may be the 
more abundant species in at least some contexts11.

Mosquitoes are an important food source

Across the global range of their habitats, the dif-
ferent phases of the mosquito life cycle support a 
wide variety of species. The aquatic larvae for ex-
ample are predated upon by species of water bugs 
(aquatic Hemiptera), beetles (Coleoptera), flies 
(Diptera), spiders (Arachnida), flatworms (Planar-
ia), tadpoles (Amphibia), fish (Osteichthyes) and 
crustaceans (reviewed by (Collins et al. 2019)). For 
the African malaria mosquito Anopheles gambiae, 
it is estimated that around 95% of larvae are con-

Figure 1: The life cycle of the mosquito The com-
plex life cycle of the mosquito allows it to perform 
a wide variety of ecosystem roles. Its life cycle has 
four distinct stages: egg, larva, pupa and adult, the 
first three of which need standing water (for more 
detail see (Rozendaal 1997)). The eggs are gener-
ally laid in water, or in some cases just above the 
water line or in wet mud. Hatching requires water,  
and the larvae feed and develop in this aquatic  

environment. Eventually a larva forms a pupa, a 
non-feeding though mobile stage which undergoes 
metamorphosis before shedding its case to emerge 
as an adult, winged mosquito. Contrary to popular 
belief, the airborne adults feed mainly on nectar 
and other sugary plant juices (Foster 1995), and it 
is only the females (of most but not all species) that 
require a blood meal to produce eggs.

The life cycle of the mosquito

water surface

eggs larva pupa

adult

Figure 1
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sumed before reaching adulthood (Collins et al. 
2019), implying that this stage makes the largest 
contribution to the food chain.

As adults, mosquitos are consumed by a dif-
ferent spectrum of predators, including species 
of dragonflies and damselflies (Odonata), spiders 
(Arachnida), bats (Chiroptera) and birds (Aves) 
(Collins et al. 2019). Insights into the possible ef-
fects of removing mosquitoes and larvae from eco-
systems can be gained from studying the impacts 
of the use of Bti toxin12, a selective biological con-
trol agent which is used to suppress or kill larvae. 
Bti is toxic to mosquitoes (Goldberg and Margalit 
1977) and close relatives such as midges, but at the 
lower doses used in mosquito control is claimed to 
generally be non-toxic to other insects13 (Lacey and 
Merritt 2004). Long term studies of the effects of 
Bti spraying in the Camargue wetlands, a nature re-
serve in Southern France, have shown harmful indi-
rect effects. For nesting house martens, the average 
size of their clutches14 and survival rate of fledglings 
were decreased (Poulin, Lefebvre, and Paz 2010)15; 
and for dragonflies and damselflies (Odonata) both 
species diversity and total numbers were roughly 
halved (Jakob and Poulin 2016). Since Bti affects 
both midges and mosquitoes, these impacts cannot 
be exclusively attributed to the loss of mosquitoes, 
however they do illustrate that reducing populations 
of even a small group of species can have significant 
and unintended effects.

Whilst many predators of larvae and adult mos-
quitoes consume a variety of other prey, there are 
species that specialise in hunting mosquitoes, such 
as Evarcha culicivora, an East African jumping spi-
der (Salticidae) (Wesolowska and Jackson 2003). 
Whether many more such highly specialised pred-
ators exist remains an open question.

12  The agent is derived from the bacterium Bacillus thuringiensis subspecies israelensis (Bti), whose spores produce a variety of proteins which are 
endotoxins that are toxic/lethal to mosquito larvae. Note that the studies referred to use the natural form of the endotoxin as opposed to genetically 
modified forms.

13  Bti has some toxic activity against a range of insects (Palma et al. 2004), but these are dose dependent and non-equivalent, and Lacey and Merritt 
state that ‘A multitude of studies conducted in lentic and lotic habitats reveal little or no direct effect of Bti on most nontarget organisms’.

14 The average size of clutches was reduced from 3.2 to 2.3 chicks per nest.
15  This study shows that quantities of both Nematocera (mosquitoes and midges) and Odonata (dragonflies and damselfies), which prey on Nemato-

cera, are significantly reduced in the diets of these birds in Bti targeted areas.
16 Some phytoplankton are forms of bacteria, whilst others are larger and more complex single celled organisms.

Some mosquitoes have over time spread into 
other regions and areas distant to their ‘native’ area, 
where they have then become established and of-
ten integrated into those ecosystems. Populations 
of Aedes aegypti, for example, have become estab-
lished in many areas globally, and are also possible 
gene drive targets. This raises questions about the 
possible impacts of their suppression. The extent 
to which Aedes aegypti has become integrated into 
these new ecosystems has not been well investigat-
ed, but it would be expected that the species would 
be a food source for native predators in these new 
contexts, and there is some evidence that this is the 
case (Samanmali et al. 2018; Albeny et al. 2011).

Larvae are an important predator in aquatic eco-
systems

Aquatic ecosystems contain a wealth of micro-
organisms, including photosynthetic primary pro-
ducers, phytoplankton (algae), alongside various 
bacteria16 and larger protozoa. At this microscop-
ic scale, the protozoans are the predators feeding 
off the smaller microbes. Much of the diet of lar-
val mosquitoes comes from this microbial commu-
nity, including the protozoans, so the presence of 
larvae would be expected to have knock-on effects 
on this community.  In the small pools of water in-
side common pitcher plants, the presence of larvae 
has indeed been shown to affect bacterial diversity, 
which is significantly higher when larvae are present 
(Peterson et al. 2008), presumably because they re-
duce numbers of protozoans.

In larger aquatic ecosystems, the effects of ap-
plying Bti toxin suggest that eliminating mosquito 
larvae could create complex changes within the 
aquatic microbial community, but again because 
both midges and mosquitoes are affected it is not 
possible to completely isolate the effects of mos-
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quito suppression given current data. In temporary 
wetlands in Sweden, a high dose of this toxin re-
duced the density of larvae by 97-100%, resulting 
in increases in the diversity and density of protozo-
ans, as would be predicted when a predator is re-
moved (Östman, Lundström, and Vinnersten 2008). 
The effects of removing larvae on other microbes 
appear complex. When samples of freshwater eco-
systems are exposed to high doses of Bti toxin in a 
laboratory, thus reducing numbers of larvae, indi-
rect effects are observed on microorganisms: phy-
toplankton densities are reduced, even though Bti is 
not toxic to these species; but bacterial diversity on 
the whole is increased (Duguma et al. 2015; Mulla 
and Su 1999). There is not always an immediate log-
ic to such trophic chains and effects, which means 
that more detailed studies are required to more ful-
ly understand the processes involved. Long term 
studies of Bti mosquito control in the Camargue, for 
example, do not observe effects on phytoplankton 
(Fayolle et al. 2016), although there the doses of 
Bti were lower, reducing larval densities by around 
80% rather than virtually eliminating them as in the 
Swedish experiment. Using these and similar stud-
ies to form a general understanding of the conse-
quences of eliminating larvae is very difficult; the 
studies have observed different environments with 
different mosquito species, used different doses of 
toxin, and did not all observe the same groups of mi-
crobes. Thus, with current knowledge, the impacts 
on aquatic ecosystems of attempting to eliminate or 
suppress mosquitoes cannot be predicted with any 
confidence, and harmful knock-on effects, such as 
suppression of phytoplankton, cannot be excluded.

Mosquito larvae contribute to nutrient recycling

Because decaying organic detritus also forms 
part of the diet of larvae (Daugherty, Alto, and Ju-
liano 2000; Daugherty and Juliano 2003), they con-
tribute to recycling the nutrients in dead animal and 
plant matter into the food chain. As larvae repre-
sent a significant amount of biomass in some aquat-
ic ecosystems (Yurchenko and Belevich 2016), their 
role in processing detritus in these contexts may 
be significant. Laboratory studies on the effects of 
using Bti toxin to suppress larvae have shown that 
both nitrogen and phosphorous in the water column 

are reduced when high doses of the toxin are used, 
although the mechanism for this effect is unclear 
(Duguma et al. 2015). Again, knowledge on this area 
is limited, but is sufficient to suggest that nutrient 
recycling could be disrupted by removing larvae.

Mosquitoes are important pollinators for certain 
plants

With the exception of females of certain species 
feeding on blood to support reproduction, adult 
mosquitos generally feed on nectar. This would 
imply possible roles in pollination, and whilst this 
question has not been well investigated, the mos-
quito’s role as pollinator has been confirmed for 
some species. For example, six species of the genus 
Aedes have been shown to pollinate the orchid Pla-
tanthera obtusata, which has a large range cover-
ing the northerly regions of Europe, Asia and North 
America (Gorham 1976). Whilst it can be inferred 
statistically that the vast majority of the ca. 350,000 
known flowering plant species rely on animal polli-
nation the actual pollination of most wild flowering 
plants has not been studied (Ollerton, Winfree, and 
Tarrant 2011), so with current information it is not 
possible to know how significant the role of mos-
quitoes in pollination is. It is thus possible that mos-
quitoes are important pollinators for other flowering 
plants, giving potential for elimination programmes 
to impact these plant species and their related com-
munities, particularly given that wild insect polli-
nators are already in decline in many areas (IPBES 
2016).

Potential impacts of mosquito suppression  

Whilst mosquitoes have been well studied com-
pared to many insects, research has generally been 
driven by interest in identifying disease vectors 
and controlling numbers, and the ecosystem roles 
of the thousands of species within the family have 
only been investigated in individual and narrow cir-
cumstances. Nevertheless, the limited knowledge 
available is sufficient to show they are embedded in 
a wide network of relations to many other species. 
Where they are abundant they will be an important 
food source both as larvae and adults, will exert 
complex influences on the community of aquatic mi-
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croorganisms, and will contribute to recycling nutri-
ents into the eco-system. Knowledge of their roles 
in pollination remains limited, which means that the 
possibility of important pollinator relationships. In-
deed other eco-system roles in certain circumstanc-
es cannot be excluded. Any proposals to eradicate 
mosquito species or groups of species, even in a 
localised setting, should therefore be viewed with-
in this context of science’s limited understanding of 
their complex system of relationships.

To summarise, at the ecosystem level, effects 
could occur in five broad areas, although their na-
ture and extent is extremely difficult to anticipate:

•  Decline in numbers and/or diversity of predators

•  Reductions of other species that have become the 
new prey of predators

•  Complex effects on aquatic microbial communi-
ties

•  Reductions in nutrient availability in aquatic eco-
systems

•  Potential reduction in pollination and ensuing 
consequences

Whilst it is likely that empty ecological niches 
would be filled or that populations could rebound 
due to some form of resistance, even a temporary 
reduction in mosquito populations could have sig-
nificant impacts on predator species and aquatic 
ecosystems, particularly if they were already under 
stress from other factors.

Role in human and animal disease

The requirement for blood feeding brings most 
mosquitoes into relationship with other sets of spe-
cies, including humans. Recent genetic evidence 
suggests that mosquitoes have evolved rapidly to 
adapt to blood feeding on humans (Neafsey et al. 
2015) and to live in anthropogenic environments 
(White, Collins, and Besansky 2011), seizing the 
opportunity created by the large fraction of bio-
mass represented by humans (Bar-On, Phillips, and 

Milo 2018) and the increasing areas of land devot-
ed to human activities. Not surprisingly, the species 
composition of the mosquito community is affected 
by the presence of humans and human influences 
on habitat. A study from Thailand has shown that 
even over short distances, the diversity of species 
and the relative abundance of disease vectors var-
ied across forest and different anthropogenic habi-
tats, with vectors of disease lowest in intact forest 
(Thongsripong et al. 2013).

A number of pathogens have evolved to exploit 
mosquitoes feeding on humans, including the sin-
gle-celled plasmodium parasites which cause ma-
laria; several viruses, such as Dengue, Zika and yel-
low fever; and various parasitic nematodes, which 
cause filariasis. Of these, malaria parasites cause 
the most infections and the highest mortality, con-
tributing to an estimated 430,000 deaths in 2015 
(WHO 2016). The two most significant malaria par-
asites, Plasmodium falciparum and Plasmodium 
vivax, are responsible for the vast majority of infec-
tions globally, with falciparum, which is common in 
sub-Saharan Africa, by far the most deadly form. 
The health impacts of other mosquito-borne path-
ogens are also substantial; for example, Dengue is 
reported as being responsible for tens of thousands 
of deaths every year (ECDC 2019).

Co-evolution of humans, pathogen and vectors

Inevitably, vector-borne pathogens are involved 
in an evolutionary ‘arms race’ with their human 
hosts, and it should be considered how the use of 
gene drives to spread disease refractory genes in 
mosquitoes might affect this process.

The evolutionary relationship between humans 
and the two most significant malaria parasites is 
now at least partly understood. In fact, resistance 
to malaria is thought to be the strongest selection 
pressure in recent human evolution, driving some of 
the most rapid evolutionary changes known. For ex-
ample, over the last 40,000 years a variant in a gene 
known as DARC has swept through African popu-
lations (McManus et al. 2017), apparently because 
it gives protection against Plasmodium vivax. Given 
that P. vivax is rarely lethal in modern humans, the 
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strength of the selection pressure driving DARC into 
the human population is difficult to explain from to-
day’s situation, and it has been suggested that this 
form of malaria was more deadly in the past and 
that humans have evolved considerable resistance 
(Price 2017). The most deadly parasite, Plasmodium 
falciparum, originated in gorillas and is thought to 
have been transmitted to humans relatively recent-
ly in evolutionary terms, probably around 10,000 
years ago (Loy et al. 2017). Since then, mutations 
providing resistance have been strongly selected 
for in human populations, including the variant in 
the haemoglobin-gene that gives rise to sickle cell 
anaemia.  It is believed that in exposed populations, 
additional resistance variants are present that have 
yet to be identified (Hedrick 2011). In turn, howev-
er, the parasites also evolve to evade human resist-
ance, with some strains of P. vivax now apparently 
gaining the capacity to infect humans who carry the 
protective DARC mutation (Mendes et al. 2011).

Like humans, mosquitoes can evolve a high level 
of immunity to the malaria parasite, but intriguing-
ly this strong immune response is only present in 
some species: the species Anopheles quadriannu-
latus, widely considered a non-vector, shows a ro-
bust immune response to Plasmodium falciparum, 
whereas the important vector, Anopheles gambiae, 
shows little immunity (Habtewold et al. 2008). Simi-
lar results were found when these two species were 
infected with the Plasmodium berghei parasite, and 
it was also shown that other Anopheles vector spe-
cies showed a weak immune response (Habtewold, 
Groom, and Christophides 2017). The most proba-
ble explanation for the absence of immunity in these 
cases is that the costs to the insect of deploying an 
immune response can outweigh or balance out the 
costs of infection (Hurd et al. 2005).

Humans, mosquitoes and malaria parasites are 
thus involved in a dynamic three-way process of 
co-evolution that is unlikely to end with the modi-
fication of certain vector mosquitoes through gene 
drives. If gene drives do succeed in spreading dis-
ease refractory genes in mosquitoes, and even if 

17  Figures for the total number of Anopheles species which can transmit disease vary in the literature. The Malaria Atlas Project states that ‘Approxi-
mately 40 Anopheles species are able to transmit malaria well enough to cause significant human illness and death’ (MAP 2019). Neafsey et al give a 
figure of 60, while Manguin et al state that around 70 species are of ‘epidemiological significance’.

they only partially or temporarily succeed, this al-
teration would interact with powerful evolutionary 
forces. It seems appropriate to reflect on the un-
certainties and potential consequences this might 
entail.  

How many species could be affected?

Given the ambition of gene drive developers to 
deliver health outcomes by modifying or suppress-
ing disease-vector mosquitoes, it is worthwhile to 
consider how many species this could reach. To our 
knowledge, at least four (and probably five) species, 
representing three major genera, are being target-
ed by gene drive development. However, given the 
number of species implicated as vectors, which we 
estimate at 160 to 190, there is clearly scope for 
many more (Table 3). Here we consider the total 
numbers of known disease vectors, the species tar-
geted, and the scope for gene drives to spread be-
yond target species by hybridisation for each of the 
three affected genera (Anopheles, Aedes and Culex).

Anopheles

Whilst attention is often given to a handful of 
prominent vector species17, there are in fact 40-70 
species of Anopheles that are capable of transmit-
ting the human malaria parasite. Among these are 
two of the principal targets for gene drive projects: 
Anopheles gambiae, the major vector in sub-Saha-
ran Africa, and Anopheles stephensi, a major vec-
tor in the Indian sub-continent.  Anopheles gambiae 
has seven closely related species that together form 
a ‘species complex’, which, whilst almost identical 
in appearance, exhibit different behaviours in their 
choice of host, have different capacities to transmit 
malaria, and have different, yet overlapping, prefer-
ence of habitats. Anopheles gambiae, for example, 
prefers to feed on humans and is susceptible to in-
fection with the malaria parasite, whereas quadrian-
nulatus shows no preference for humans over live-
stock, is relatively resistant to infection, and is not 
considered a vector for human malaria (Pates et al. 
2001; Habtewold et al. 2008). However, a synthetic  
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gene drive has the potential to spread into this spe-
cies and to affect, suppress or potentially eliminate 
it, because gambiae and quadriannulatus are ca-
pable of hybridising and producing fertile offspring, 
as are most other species in the complex (Pates, 
Curtis, and Takken 2014; Fontaine et al. 2015).  
Genetic studies show evidence of extensive historic 
gene flow between members of the complex (Fon-
taine et al. 2015; Coluzzi, Sabatini, Petrarca, and Di 
Deco 1979), observations that illustrate the inherent 
difficulty in defining separate species by reproduc-
tive isolation. Genetic comparisons of Anopheles 
gambiae with quadriannulatus have also revealed 
that gambiae has adapted to feeding on humans, 
for example by evolving a capacity to detect human 
odours (McBride 2016; Rinker et al. 2013), anoth-
er aspect of the triangular evolutionary relationship 
between mosquitoes, humans and the plasmodium 
parasite.

Aedes

The Aedes are the largest mosquito genus, with 
over 900 species (Wilkerson et al. 2015)18, and are 
the dominant group globally, with a range extend-
ing from the tropics to the arctic (Harbach 2013). 
More than 80 of these are known vectors for human 

18  The taxonomy of the tribe Aedini, which includes the genus Aedes, is controversial, and the number of species included in the genus has changed as a 
result. For example, Reidenbach et al. state 363 species; however Wilkerson et al. revise this to 931 (see Mosquito Taxonomic Inventory for count).

diseases, including viruses such as Dengue and the 
nematodes which cause filariasis (Wilkerson et al. 
2015).  Prominent among them is the gene drive tar-
get Aedes aegypti, a species that acts as a vector 
for viruses such as Dengue, yellow fever and Zika 
(Guerbois et al. 2016; Wilkerson et al. 2015). Ae-
gypti originally evolved in Africa but has adapted to 
feed off humans (Ponlawat and Harrington 2005), 
allowing it to spread alongside its human host and to 
become established in tropical and warm temper-
ate regions around the globe (Powell and Tabach-
nick 2013; Kraemer et al. 2015). According to one 
source, research on gene drives in another invasive 
species, Aedes albopictus, a vector for many of 
the same diseases, is also underway (Darrow et al. 
2016). Like Anopheles gambiae, Aedes aegypti  can 
produce fertile hybrids with closely related species 
(Motara and Rai 1977).

Culex

After Aedes, Culex are the second largest genus, 
with nearly 800 species and a range reaching from 
the tropics up to cool temperate latitudes (Harbach 
2013). At least 15 species have been shown to act as 
vectors for human pathogens, including West Nile 
virus, encephalitis viruses, and filarial nematodes 

Genus Number of species Number of known vectors 
of human disease

Examples of human 
pathogens carried

Gene drive targets

Anopheles 475 40-70 Malaria, filariasis Anopheles gambiae; 
Anopheles stephensi

Culex 769 ≥15 West Nile virus, filariasis Culex quniquefasciatus

Aedes 931 ≥84 Dengue, yellow fever, 
Zika

Aedes aegypti, Aedes 
albopictus

Psorophora 49 ≥10 West Nile virus Currently none

Haemagogus 28 ≥4 Yellow fever Currently none

Armigeres 58 ≥2 filariasis Currently none

Mansonia 25 ≥8 filariasis Currently none

Total 163-193

Table 3: Mosquito disease vectors. Sources: (Har-
bach 2013); (Wilkerson et al. 2015); see text for 
sources on numbers of vector species for Anophe-
les, Culex and Aedes; (Ughasi et al. 2012) describes 

2 Mansonia vectors in West Africa, while (Chiang 
1993) lists 6 additional vectors in South and South 
East Asia.
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(Harbach 2013) ) as well as acting as vectors for 
other diseases in mammals, birds and reptiles. The 
well-known species Culex quinquefasciatus, which 
is found in tropical and sub-tropical regions around 
the world (Samy et al. 2016), has become a focus 
for gene drive development, owing to its role in hu-
man disease and avian malaria. As with Anopheles 
gambiae and Aedes aegypti, Culex quinquefascia-
tus (Gomes et al. 2012) can produce fertile hybrids 
with closely related species.

Technical issues

Without downplaying the possibility that drives 
could have major and potentially very harmful im-
pacts, it must be noted that a variety of technical 
hurdles create a significant likelihood that drives 
won’t behave as expected or deliver the promised 
outcomes.

Resistance: technical and behavioural issues that 
may thwart planned outcomes

At least three mechanisms could give rise to re-
sistance to gene drives, preventing them from prop-
agating in the target population and suppressing or 
modifying populations as planned (Sarkar 2018): 
natural genetic variations at the target site may 
block the drive; mutations can arise that generate 
evolved resistance; and selection pressures against 
the drive may result from non-random mating be-
haviours, (see Chapter 1). One example of ‘behav-
ioural resistance’ would be the evolution of sibling 
mating behaviours, which modelling studies show 
could emerge in response to gene drives (Bull, Re-
mien, and Krone 2019).

In the case of suppression drives, it is obvious 
that there is a huge evolutionary pressure for re-
sistance to emerge. However, if modification drives 
were ever released in the wild, it is rather uncer-
tain how rapidly they would spread. In this case, 
the payload gene is not intended as a burden to the 
mosquito, thus avoiding selection pressure. Howev-
er, if either the gene drive or the payload gene con-
fer a high fitness cost which is counter to the design 
criteria, resistance to the drive could spread faster 

and selection pressure could reduce the presence of 
the payload gene.

Implementation in wild populations will be chal-
lenging

There are also numerous difficulties in modify-
ing populations in the wild, as opposed to a cage. 
For example, success would be dependent on a lev-
el of geographic mobility of mosquitoes to spread 
the drive, and could be undermined if gene drive 
mosquitoes are less successful at finding mates than 
their unmodified counterparts. In addition, there are 
significant practical difficulties, such as mass rear-
ing of mosquitoes for release and in most scenarios 
ensuring that biting females are not released.

Risks and uncertainties

There are a number of different issues and risks 
with gene drive technology that need to be brought 
into the foreground (see also Section 3 on risk as-
sessment); in particular, its unpredictable nature 
must be emphasised.

A wide spectrum of unplanned outcomes is possible

The likelihood of some form of resistance 
emerging to a mosquito gene drive makes the actual 
outcomes of a drive in the wild very difficult to pre-
dict. Figure 2 illustrates the range of possible out-
comes in a highly simplified case of a single use of 
a suppression gene drive against one species. Even 
in this case, a wide range of outcomes are possible, 
depending on how widespread resistance is in the 
initial population or how rapidly it appears through 
evolutionary and behavioural processes. At the two 
extremes of the range of possibilities are: complete 
collapse of the drive; or complete eradication of 
the target species. Perhaps more likely than either 
is a partial suppression of the target, ranging from 
a limited drop in the population to near complete 
eradication, followed by the spread of resistance 
and the rebounding of the population to near its 
original level, with notable public health implica-
tions (see below). Depending on how the drive be-
haves at a molecular level and how it is impacted 
by mosquito behaviour, the new population could 



Chapter 2: Potential applications and risks100

also contain a large number of genetically modified 
mosquitoes, bringing additional risks (see below). In 
reality, this scenario is overly simplistic, and factors 
such as geographic limitations on its spread and the 
locations and timings of probable multiple releases 
would all add additional layers of complexity to pre-
dicting outcomes.

For example, in the case of gene drives contain-
ing active CRISPR/Cas9 (either as a homing system 
or a simple endonuclease for cleaving DNA), the de-
velopment of resistance will not stop this machinery 
from cutting alternative target sites. The presence 
of an active CRISPR/Cas9 system in the population 
has the potential for frequently setting new and 
unintended mutations, thus potentially constantly 

adding to the genetic alteration or modification of 
the population in a way that most likely cannot be 
predicted.

Geographic range and species scope are difficult to 
control

If drives do propagate as intended, there is con-
siderable uncertainty about concerns such as the 
extent of the geographic areas they will eventually 
reach and the numbers of species that might be af-
fected. Many gene drive technologies have the po-
tential to become highly invasive, which could lead 
to impacts that are both global and irreversible (No-
ble et al. 2018). Even with proposals for theoretical-
ly self-limiting drives (many of which have not yet 
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been demonstrated even in a laboratory), the scope 
of the effects is difficult to predict and could be far 
wider ranging than intended (Dhole et al. 2018).

Given that most of the mosquito species being 
targeted are known to hybridise with closely relat-
ed species, the capacity to confine a drive within 
one species is also questionable. Significantly, the 
doublesex gene sequence (targeted by the suppres-
sion drive developed by Crisanti and co-workers) is 
completely conserved across the Anopheles gambi-
ae species complex, which means the drive would 
function just as effectively in these sibling species. 
Members of this complex are known to hybridise, 
so if this drive were released in the wild, it could po-
tentially affect the entire species complex alongside 
gambiae – and the ecosystems linked to them.

Risks from generating GM mosquito populations

One significant issue is that drives could gen-
erate vast populations of GM mosquitoes, poten-
tially carrying genes encoding the genome editing 
agent CRISPR/Cas9. This would of course occur 
with intentional modifications designed to alter or 
suppress mosquitoes, and these alterations may 
have unexpected or unintended effects and conse-
quences that will need to be investigated and risk 
assessed prior to release.

More difficult to risk assess are unintended al-
terations; as every time a CRISPR/Cas9 gene drive 
is active in the cell, it could theoretically cut the 
DNA off-target with a non-homologous end joining 
(NHEJ) mutation arising (see Chapter 1). With re-
placement drives, these modifications could well 
spread. In the case of suppression drives, if resist-
ance arises, then unintended modifications may get 
fixed in the population. In all cases these GM insects 
would constitute a risk of their own, one that has 
not been assessed and in fact probably cannot be 
assessed beforehand. The question arises, how this 
could be adequately addressed in a risk assess-
ment, especially when no data are available.

Several mechanisms could confound any health 
benefits

The consequences on human health of attempt-
ing to eradicate or of eradicating a mosquito pop-
ulation or species are likely to also be difficult to 
predict. Whilst we are not experts on public health, 
we believe it is important that certain scenarios are 
considered, in which gene drives do not give the in-
tended results. We therefore wish to draw attention 
to important questions in this area and to highlight 
relevant concerns that have been raised by others.

Could other disease vectors occupy empty ecolog-
ical niches?

The response of the ecosystem to the eradi-
cation of a mosquito species is one important un-
known quantity in predicting health outcomes. One 
possibility would be that other related species of 
mosquitoes or other insects would simply fill the 
newly empty niche. It is known, for example, that 
Aedes albopictus competes with Aedes aegypti in 
many settings (Braks et al. 2004); so removal of 
aegypti would perhaps simply result in dominance 
of albopictus, which, as stated already, is a vector 
for many of the same diseases. If other mosquito or 
insect species expanded to fill emptied ecological 
niches, then it could be possible they could adapt 
to feed on humans in a similar way as Anopheles 
gambiae has done.  Humans account for a large 
proportion of vertebrate biomass in many contexts, 
pointing to a plausible evolutionary pressure or ad-
vantage for such specialisation.

Impacts of partial or temporary removal

As already discussed, there is a possibility that 
drives could suppress vector mosquitoes tempo-
rarily or even for some substantial time, with pop-
ulations later rebounding. What might the conse-
quences for public health be for such a scenario? 
According to reports, with regular exposure to ma-
laria adults develop a natural acquired immunity to 
the disease (NAI), in addition to the various levels 
of genetic immunity that already exist in exposed 
populations. The authors of one review argue that 
NAI “should be appreciated as being virtually 100% 
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effective against severe disease and death among 
heavily exposed adults” (Doolan, Dobaño, and 
Baird 2009). This review goes on to state:

“Interventions that reduce exposure below a 
level capable of maintaining NAI risk the possibility 
of catastrophic rebound, as occurred in the high-
lands of Madagascar in the 1980s, with epidemic 
malaria killing more than 40,000 people. (Romi et 
al. 2002).” (Doolan, Dobaño, and Baird 2009) p14, 
emphasis added.

In light of this, we would recommend that the 
risks associated with temporary population sup-
pression of vectors are investigated and assessed 
by those with relevant expertise.

Evolution or replacement of pathogens

The capacity of pathogens to evolve in order to 
evade immune responses is well documented, and 
arboviruses such as Dengue have already evolved 
mechanisms to suppress mosquito host defences 
(Sim, Jupatanakul, and Dimopoulos 2014). Thus 
it could be asked: if efforts to modify populations 
to generate immunity to pathogens succeed, would 
pathogens not simply evolve in ways that avoid this 
immunity? Similarly, if existing vectors were wiped 
out, then couldn’t selection pressure push patho-
gens to evolve to spread via other vectors, which 
might be just as difficult to control. Mosquito spe-
cies can in many cases transmit more than one 
pathogen, and as the Convention on Biodiversity 
(CBD) guidance on living modified (LM) mosquitoes 
(Andow 2012) states, a mosquito in which the ‘ca-
pacity of transmission of one of these pathogens 
has been modified, may enhance the transmission 
of other pathogens.’

Overview of existing and proposed alternatives

Mosquito-borne diseases have been impacting 
human health for tens of thousands of years, and 
human ingenuity has developed approaches, both 
ancient and modern, to counter them. This is a field 
where we cannot offer expertise, and so we are not 

19  Treatment contributes to reducing malaria transmission: people who have been treated with anti-malarial medication are less likely to infect mosqui-
toes and thereby transmit the parasite to others (WHO 2015).

seeking to give advice on public health strategies. 
We are aware however that an overview of current 
practices, as well as current developments, would 
be helpful in giving a sense of the wider context in 
which mosquito gene drives are being developed.

Current malaria control methodology

A concerted global programme of malaria con-
trol saw deaths from malaria halve in the period 
from 2000 to 2015 (Gulland 2015), and even includ-
ed complete eradication of the disease in countries 
such as Sri-Lanka (in 2016) and Paraguay (as re-
cently as 2018). This progress was based on wide-
spread implementation of policies recommended 
by the WHO, principally the use of: long lasting 
insecticide-treated bed nets (LLINs); indoor resid-
ual spraying (IRS) of insecticides in homes at risk 
for malaria; preventative treatments for children 
and pregnant women; and access to diagnosis and 
treatment for malaria infections19 (WHO 2016). Pro-
gress since 2015 has stalled, however, with deaths 
remaining around 430,000 (WHO 2018). The rea-
sons for this are not fully clear, although the WHO 
is highlighting reductions in funding for malaria con-
trol in many countries with a high disease burden 
(Kelland 2017; WHO 2018).

Vaccination

Vaccination has made substantial impacts on 
the incidence of yellow fever, and many view it as 
a promising approach for tackling other mosqui-
to-borne diseases (Frierson 2010; WHO 2017; 
Draper et al. 2018). A relatively safe and effective 
vaccine was developed against yellow fever in the 
1930s, and mass vaccination campaigns resulted in 
the eventual disappearance of the disease in many 
areas (Frierson 2010). Development of a vaccine 
against Dengue involves significant technical chal-
lenges, and whilst the currently licenced vaccine is 
only recommended in certain circumstances, the 
WHO states that “the current Dengue vaccine pipe-
line is advanced, diverse and overall promising” 
(WHO 2017). Malaria vaccine research has also en-
countered considerable difficulties, yet much pro-
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gress is being made; one vaccine has now been ap-
proved which is said to offer effective protection for 
infants and young children (although the immunity 
is partial and not long-lasting), and over 20 other 
vaccine candidates are in clinical trials or advanced 
pre-clinical trials (Draper et al. 2018; WHO 2019).

Emerging mosquito control methodologies

Public health specialists are also drawing atten-
tion to a variety of new and existing techniques that 
could supplement the two current existing founda-
tions of vector control, LLINs and IRS (Barreaux et 
al. 2017; Killeen et al. 2017). A recent review (Bar-
reaux et al. 2017) highlights five complementary ap-
proaches, each with an evidence base, which could 
begin to be deployed immediately:

•  Attractive toxic sugar baits (ATSBs): These take 
advantage of mosquito sugar feeding to adminis-
ter an oral toxin and are capable of locally reduc-
ing malaria vector populations.

•  Swarm sprays: Many vector mosquitoes form 
swarms when mating which can be sprayed with 
insecticide by local volunteers, giving reductions 
in vector density and mating success.

•  Housing improvements: Modern housing and 
modifications to existing homes can provide pro-
tection against malaria transmission.

•  Treatment of livestock: Many mosquitoes also 
target livestock, so treatment of livestock or the 
structures housing them with insecticides can re-
duce mosquito numbers.

•  Spatial repellents: These are airborne chemicals 
that cause changes in insect behaviour and which 
show potential for reducing transmission.

Other perspectives on malaria control

A detailed review of the malaria control literature 
is beyond the scope of this report, but it should be 
highlighted that there are many potentially valuable 
perspectives that could be further explored. Lapor-
ta and colleagues, for example, are considering the 

protective role that healthier ecosystems might play. 
On the basis of modelling studies, they have sug-
gested that in tropical forest areas where biodiversi-
ty of both mosquitoes and wild warm-blooded an-
imals is high, humans are to some extent protected 
from malaria (Laporta et al. 2013). There is also the 
consideration that traditional medicines and heal-
ers are widely used in many communities affected 
by malaria (Suswardany et al. 2015), and that some 
researchers have proposed that giving them a great-
er role in public health programmes could improve 
outcomes (Graz, Kitua, and Malebo 2011).

Conclusions

Gene drives are an inherently risky mosquito 
control technology. The considerable enthusiasm of 
some actors is drawing attention away from both the 
risks of the technology failing to deliver the prom-
ised benefits, but also, more crucially, from its un-
predictability. This obscures the potentially serious 
and irreparable harms that may be caused by the 
release of gene drive mosquitoes on ecosystems 
and biodiversity, and tends to ignore the possibility 
of negative human health impacts.

If drives fail to suppress or modify mosquito 
populations as planned, then clearly the health ben-
efits will not be realised. Equally, even if drives do 
achieve these goals in the short term, shifts in the 
composition of the mosquito community, adaption 
of feeding preferences and evolution of pathogens 
could all potentially rapidly counteract any benefits 
and perhaps pose new risks.

Mosquitoes and their larvae are likely to be 
an important component of ecosystems in many 
circumstances. If major mosquito species are re-
moved, the ecosystem will shift in complex patterns 
that are not fully predicable, but because other spe-
cies rely on them in various ways, are likely to be 
harmful to biodiversity. Deployment of these drives 
could easily lead to knock-on effects that impact 
predators such as birds, bats or dragonflies, which 
may already be under stress because of other dam-
age to ecosystems, resulting in further declines in 
their numbers. Similarly, impacts on the microbial 
community and nutrient recycling could, for exam-
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ple, harm the photosynthetic phytoplankton at the 
base of food chain, leading to further chains of con-
sequences. So whilst swatting an individual mosqui-
to is no threat to biodiversity, taking a similar step 
at an ecosystem level would be dangerous leap into 
the unknown.

The question also arises of just how many mos-
quito species may eventually become gene drive 
targets? Will gene drives be deployed against a 
handful of major vectors, or all disease vectors, or 
even all mosquitoes? The consequences would be 
different in each of these scenarios, yet we must re-
flect on all of them because no one, including the 
developers, knows where this technology may ulti-
mately lead us. As stated earlier, at least 160 mos-
quito species are known to transmit human patho-
gens, and given that many species have not been 
well investigated, there could be more, all in addi-
tion to species that may be poor vectors, or could 
potentially adapt to act as vectors. Given that even 
when they are not disease vectors, mosquitoes are 
considered a nuisance, it is not hard to imagine a 
situation where gene drives are used against a large 
proportion of the mosquito family, normalising an 
unprecedented level of intervention in the natural 
world and opening up the prospect of ‘designer 
ecosystems’ starting to replace natural ones.

There are a wide range of approaches for con-
trolling mosquito-borne diseases, with some proven 
methods not receiving enough investment. In this 
context, and in line with the Precautionary Princi-
ple, it would be wisest to avoid any approach that 
risks failing to deliver health benefits and could also 
cause significant collateral damage to ecosystems.

2.4.2 Case study 2: Mice

Introduction

In one of Aesop’s fables, a sleeping lion is woken 
by a mouse and is so angered by the disturbance 
that he threatens to kill the mouse. The mouse re-
plies that he would not be worthy prey, and so the 
lion agrees to spare his life. To the lion’s amuse-
ment, the mouse responds that he will one day re-

turn the favour, and they go their separate ways. 
Sometime later, the mouse finds the lion caught in a 
hunter’s net and on recognising him, chews through 
the threads to free him and save him from the hunt-
ers’ spears.

This story, which dates back to ancient Greece, 
illustrates not just the benefits of mercy and how 
beings can be interconnected in unexpected ways, 
but also the long-standing place mice have in the 
human imagination. This is hardly surprising, giv-
en that the house mouse (Mus musculus) has lived 
in close association with humans at least since the 
development of agriculture about 12,000 years ago 
(Auffray, Tchernov, and Nevo 1988), accessing hu-
man food supplies in houses, out-buildings, stores 
and cropland. Whilst the species originated in the 
Indian sub-continent, their commensal relationship 
with humans probably emerged in the Middle East 
(Weissbrod et al. 2017), and this association, com-
bined with remarkable adaptability, has allowed 
them to spread widely: first travelling with bronze-
age traders around the Mediterranean and into Eu-
rope (Cucchi, Vigne, and Auffray 2005), and more 
recently to the Americas and other landmasses 
along shipping routes (Boursot et al. 1993). Indeed, 
together with rats, they are now probably the most 
widely distributed vertebrate in the world, after hu-
mans (GISD 2019), inhabiting environments from 
the tropics to the Arctic and sub-Antarctic (Musser 
2016).

Methods to control commensal rodent popula-
tions have been actively pursued at least since the 
domestication of the cat, and considerable invest-
ment is now being made to add eradication via gene 
drive to the existing range of tools. At least three 
research teams are pursuing gene drives intended 
to be capable of suppressing or eradicating wild 
mouse populations, either by biasing sex ratios or 
spreading infertility. As the most intensively stud-
ied mammalian laboratory organism, the develop-
ment of effective gene drives in Mus musculus is 
also being pursued as an intentional step towards 
engineering drives in other mammals. Here we give 
a brief overview of the biology of the house mouse, 
and review the motivations behind mouse drives 
along with the current state of research, so as to 



Chapter 2: Potential applications and risks 105

better comprehend the spectrum of potential haz-
ards and multitude of risks in the application of this 
technology.

Overview of ecological role and relevant biology

House mice are very widespread globally and stow 
away easily

Whilst the house mouse has thrived in this close 
relationship with humans, the species has existed 
much longer than modern Homo sapiens20 and pop-
ulations continue to flourish in wild and semi-wild 
environments. The house mouse is generally very 
successful in anthropogenic habitats, yet can also 
occupy grasslands and shrublands at a wide range 
of latitudes, as well as some coastal and wetland 
habitats (Musser 2016). In many contexts, includ-
ing the Americas, Southern Africa, most of South 
East Asia, Australia, New Zealand, and many small-
er islands, they are considered an invasive species 
(Musser 2016). The wide range of new territories 
colonised by Mus musculus reflects its remarkable 
capacity as a stowaway. A small study in the United 
States found mice in transported hay, straw, grain, 
dog food, and even a vehicle cab, leading the author 
to estimate that thousands of mice are unintention-
ally transported globally each year (Baker 1994).

Diet and influence on invertebrates

House mice are omnivores, and this dietary flex-
ibility is important in allowing them to occupy such 
a range of habitats. Their diet comprises a variety 
of plant material, which can include grains, seeds, 
fruits, leaves, stems and roots, in addition to insects 
and other invertebrates (Tann, Singleton, and Co-
man 1991; Shiels et al. 2012b; Wilson et al. 2006). 
The range of invertebrates found in mouse stom-
achs is considerable, and includes true flies (Dip-
tera), true bugs (Hemiptera), beetles (Coleoptera), 
caterpillars (Lepidoptera), spiders (Araneae) and 
earthworms (Annelida), suggesting that mouse pre-
dation may be a significant influence on some inver-
tebrate populations.

20 The subspecies of Mus musculus are estimated to have diverged from a common ancestor around 500,000 years ago (Geraldes et al. 2008)

The relative fraction of invertebrates and plant 
matter varies considerably depending on their hab-
itat. In some contexts, for example croplands in 
Australia, cereal seeds have been shown to make 
up the majority of their diet (Tann, Singleton, and 
Coman 1991). In other environments, includ-
ing the sub-Antarctic Marion Island (Gleeson and 
Van Rensburg 1982), the Hawaiian Islands (Shiels 
et al. 2012a), and in alpine and coastal New Zea-
land habitats (Wilson et al. 2006; Miller and Webb 
2001), they have been shown to be predominantly 
insectivores.

An important food source for many species

A great variety of carnivores and omnivores  eat 
house mice in all of their many habitats; they in-
clude domestic cats (Felis silvestris), foxes (Vulpes), 
weasels (Mustela), ferrets (Mustela), mongooses 
(Herpestidae), wolves (Canis lupus), large lizards 
(Squamata), snakes (Serpentes), hawks (Accipitri-
dae), falcons (Falconidae) and owls (Strigiformes) 
among others (Ballenger 1999; Alberto et al. 1991) 
(see Figure 4). The predators of Mus musculus will 
of course be different in different environments, and 
knowledge of how important the species is in sus-
taining different predators is limited to certain nar-
row contexts that have been studied in detail. For 
some, like wolves, house mice are one food source 
among many (Alberto et al. 1991). For others, for 
example barn owls, long eared owls and kestrels, 
which were studied in urban environments, they 
form a large proportion of their diet (Charter et al. 
2007; Laiu and Murariu 1998; Kečkéšová and Noga 
2008). So whilst house mice can be considered 
pests in cities, they are also important in sustain-
ing birds of prey in these habitats. In the light of the 
number of species that prey on them, what might be 
the effects of suddenly removing mice?

Closely related species, scope for hybridisation 
and spread of gene drives

House mice belong to the genus mus, which 
contains about 40 species, and are closely related 
to genera such as field mice (Apodemus) and rats 
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(Rattus) (Chevret, Veyrunes, and Britton-Davidi-
an 2005). Mus musculus itself has diverged into at 
least three sub-species, all of which show commen-
sal behaviour: M. m. domesticus, which is present in 
Western Europe, the Americas, Africa and Austral-
ia; M. m. musculus, in Eastern Europe and much of 
Asia; and M. m. castaneus, in India and South East 
Asia. (Geraldes et al. 2008). Whilst these are some-
times considered separate species, their reproduc-
tive isolation is by no means absolute. Hybridisation 
between M.m. musculus and M.m. domesticus is 

known to occur in the wild (Payseur, Krenz, and Na-
chman 2004), generally producing fertile offspring. 
M.m. domesticus can also produce fertile female 
hybrids with closely related species such as Mus 
spretus (Orth et al. 2002) and Mus spicilegus (Zech-
ner et al. 1996). Indeed, some gene flow has been 
shown to have occurred between M.m. domesticus 
and spretus (Liu et al. 2015). The capacity for in-
terbreeding between subspecies and closely relat-
ed species, and the overlap in their distributions 
(Phifer-Rixey and Nachman 2015), therefore makes 
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it uncertain whether any gene drive could be con-
fined to a particular target species or subspecies. 
It is not clear exactly which subspecies are being 
targeted for gene drive development: it is probable 
that initial experiments would use standard inbred 
laboratory mice, which are hybrids largely derived 
from M.m. domesticus (Yang et al. 2011).

Knowledge of ecological roles is limited

Inevitably, given the limitations of what has been 
or can be systematically studied, knowledge of the 
ecological roles of Mus musculus is limited. So it 
is possible, and even probable, that the species is 
interacting with and sustaining other species be-
sides those listed, and contributing in other man-
ners to ecosystems, in ways that have not yet been 
observed. For example, it has been proposed that 
mice could play a role in formation of new soils, by 
transporting oribatid mites - an important compo-
nent of soil - to locations where new soils are form-
ing; and these mites have indeed been found on 
other mice in field studies (Teunkens 2016). It is also 
possible that house mice play a role in seed disper-
sal. Rodents of the muroid family (which includes 
house mice) have been shown to pass intact seeds 
through their digestive systems (Corlett 2017), and 
at least in some cases these seeds are viable (Duron 
et al. 2016). Thus the impacts of any sudden reduc-
tion in house mouse populations may not be limited 
to the obvious effects on their predators and prey.

Might closely related species also be vulnerable 
to gene drives targeting Mus musculus? This pos-
sibility is discussed in more detail below, but if this 
risk was present then the ecological roles of relat-
ed species would also need to be considered. For 
example, a related species, the western Mediterra-
nean mouse (Mus spretus), buries acorns in scat-
tered hoards, and has been shown to be important 
in dispersing acorns of the holm oak (Quercus ilex) 
(Muñoz and Bonal 2007) the dominant tree species 
in many western Mediterranean forests (Sheffer 
2012).

Drivers for mouse gene drive research

Whilst house mice cause a number of undesir-
able effects for humans, including minor damage 
to building fabric and in rare cases the spread of 
pathogens, it is the consumption of crops, stored 
food and animal feed that is likely one of the fore-
most drivers of gene drive research to suppress this 
species. Unstated assumptions underlying the log-
ic of suppressing mice and other pests should be 
carefully examined: namely, that humans societies 
are entitled to maximise harvests by eliminating any 
species that seek to use even a small fraction of 
those same resources. To consider the point of view 
of those wishing to maximise economic returns, the 
reported monetary costs that Mus musculus brings 
are certainly significant, creating powerful incen-
tives to employ new ‘pest control’ measures.  An 
explosion in numbers in Australia in 1993/4 is es-
timated to have caused damage to crops totalling 
U.S. $60 million (Brown and Singleton 2000). In 
farms and other anthropogenic environments, they 
often co-exist with black and brown rats (Rattus 
rattus and Rattus norvegicus), with the annual costs 
incurred by rodents to farmers estimated at around 
U.S.$30 billion in the United States (Pimental 2007) 
and U.S.$2 billion in South East Asia (Nghiem le et 
al. 2013). It is clear in at least some cases that sup-
pressing pest populations is the primary motivation 
of this research. The UK’s Roslin Institute states that 
they are exploring how disruption of fertility in mice 
and rats via gene drive could ‘curb pest rodent pop-
ulations’ (Roslin Institute 2017).

On many islands Mus musculus can become a 
problematic invasive species; in one unusual but 
high profile case, Gough Island in the South At-
lantic, by predating chicks of ground-nesting birds 
(Cuthbert et al. 2016). The eradication of mice on 
certain islands has therefore become a conserva-
tion goal.  Elimination of rodents, especially rats, 
has been achieved on many islands through the use 
of toxicants (Campbell 2015), but this approach 
cannot presently be applied in all circumstances. 
Advocates of mouse gene drive research therefore 
argue that a drive capable of eradicating mouse 
populations should be developed as a conserva-
tion tool (Leitschuh et al. 2018), and a consortium 
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calling itself Genetic Biocontrol of Invasive Rodents 
(GBIRd)21 is now seeking to deliver gene drives 
which they state are for conservation purposes. 
However, it is questionable if any future mouse 
gene drive would remain exclusively as a conser-
vation tool.  Communications between researchers 
obtained through open record requests show that 
the research community is well aware of the poten-
tial to use this technology in agriculture and else-
where. A memorandum of understanding between 
the partners in the GBIRd consortium (Gene Drive 
Files 2017a) from April 2017 states:

“The Participants seek to assess the potential of 
this technology for advances in agriculture, food se-
curity, and human health.”

Emails between GBIRd Steering Committee 
members sent later, in July 201722, reveal a dis-
cussion about whether communications should be 
“noting the potential future benefits in other areas” 
or “focus solely…on eradication of invasive rodents 
from islands…” (Gene Drive Files 2017b)

Current state of gene drive research

Mice have been chosen as the first candidate for 
gene drive development in mammals for several 
reasons; they are the foremost mammalian labora-
tory organism, and researchers possess well-devel-
oped molecular genetic tools, a complete genome 
sequence, and a high level of understanding of their 
physiology and development. Significant funding is 
being committed to achieve this goal, from institu-
tions that include the US National Institutes of Health 
(NIH), the US Defence Advanced Research Projects 
Agency (DARPA) and the UK Biotechnology and Bi-
ological Science Research Council (BBSRC), and in 
January 2019 results were published from a team 
at the University of California San Diego describing 
a mouse gene drive (Grunwald et al. 2019). In this 
case, the technology is a homing CRISPR/Cas9 drive 
using a visual trait (white coats) to test the feasibility 
and performance of such an approach. However, so 

21  This consortium includes the U.S. Department of Agriculture, The University of Adelaide, Texas A&M University, The University of North Carolina, 
the Australian Commonwealth Scientific and Industrial Research Organisation (CSIRO), New Zealand’s Landcare Research and the NGO Island Con-
servation.

22 Also obtained through open record requests.

far the method has only limited efficiency: the drive 
increases the probability of an individual inheriting 
the desired allele from 50% to 73% on average, and 
only functions in the female germline. Whilst higher 
efficiency would be needed for a gene drive to func-
tion in the wild, the authors suggest that the tech-
nology could be useful for constructing new strains 
of laboratory mice for medical research.

At least three other groups are working on mouse 
gene drives, with the aim of suppressing or eradi-
cating populations of mice in the wild. One propos-
al is to construct drives that cause mice to produce 
all male offspring. This could in theory be achieved 
by constructing drives to propagate a gene named 
Sry, that leads to the development of male char-
acteristics. A team at the University of Adelaide is 
seeking to achieve this with a homing CRISPR/Cas9 
drive (Gene Drive Files 2017b), whereas a group at 
Texas A&M University are coupling Sry to a natu-
rally occurring selfish genetic element named the 
T-haplotype, which behaves much like a synthetic 
gene-drive (Leitschuh et al. 2018). A drive based on 
the X-shredder method could also bias sex ratios 
towards males, and this is one of the proposals be-
ing explored by a group at the Roslin Institute, UK 
(McFarlane, Whitelaw, and Lillico 2018). Alongside 
this, that group have proposed a second approach, 
which would use a homing CRISPR/Cas9 drive to 
disrupt female fertility genes (McFarlane, Whitel-
aw, and Lillico 2018). Given that the Grunwald 
study indicates there are additional technical barri-
ers to constructing efficient gene drives in mammals 
as compared to insects, there is uncertainty if any of 
these methods can reach high enough levels of effi-
ciency to eradicate wild populations. Equally, with 
the current levels of investment in this technology, a 
mouse gene drive for population suppression could 
soon be a technical possibility.
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Risks and uncertainties of using a gene drive 
against mice

Risks from use exclusively on islands

Mouse gene drive developers are promoting a 
scenario where the drive would be used to eradi-
cate mouse populations from certain islands, and 
would thus be contained by water and could not 
spread to other land masses. Such a scenario in it-
self already holds direct and indirect problems and 
risks. Should mice suddenly, within a few genera-
tions, be eliminated from islands, what would be 
the knock-on effects? While removal of (recently) 
invasive species often benefits a native ecosystem, 
unpredicted and negative effects can occur where 
interactions between different invasive species are 
present (Zavaleta, Hobbs, and Mooney 2001). For 
example, because rats and mice are competitors, 
one scenario would be a competitor release effect, 
where elimination of the mice would result in an in-
crease in the population of rats. Such effects have 
been observed in the opposite scenario, where rats 
have been eliminated, thus causing an increase in 
mouse numbers (Caut et al. 2007). Further com-
plexity arises from interactions with predators23, as 
described by Leitschuh et al.: “The presence of an 
invasive species, especially species that are food 
sources for predators, can attract other species 
in search of food, as seen on the Channel Islands 
and the Farallon Islands [Collins, Latta, and Ro-
emer 2009, SouthEastFarallonIslandsEIS 2013] .If 
the invasive food source is removed too quickly, the 
predator may turn to consuming endemic species 
rather than leave the island [Courchamp, Woodrof-
fe, and Roemer 2003, Collins, Latta, and Roemer 
2009].” (Leitschuh et al. 2018, S125)  

The potential to spread to continental landmasses

The most dangerous possible outcome of re-
leasing gene drive mice on islands, or indeed an-
ywhere else, is that they may escape, stow away, 
and migrate to other landmasses, resulting in un-
controlled spread of the drive and widespread  
 

23  There is an interesting case reported from Italy of how one prey species can protect another species. In this example, introduced crayfish were 
found to protect native amphibians from consumption by the invasive American bullfrog (Bissattini, Buono, and Vignoli 2018)

elimination or suppression of the species. This is a 
very significant risk, and the difficulty in containing 
gene drive mice is well recognised. In a preliminary 
risk analysis on the use of gene drives in Australia, 
Australian government scientists concluded that “…
biocontainment of house mice and black rats will be 
challenging to manage because of their propensity 
to stowaway and survive among cargo and vessels.” 
(Moro et al. 2018). There are other scenarios that 
could result in spread of gene drive mice on conti-
nental landmasses. Many actors have an econom-
ic interest in controlling mouse populations, and it 
is not hard to imagine an unauthorised release of 
gene drive mice, or of a state using them unilater-
ally. Accidental release from a laboratory is also a 
possibility.

Risks from a gene drive in continental mouse pop-
ulations

What might the consequences be of the arrival of 
a gene drive in mainland populations?  One scenario 
would be a crash in mouse numbers, which would 
likely have serious negative impacts on the preda-
tors that rely on them, and could well be disastrous. 
Often these predators are already under pressure 
from other factors, for example barn owl popula-
tions in the UK have declined due to road mortality, 
a loss of nesting and roosting spots, and intensive 
farming practices that have reduced food availa-
bility (Meek et al. 2003; Toms, Crick, and Shaw-
yer 2001). Given the wide geographic range of the 
house mouse and the number of predator species 
it helps sustain, effects from suppression or erad-
ication could be very widespread and harmful to a 
large number of species. Other ecological effects, 
for example complex changes in the invertebrate 
communities the house mouse feeds on, are also 
possible, and similarly could be very wide ranging.

Because dynamics within ecosystems are com-
plex and multi-layered, many possible scenarios 
must also be considered. If a predator suddenly 
finds a proportion of its usual prey is absent, which 
other species might it turn to? What would be the  
 



110 Chapter 2: Potential applications and risks

consequences of reductions in populations of these 
alternative prey species? And what species might 
increase in numbers to fill the gap left by mice?

Risks from hybridisation

The scope for hybridisation of Mus musculus, 
both with other subspecies and with the closely re-
lated species Mus spretus and Mus spicilegus, wid-
ens the potential range of impacts further. What 
might the consequences be of a gene drive spread-
ing to such other species? Hybridisation between 
subspecies makes the possible geographic impact 
of a gene drive global, while suppression of relat-
ed species that live in natural habitats would bring 
further ecosystem consequences. The dispersal of 
acorns by Mus spretus is a good example of the sort 
of relationship that might not be obvious, but which 
if disrupted could bring significant and harmful re-
sults.

A drive could have complex effects on mouse pop-
ulations and genetics

The effects of any eventual engineered gene drive 
on both mouse populations and genetics would be 
highly uncertain and unpredictable. Over time, re-
sistance to the drive could emerge through various 
mechanisms (see Chapter 1), which could create 
scenarios where the population first drops and then 
rebounds. What might the ecosystem consequenc-
es of such an outcome be? What about a situation 
where the gene drive becomes ineffective, yet the 
mice are all genetically modified, and - depending 
on which gene drive system was used - might ac-
tually have more and different alterations than at 
the point of release (as CRISPR/Cas9 for example, 
when acting as an endonuclease, has a capacity to 
cut off-target.)  

There are many scenarios that need to be con-
sidered and that people - that means all of us - hav-
en’t yet envisaged, as well as many possible conse-
quences that no one has yet been able to perceive.

24 For comparison, failures have been reported on 100 islands

What are the alternatives?

The control of rodents is a significant area of 
study and it is not our intention to recommend par-
ticular approaches, nor do we have the expertise to 
do so. We do wish to highlight though that there are 
many existing technologies for controlling rodent 
populations, and some proposed new methods, 
which do not carry the risks that come with gene 
drives.

Island ecosystems

At the time of writing, more than 560 islands 
have been successfully cleared of invasive rodents, 
almost all through the use of toxicants, with success 
rates for eradication campaigns relatively high24 (DI-
ISE 2018). The ambition of rodent removal projects 
is also increasing as expertise develops. In 2005 
New Zealand’s Campbell Island, at 117 km2, be-
came the largest island to be successfully cleared 
of rodents (Howald et al. 2007). Yet by 2018, South 
Georgia, with an area of more than 3500 km2, was 
also declared free of mice and rats, after a 10-year 
elimination project (Harvey 2018). Whilst there are 
legitimate animal welfare questions to be asked 
about toxicants, relative to gene drives they do at 
least avoid the risk of uncontrolled elimination of 
target species beyond the intended area.

Rodent control in other settings

Rodent control in agricultural environments, in 
food storage and transport and in domestic set-
tings, is a well-developed science, drawing on long 
established traditional techniques as well as more 
modern ones. Methods include physical barriers, 
various forms of trapping and stalking, using cats 
or other predators, and removal of cover, along-
side the more recent development of toxicant us-
age.  Practices in rodent management continue to 
evolve.  Since the 1990s, Ecologically Based Rodent 
Management (EBRM) has emerged as an approach 
to design more effective control strategies, by draw-
ing on knowledge of animal biology and behaviour 
(Singleton et al. 1999); it has been shown to be ef-
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fective in various farming communities (Singleton, 
Brown, and Jacob 2004; Taylor et al. 2012). Along-
side the push towards gene drives, other more pre-
dictable new technologies are also in development 
(Campbell 2015), for example self-resetting traps 
have shown promise in controlling rats and mice at 
landscape scale in New Zealand (Carter et al. 2016; 
Carter and Peters 2016).

Beyond gene drive mice – what’s next?

Current efforts to construct a mouse gene drive 
are motivated in large part by the desire to apply 
gene drives to other mammals. The comments in 
an opinion piece accompanying Grunwald and 
co-workers’ mouse gene drive study in the journal 
Nature illustrate this: “Grunwald and colleagues’ 
work is an important proof-of-concept that will 
surely be followed by modifications that might lead 
to improvements in future mammalian gene drives. 
If gene drives become efficient in mammals, one 
possible way in which they might be used is to tack-
le pests or disease-causing agents.” (Conklin 2019).

Funds are already being directed for prelim-
inary research towards gene drives to eradicate 
populations of other mammals. For example, the 
Australian Wildlife Conservancy and the Australian 
government agency CSIRO are funding a project to 
sequence the genome of feral cats (AWC 2018)  - an 
invasive species in Australia. Gene drives have also 
been proposed for the eradication of invasive popu-
lations of rats, stoats and brushtail possums in New 
Zealand (Dearden et al. 2018), for the elimination of 
rats, mice, red foxes, and rabbits in Australia (Moro 
et al. 2018), and for control of indigenous rats in 
the UK (McFarlane, Whitelaw, and Lillico 2018). 
If mammalian gene drives can be made more effi-
cient, a rapid proliferation of target species is very 
probable, similar to that which is already starting 
with insects (see Table 2a). It is also being suggest-
ed by some that mammalian gene drives might be 
used in the wild as a test case before insect ones; 
the opinion piece cited above goes on to propose 
that they could be a better test case because the 
movements of mammals might be “more easily re-
stricted” – a statement which is of course debata-
ble for mice and rats, which are the most likely tar-

gets. Nevertheless, the enthusiasm with which some 
funding agencies and researchers view mammalian 
gene drive technology is apparent. If the use of gene 
drives to eradicate mice proves technically possible 
and gains regulatory approval, the house mouse is 
likely to be just the first of many species targeted.

Concluding remarks

A highly unpredictable technology

Much like proposed gene drives in mosquitoes, 
the behaviour of any drives deployed against mice 
or other mammals, and the ecological consequenc-
es they would bring, is very difficult to predict with 
any confidence. As discussed for mosquitoes in 
this chapter, various molecular mechanisms or be-
havioural tendencies could give rise to resistance, 
causing the drive to either fail completely or only 
partially supress populations. However, there is the 
risk that drives could be highly invasive and spread 
rapidly, and given that species of Mus musculus 
are present over much of the globe, can hybridise 
with each other, and frequently stow away, the ge-
ographic reach of any drive could prove to be im-
possible to control. The removal, or even temporary 
suppression of mice, could also have powerful eco-
logical effects, which are difficult to predict with any 
accuracy, but could be harmful to biodiversity, ag-
riculture or human health.  A spectrum of predators 
could decline or even disappear in some circum-
stances; invertebrate communities could increase 
or shift in composition due to reductions in preda-
tion; and other species could eventually expand to 
occupy the empty ecological niche, bringing further 
consequences.  

Functional gene drives would tighten human con-
trol over the biosphere

Whilst the consequences of experimental releas-
es of gene drive organisms are highly unpredictable, 
it is necessary to consider the scenario humanity 
would reach if researchers succeed in their intention 
of building operational gene drives in mammals. 
Through agriculture, humans have gained control 
over the types of plants produced in the biosphere 
and the species that feed on them, to the extent that 
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humans and their livestock now account for more 
than 95% of all land mammals by biomass (Bar-On, 
Phillips, and Milo 2018). Animals like Mus muscu-
lus, whilst from one perspective considered pests, 
divert biomass out of human control into the sphere 
of the remaining wild animals.  To put it another 
way, the limitations of current ‘pest control’ meth-
ods are valuable in maintaining biodiversity.  For 
example, a study of barn owls living on agricultur-
al land in California found that 99.5% of their prey 
were ‘pest’ species (Kross, Bourbour, and Martin-
ico 2016). If gene drives do fulfil their developer’s 
ambitions, they would instead offer a new level of 
pest control, potentially going as far as wide-scale 
eradication.  Would it be possible to control the use 
of these tools against mice and other vertebrate 
‘pests’ in the face of strong economic pressures to 
employ them? If some individuals or organisations 
did use them, could they be contained—and if not, 
what might be the consequences? It is possible that 
drives could crash not just mouse populations, but 
also greatly reduce the numbers of snakes, lizards, 
owls, hawks, falcons, foxes, stoats, weasels, and 
many others that feed on them. Thus gene drives 
could have the capacity to further shrink the already 
much diminished realm of the wild animals. We find 
the prospect of this further tightening of human 
control over the biosphere extremely disturbing.

2.4.3 Case study 3: Plants in agriculture – 
Palmer amaranth

Introduction – Brief description of the biology of 
Palmer amaranth (amaranthus palmeri), and the 
broader agricultural context

Palmer amaranth (PA) is a member of an impor-
tant group of annual plants found in North Amer-
ica and other parts of the world. There are sever-
al aspects of the biology of the species in the PA 
group that makes them of high interest as crops and 
as food sources for animals. However, in instances 
which include certain industrial agriculture systems, 
this same biology is responsible for their classifica-
tion as agricultural ‘weeds’, candidates for biologi-
cal controls.

The current interest in using gene drives to con-
trol PA weeds could lead to several harmful results. 
Gene drives created in an attempt to eradicate 
the weed could spread into non-agricultural pop-
ulations, potentially damaging their role in native 
ecosystems. This means that the potential of this 
species as a human food source, or potentially as a 
source of conventionally bred genes for related crop 
species, could thereby be threatened. The highly 
desirable traits possessed by Palmer amaranth de-
scribed below, especially its nutritional value and 
ability to adapt to high temperatures and drought, 
both of which are exacerbated by climate change, 
illustrate some of the risks of eliminating this spe-
cies, either intentionally or accidentally.

On the other hand, there are systems-based 
solutions for controlling pests such as PA that can be 
achieved by following the principles of agroecolo-
gy, the widely recognised and sophisticated science 
that applies ecology to the design and management 
of agricultural systems (Altieri 1995, Gliessman 
2014; UN Food and Agriculture Organization 2011; 
Abate et al. 2008). It emphasises the optimisation of 
biodiversity of crops and supportive organisms, as 
part of strategies to build long-term, healthy agro-
ecosystems and secure livelihoods. Generations of 
indigenous and peasant farmers’ knowledge and 
skills pioneered this practice, and they continue to 
contribute to the growth and use of agroecology.
Because local farming communities must be healthy 
and adaptive to local ecosystems for agroecology 
to be effective, it is a form of agriculture that recog-
nises the importance of climate justice, food justice 
and food sovereignty to its functioning (Altieri 1999; 
Francis et al. 2003).

The agroecological approach avoids the risks 
and uncertainties of gene drives and also provides 
multiple co-benefits for the environment, includ-
ing much cleaner water, increased biodiversity and 
substantially reduced greenhouse gas emissions 
(Dooley et al. 2018; Han et al. 2017; Isbell et al. 
2017; Kremen and Merenlender 2018; Kremen and 
Miles 2012; Liebman and Schulte 2015; Ramanku-
tty et al. 2018).
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Indeed, one of the more general and usually un-
mentioned risks presented by gene drives is that 
if they succeed, they may further lock agriculture 
into a chemically dependent industrialised system 
that is causing multiple, global scale environmen-
tal challenges. The harm that results from industri-
al agriculture includes hundreds of coastal hypoxic 
zones (“dead zones”) and toxic algal blooms, heavy 
reliance on pesticides, major contributions to the 
largest loss of biodiversity in millions of years, and 
a quarter to a third of greenhouse gas emissions 
(Breitburg et al. 2018; Dudley et al. 2017; Garnet 
2011; Kremen and Miles 2012; Maxwell et al. 2016; 
Ramankutty et al. 2018; Scavia et al. 2014; Smith et 
al. 2014).   

Gene drives aimed at reversing resistance to 
herbicides, glyphosate in particular, could simply 
further lock in an herbicide-dominated approach to 
weed control that has been shown to cause direct 
and indirect harm to the environment and to people.      

Characteristics of Palmer Amaranth and its Value

In addition to the use of some species of ama-
ranths as domesticated crops, wild species, includ-
ing Palmer amaranth, have been used by indigenous 
peoples and native farmers globally as important 
food sources. Several native American tribes in the 
Southwest US used PA seeds and foliage as food 
(Moerman 1998). Species in Sub-Saharan Africa are 
similarly used. Not only are the seeds highly nutri-
tious, but the foliage contains 25 percent protein (in 
the leaves of A. cruentus), as well as vitamins and 
minerals such as calcium (National Academies of 
Sciences 2006). These can be particularly impor-
tant for subsistence farmers as supplements to their 
cultivated crops, providing important nutrients.

The family Amaranthaceae contains 79 genera 
globally, while the closely related Chenopodiaceae 
contains 104 genera (Hernandez-Ledesma et al. 
2015). These two families are often considered to 
make up a single taxonomic clade (having a mutual 
ancestor). The genus Amaranthus contains about 
75 species (Ward et al. 2012), including the impor-
tant grain amaranth (A. hypochondiacus), a highly 
nutritious crop containing high quality protein. The 

Chenopodiaceae contains quinoa (Chenopodium 
quinoa), which was domesticated in South Ameri-
ca about 3,000+ years ago and is highly nutritious, 
also containing high levels of high-quality protein. 
The amaranth family also contains several impor-
tant weed species, including Palmer amaranth (also 
known as Palmer pigweed), and several other spe-
cies (often known as pigweeds).

Palmer amaranth is dioecious, meaning that it 
typically produces male and female flowers on sep-
arate plants, while several other species of ama-
ranths are monecious, as are many other plant spe-
cies, producing both male and female flowers on the 
same plant.

The dioecious characteristic results in high ge-
netic adaptability through obligate outcrossing 
(Ward et al. 2012). This characteristic also makes 
it a good potential target for the use of gene drives, 
since it facilitates the spread of the drive. Many 
plants that are monecious can be self-fertile, and 
this trait reduces the dispersal of the drive during 
reproduction.

Palmer amaranth is native to the arid areas of the 
Southwestern U.S. and northern Mexico, typically 
living in or adjacent to the washes (seasonal streams 
and rivers) (Saurer 1957). As a species adapted to 
desert conditions, it is capable of growing at high 
temperatures and tolerating drought.  

It does not do this primarily by resisting desic-
cation, as do species like cacti (in the western hem-
isphere) or euphorbs (in the eastern hemisphere). 
Those species use several characteristics to retain 
water, such as thick cuticle covered by or perme-
ated by wax, and broad stems that hold substan-
tial amounts of water. Palmer amaranth also does 
not rely on a deep root system to tap deeply buried 
groundwater. Instead, it takes rapid advantage of 
limited seasonal precipitation by growing extreme-
ly quickly and developing huge numbers of seeds 
before soil moisture is lost. It also maintains high 
solute levels that help to retain water in its tissues to 
temporarily resist wilting when water is not plentiful 
in the environment (Ward et al. 2012).
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This allows it to grow quickly by using substantial 
amounts while water is available, and to continue 
growing for some time beyond, when many plants, 
including crops that do not develop high solute lev-
els, would fatally wilt. Since it produces seed before 
water is completely gone, it avoids the worst condi-
tions of drought. In fact, PA can respond quickly to 
loss of water by accelerating seed production. This 
can be a highly desirable ability to adapt to climate 
change.

Another important characteristic of amaranths is 
that they use C4 photosynthesis (Wang et al. 1992). 
This mechanism greatly improves photosynthetic 
efficiency by largely avoiding a process called ‘pho-
torespiration’, that occurs in C3, the other main type 
of photosynthesis. C4 plants typically grow faster 
than C3 plants, at least under historic atmospher-
ic carbon dioxide levels and higher temperatures. 
They also tend to be more drought- and heat-toler-
ant. C4 metabolism evolved separately in monocots 
such as grasses, and dicots, such as PA.

Much more common among monocots, C4 me-
tabolism is unusual among dicots. Important exam-
ples of C4 monocot crops are corn, sorghum, and 
millets (but this metabolism is not found in several 
other grains, such as rice, wheat, barley, oats or 
rye). Corn is known for its extremely high productiv-
ity, and sorghums and millets for their drought and 
heat tolerance.

The C4 property, as well as the others described 
above, makes PA and other amaranths of particular 
interest. There is work and consideration focused 
on potentially further developing several amaranths 
as food crops, due to such properties and high 
nutritional value (National Academies of Sciences 
2006). At the same time, these physiological and 
genetic properties of PA and other amaranths have 
also made them invasive weeds under certain con-
ditions (see below).

Outcrossing between Palmer Amaranth and  
Related Species

Hybridisation between PA and other related 
species could provide a route for a gene drive to 

enter the population of these other species, with 
unknown, potentially harmful consequences for 
the species and their ecosystems. For this to oc-
cur, some of the hybrids must be fertile and have 
the ability to backcross with that species in order 
to cause the introgression of the gene drive into the 
population.

Plants have higher potential to outcross and pro-
duce viable hybrids and fertile offspring more com-
monly than do most animal species. It was believed 
as recently as several decades ago that crops would 
rarely outcross to wild relatives, but this has now 
been shown to commonly occur (Ellstrand 2003). 
Plants have been sometimes found to produce fer-
tile hybrids, not only with other species in the same 
genus, but occasionally even with species from oth-
er genera in the same family.

The ability to hybridise with other species is 
important both for evolution and crop breeding, 
in providing important sources of genetic diversity 
and adaptability (Baack and Rieseberg 2007). It is 
also as a concern for the potential unwanted spread 
of gene drives from one species to another, or to a 
crop, and could entail serious potential health and 
ecological consequences.

Palmer amaranth has been shown to most read-
ily hybridise and produce fertile progeny with the 
sympatric monecious species called spiny amaranth 
(A. spinosus) (Gaines et al. 2012). One report pro-
vided evidence of hybridisation and introgression of 
a herbicide resistance gene through backcrossing 
from PA into common waterhemp (A. rudis) (Wet-
zel et al. 1999). Hybridisation was also found with 
tall waterhemp (A. tuberculatus), and at very low 
rates with smooth pigweed (A. hybridus) (Gaines et 
al. 2012).  However, I could find no research on its 
sexual compatibility with amaranths from other re-
gions.

The ability of PA to form fertile hybrids with oth-
er species could extend the geographic range or 
ecological impacts of a gene drive. While PA was 
originally found in arid areas of the U.S. Southwest 
and Mexico, the natural range of several sexually 
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compatible species extends farther north and into 
more humid areas.   

Ward and colleagues summarise several stud-
ies of interspecies hybridisation attempts, showing 
differing results in different experiments, with some 
producing fertile progeny and others, although us-
ing the same species, failing to do so (Ward et al. 
2012). This may be attributed to the very low hy-
bridisation frequencies found in these studies, as 
well as differences in methodology or the genetics 
of the specimens used in the studies. This could re-
sult in rare fertile hybridisation events, with various 
species being missed in such studies.

As Ward et al. recognise when referring to the 
potential for herbicide resistance to be transferred 
to other amaranths, even low levels of gene flow 
between these species could be cause for concern. 
This statement could also be applied to low levels 
of transfer of a gene drive to other species. If a gene 
drive is effective at spreading through the genome, 
even very low frequencies of gene flow through hy-
bridisation and backcrossing to another species 
could result in the effective interspecies spread of 
the drive.  

It should also be noted that the previous re-
search on natural hybridisation and gene flow cit-
ed above does not address whether PA may be a 
source of genes for improving cultivated grain ama-
ranths. Techniques such as protoplast fusion or em-
bryo rescue have sometimes been used successfully 
to breed crops with wild relatives, techniques which 
may allow fertile hybridisation in cases where it may 
not occur naturally or is exceedingly rare without 
such assistance. These techniques were not used in 
studies of natural hybridisation.

To summarise the available research, hybridisa-
tion and gene flow between PA and other sympatric 
species has been demonstrated. But these data are 
limited, and it is unknown how many other species, 
whether in North America or elsewhere, might be 
sexually compatible with PA. Even when it comes to 
the potential spread through species already known 
to be sexually compatible with PA, there could be 
significant risk from a gene drive, since these spe-

cies are common native members of North Ameri-
can ecosystems.  

Ecology of Palmer Amaranth

As a fast-growing seed-producing plant in the 
US Southwestern deserts, PA has a role in provid-
ing food for numerous seed-eating species. Desert 
birds are reported to use this food source, with re-
covery from 11 bird species’ digestive tracks (Proc-
tor 1968). It is also consumed by multiple duck and 
goose species, with seed remaining viable after di-
gestive track recovery (Farmer et al. 2017). Survival 
in bird digestive tracks may facilitate long distance 
dispersal of this plant.

It is important to note that its adaptive strategy 
of emphasising fast growth, rather than high con-
servation of water, compared to the typically slower 
growth of many other desert species, may comple-
ment the latter’s ecological function. Its small seeds 
and large seed production also facilitates colonisa-
tion of new and disturbed sites, which may facilitate 
later succession to slower-growing species.

Perhaps because of its dual food and weed 
roles, much of the research on PA focuses on these 
aspects of its biology. The research on its wider 
roles in ecosystems is more limited. Therefore, the 
consequences of gene drives that may impact whole 
populations or species like PA is very difficult to pre-
dict. This limited ecological understanding makes 
adequate risk assessment difficult at best.

How Palmer Amaranth became a Serious Weed 
Problem in Agriculture - The Bigger Picture

Palmer amaranth is an example of a plant that 
has become a major weed only recently, largely due 
to technological changes in US and South American 
agriculture in the last few decades. In particular, the 
advent of genetically engineered glyphosate-resist-
ant crops, in the mid-90s, led to the large majority 
of corn, soybean and cotton acreage in the US con-
taining this trait, which resulted in the extreme over-
use of this herbicide (Mortensen et al. 2012). Prior 
to that time, PA was not considered to be a highly 
important weed. Besides the US, engineered her-
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bicide-resistant crops are most common in South 
America, where PA and other resistant weeds have 
also become a substantial problem.

Many other countries have been reluctant to 
grow these crops. However, they are nonetheless 
part of trends toward further industrialisation of 
agriculture and emphasis on reducing dependence 
on labour, being dependent on chemical fertilisers, 
large machinery and pesticide use, along with var-
ious other technologies. In this broader sense, this 
trend toward industrialisation and reduced biologi-
cal diversity can also be found in many parts of the 
world, including Europe. This is due in part to in-
ternational neoliberal trade regimes that emphasise 
productivity and price, at the expense of more mul-
tifunctional aspects of agriculture. Crop and habitat 
diversity support predators of pests and pollinators, 
and continuous plant cover of the soil enhances fer-
tility and water quality and also helps to limit soil 
erosion. In other words, technologies that empha-
sise herbicide and other pesticide use are the an-
tithesis of agricultural systems such as agroecology, 
that are based fundamentally on diversity—biologi-
cal and genetic, as well as cultural.

As such, there is continuing pressure globally 
to further adopt policies and technologies, such as 
engineered crops, that have coincided with falling 
crop and landscape diversity in the United States 
(Lark et al. 2015; Plourde et al. 2013; Stern 2012). 
Gene drives, by enhancing herbicide overreliance 
or avoiding systems based on ecological diversity, 
could well increase this trend.

The widespread planting of herbicide-resistant 
crops and overuse of glyphosate-based herbicides 
led to the development and rapid selection for PA 
and several other weeds resistant to this herbicide 
(Webster and Nichols 2012). Their spread through 
many states has been facilitated, especially in PA’s 
case, by its production of large numbers of small, 
easily dispersed seeds.

Therefore, although PA is widely established 
now, making it hard to control, measures not highly 
dependent on glyphosate or other herbicides that 

were previously used, as well as newer measures, 
can be useful to regain control of this weed.

In fact, as discussed below, integrated weed 
management using the principles of agroecology 
could not only resolve the PA problem, but also pro-
vide other important co-benefits for the environ-
ment and rural communities. Gene drives aimed at 
ridding the agroecosystem of PA or making it sus-
ceptible to glyphosate again might instead, if suc-
cessful, allow industrial agriculture to avoid needed 
changes. These needed changes include achieving 
broad environmental goals such as cleaner water, 
reduced water use, greater biodiversity and lower 
greenhouse gas emissions.

This points to a general problem that afflicts nar-
rowly targeted strategies like gene drives: They do 
not address the often complex and broader issues 
that led to the problem in the first place. This in and 
of itself does not mean that technologies could nev-
er have a positive role in solving agricultural prob-
lems; but it does suggest that they may obscure 
more systemic problems and foreclose better sys-
temic solutions that have multiple benefits.

Specific Origins of the Glyphosate-Resistant Weed 
Problem

Palmer amaranth was reported to begin moving 
from its regions of origin in the early 20th centu-
ry (Ward et al. 2012). However, except for a few 
southeastern states, it was not recognised as a ma-
jor agricultural weed until the adoption of conser-
vation tillage (reduced tillage with crop residues left 
in the field) and no-till farming became more com-
mon following incentives in the 1985 U.S. Farm Bill, 
and also after glyphosate resistant crops became 
widespread after the mid-1990s. With the reduc-
tion of tillage, which can substantially contribute to 
effective control of PA, weed control became even 
more dependent on herbicides, especially glypho-
sate used in conjunction with the major crops corn, 
soybeans, and cotton.

This led to the massive overuse of the single her-
bicide, glyphosate, and to PA’s subsequent resist-
ance to it and its geographic spread (Mortensen et 
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al. 2012).  For example, while not listed among the 
important US weeds of corn in 1994, it was ranked 
7th by 2009. It was ranked 23rd in soybeans in 
1995, and rose to 2nd in 2010 (Webster and Nich-
ols 2012). This means the main reason for the in-
creased importance of PA as a weed was the devel-
opment during this period of glyphosate resistance, 
with reduced tillage also playing a role.  

In the several decades prior to HR crops and in-
centives to reduce ploughing and tillage, along with 
several herbicides, were commonly used to control 
weeds by the industrial farms that dominate com-
modity crop production in the US and Western Eu-
rope.  This includes crops like corn, soybeans and 
cotton that are grown on huge areas of land. Palmer 
amaranth is susceptible to tillage in part because it 
is an annual and so does not grow back from root 
fragments that may occur after ploughing, as many 
perennial weeds can. Moreover, its seeds are very 
small; when buried by ploughing, they cannot ger-
minate and sprout. However, because, unlike many 
other weeds, new PA seedlings emerge throughout 
most of the growing season, control measures like 
tillage or herbicide applications often need to be 
repeated.

Gene Drives for Palmer Amaranth

Because of its importance as a weed and its bi-
ological characteristics, PA is considered one of the 
primary targets for CRISPR/Cas9 based gene drives 
in plants, as noted by the U.S. National Academies 
of Sciences (National Academies of Sciences 2016). 
Because it is dioecious, it is an obligately outcross-
ing species. However, there are reports of low level 
agamospermy (seed produced from ovules without 
fertilisation) that could short-circuit a gene drive 
system (Ward et al. 2012). The large number of 
seeds produced by PA plants, on the other hand, 
could facilitate faster spread of the drive.

There are several recognised challenges that 
would affect the performance of gene drives in 
weeds or other plants. First, it could take several 
years for a gene drive to adequately penetrate a 
population, and persistent seed banks can add to 
that time period—seed banks are the seed left in 

the soil (Neve 2018). Depending on the plant spe-
cies and environmental conditions, these may last 
from a few years to decades. Seed banks are an 
important consideration in weed control, because 
once they have built up to significant levels, weeds 
will continue to emerge in a field, even if no further 
immigration of seeds from elsewhere occurs.  PA 
does not have a very persistent seed bank. In one 
experiment, after four years of burial in soil, only 
about 0.01 – 0.03 percent of seed remained via-
ble. On the other hand, a single plant can produce 
600,000 seeds, which still means many viable seeds 
after several years even with low persistence rates 
(Jha et al. 2014). Resistance, as reported above, is 
also a possibility for several gene drives and could 
readily occur in the field (Unckless et al. 2017 – and 
see Chapter 1).

More fundamentally, homologous recombination 
does not seem to function as well or as readily as a 
DNA repair mechanism in plants as it does in many 
other organisms (Neve 2018). The predominant re-
pair mechanism for DNA double strand breakages 
in plants is the NHEJ mechanism (non-homologous 
end joining), which, instead of facilitating the in-
sertion of the gene drive construct, results in small 
random mutations at the DNA breakage point. A 
homologous repair pathway is required to ensure 
a functioning gene drive system, whether the goal 
is to disrupt a target gene with insertion of CRIS-
PR/Cas9 as a “genetic chain reaction”, or to spread 
an effector gene through the population. Low rates 
of homologous recombination repair could great-
ly slow the spread of the drive, which is already a 
challenge with weeds because of relatively low rates 
of reproduction and/or lack of reliable outcrossing. 
If low enough, these rates could prevent the drive 
from working (e.g., if lower than any possible reduc-
tion in fitness resulting from the drive).  Research 
to date has not been found that demonstrates any 
proof of concept for gene drives in plants.

Risks and Other Issues

Two general types of approaches for gene drives 
in PA have been suggested, 1.) drives altering the 
sex ratio (e.g. reducing or eliminating female plants), 
which would aim for eliminating weed populations, 
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2.) sensitising drives, to make subsequently treat-
ed plants susceptible to a treatment, likely a pro-
prietary chemical, that would then kill them (Neve 
2018).  The latter would also include re-sensitising 
weeds that have become resistant to a herbicide, 
such as glyphosate. These approaches would be 
based on CRISPR/Cas9 methods.

The most commonly discussed sensitising drive 
for PA is to restore its original sensitivity to glypho-
sate-based herbicides. Theoretically this could be 
possible, since the genetic mechanism for resist-
ance to the herbicide has been discovered. It has 
been found that gene duplication has created nu-
merous copies of the native EPSPS gene, part of 
the aromatic amino acid biosynthesis pathway. The 
EPSPS enzyme is the target of glyphosate herbicidal 
activity. The effect of multiple EPSPS gene duplica-
tions is to dilute the herbicide relative to its target 
to the point where it no longer can kill the plant at 
normal or even very high application rates (Gaines 
et al. 2010).

However, a substantial limitation with this ap-
proach, in addition to those already discussed 
above, is that the herbicide could not be used for 
a number of years while the drive was spread-
ing through the weed population, and while viable 
seed remained in the soil seed bank. Otherwise, 
the plants with the drive would be killed prior to all 
plants acquiring the drive. If some plants escaped 
the drive, they would ultimately be strongly selected 
for by the use of the herbicide.

But more fundamentally, this approach would 
maintain the heavy use of this herbicide, with all its 
attendant harms to the environment, biodiversity 
and human health. The heavy use of glyphosate is 
likely the primary cause of the decimation of mon-
arch butterflies in the US by nearly eliminating the 
milkweeds necessary for larval growth (Pleasants 
et al. 2017), and herbicide drift generally harms 
important uncultivated habitat near treated crop 
fields. Glyphosate has also been determined to be 
a probable human carcinogen by the International 
Agency for Research on Cancer (International Agen-
cy for Research on Cancer 2015; Levin and Green-
field 2018). As such, a gene drive restoring sensitiv-

ity of PA to glyphosate would also further forestall 
the implementation of truly sustainable weed con-
trol methods like agroecology, and could have oth-
er negative consequences to the environment and 
human health.

The second approach, population suppression, 
neglects the fact that PA is only a weed in agricultur-
al systems. Its other properties, discussed above, 
make it a potentially valuable plant as a human food 
source or as a source of valuable genes for breeding 
in related species. In particular, its adaptation and 
fast growth in hot and water-limited environments, 
and its highly nutritious seed and foliage, means 
that it may have enhanced value as a potential crop 
in the future.

Given how easily dispersed the seed of this plant 
is, both by wind or animals but also farm machin-
ery, it seems highly possible that a gene drive could 
invade native populations of PA in the US southwest 
and Mexico. Palmer amaranth is now found widely 
in the lower 48 mainland US states, so there are no 
major geographic barriers such as oceans to pre-
vent its invasion of the native range of the species, 
which could threaten the species’ existence.   

PA also has ecological significance that is not 
well understood. The ability of PA to hybridise with 
several other species of amaranths means that the 
drive may eventually spread to related species. 
Even if PA and related species are not driven to ex-
tinction, reduced populations in wild habitats could 
have negative ecological consequences. As for the 
potential of these species to provide genes useful 
for crop breeding, population reduction short of 
extinction could reduce their genetic diversity, pos-
sibly reducing the number of valuable genes or al-
leles. The collective impact could cause significant 
harm to the environment.

Agroecology as a Way to Control PA Sustainably 
and as an Alternative to Gene Drives

Agroecology relies on biodiversity and a diversi-
ty of farming practices and management methods 
like long crop rotations, cover crops and provision 
of habitat for pest predators, in order to control 
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pests and weeds. It relies on knowledge devel-
oped by farmers over millennia to sustainably grow 
crops, along with application of modern ecological 
sciences (Altieri 1999). Modern ecological research 
can help to optimise systems and breed crop vari-
eties adapted to those systems and to the needs of 
farmers. For example, the ecological sciences rec-
ognise that ecosystems vary locally and regionally, 
and therefore optimisation of cropping systems for 
productivity and co-benefits can best be achieved 
by designing such systems to best take advantage 
of local conditions.

In essence, all organisms, including pests, are 
adapted to particular environmental conditions and 
plants they can feed on or crops they can infest as 
weeds. By varying those conditions over time and 
space through practices like crop rotation and the 
use of cover crops, pests are usually prevented from 
building up to harmful levels. Using these strategies 
have been shown to be effective in controlling weeds 
(Liebman et al. 2004). Similarly, crops can be bred 
to better compete with or suppress weeds (Worth-
ington and Reberg-Horton 2013). In addition, the 
increased biodiversity created by these crops and 
nearby uncultivated areas, together with limited use 
of pesticides, encourages the proliferation of or-
ganisms that reduce pest and weed numbers (Altieri 
1995; Liebman et al. 2004).

For example, long-term experiments in Iowa 
have shown that herbicide use can be reduced by 
about 90 percent or more to obtain weed control, 
and crop yields for corn and soybeans as high or 
higher than for typical herbicide-dependent indus-
trial agriculture (Davis et al. 2012). Others have 
demonstrated similar results in Europe and else-
where, especially under drought stress (Gaudin et 
al. 2015; Lechenet et al. 2014). While more labour 
is often required, the cost of chemical treatment is 
reduced, so the net profit to the farmer is as high or 
higher than for chemical-and GMO dependent in-
dustrial agriculture. PA was not found in the area of 
these experiments, but a related amaranth, water-
hemp, is a major weed in Iowa. Even though limited 
tillage was used in the system of Davis et al. and 
others, water quality is substantially higher than for 
industrial agriculture, due to the incorporation of 

the perennial alfalfa (lucerne) and cover crops in the 
winter (Davis et al. 2012; Isbell et al. 2017).

More specifically, separate experiments have 
shown that winter rye cover crops, combined with 
modest tillage, can effectively reduce PA, providing 
the biomass of the cover crop is high enough (Aulakh 
et al. 2012; Aulakh et al. 2013; Price et al 2016). 
Combined with the positive weed control effects of 
greater crop diversity in agroecological systems, 
these practices have promise to provide long-term 
control of PA, as well as providing the multiple ben-
efits noted above (Liebman et al. 2004). At present 
however, there appears to be no research on the use 
of diverse agroecology specifically to control PA.

Although agroecological systems provide sub-
stantial co-benefits in reduced pesticide and fertil-
iser use, increased soil fertility, higher biodiversity, 
and cleaner water, also in reduction of greenhouse 
gas emissions, farmers are often locked into current 
industrial practices for several reasons. These in-
clude: inexperience with knowledge-intensive agro-
ecology; peer pressure; farm policy that discour-
ages them (e.g. insurance or loan unavailability); 
higher labour requirements; and debt service due 
to the purchase of expensive specialised equipment 
(Roesch-McNally et al. 2017; Vanloqueren and Ba-
ret 2009).  These could be remedied over time with 
proper policies and incentives, along with more re-
search to optimise agroecological systems (Delonge 
et al. 2016). These measures would be highly jus-
tified, given the large public benefits of this kind of 
farming.

Summary and Conclusions

There is considerable interest in developing gene 
drives to address the substantial challenges of ag-
ricultural weeds. Palmer amaranth in particular has 
been discussed as a desirable target. This is due 
both to its great importance as a weed in the US and 
South America, and also because of its biology of 
obligate outcrossing. On the other hand, there are 
so far no proof-of-concept examples of gene drives 
functioning in plants, and there are several consid-
erable biological barriers, which are greater than 
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for some other organisms (such as mosquitoes), for 
such an approach to work.

Despite the current barriers, the potential at-
tractiveness of commercial gene drives that control 
weeds like PA or other crop pests is likely to drive 
further research projects seeking to overcome these 
challenges. It is therefore important to consider the 
many potential harmful consequences of agricultur-
al gene drives such as might be used for PA.

In doing so, this chapter finds many ways that 
such gene drives could cause harm, as well as too 
little information about how such gene drives could 
negatively affect either the environment or human 
health. Some of this harm could result from reduc-
tion or elimination of populations or PA in the natu-
ral environment, or through damage to populations 
of related species via gene flow. This is an area for 
which there is far too little information.

Substantial harms and dangers could also oc-
cur through the re-sensitisation of PA to glyphosate 
herbicide, which is something that will probably find 
financial backing, as such a gene drive would hold 
considerable interest to the companies that sell this 
chemical.

This re-sensitisation pathway is often consid-
ered to be less risky than population elimination. 
However, the analysis here finds that there are 
considerable indirect risks that are not often well 
considered by regulatory agencies. These include 
the established harms of supporting forms of agri-
culture overly dependent on herbicides, along with 
other ecologically and socially harmful technologies 
or practices.

The risks of using gene drives in these contexts 
also include the potential opportunity costs of fore-
stalling movement to more agroecologically-based 
systems, which are needed to address the multiple 
harms caused by industrial agriculture, currently 
propped up in part by overuse of herbicides. These 
kinds of concerns, although they have huge social 
and environmental implications, are rarely consid-
ered by risk assessment agencies.

This also points to a general concern about 
gene drives as an example of a piecemeal techno-
fix, rather than a systems-based, holistic approach 
to solving complex environmental and social prob-
lems. Because specific problems in agriculture are 
inevitably part of complex interconnected systems, 
they are often symptoms of much larger problems. 
Addressing these as individual issues alone can lead 
to other unanticipated harms.

Our starting point should therefore be a broad 
analysis of the biology and ecology of the organisms 
that may be considered to be targets of gene drives. 
We also must evaluate the social systems with which 
these organisms interact, and understand exactly 
what kind of systems in which these drives would 
be used, or could facilitate. We must also evaluate 
systems-based alternatives before gene drives are 
considered for use in the environment.

2.4.4 Agricultural insect pests as Gene 
Drive targets

In considering pest insects as potential gene 
drive targets and in order to adequately determine 
other potential options for pest control, it is impor-
tant to first understand how these insects became 
significant pests in the first place. Instead, the start-
ing point for considering whether gene drives might 
be appropriate is typically the current severity of 
the pest and whether typical conventional options 
such as pesticides are sufficient to control it. In par-
ticular, the industrial agriculture production sys-
tem itself may have played a large role in terms of 
whether an insect became a pest in the first place, 
as well as how severe its effects might be. Therefore, 
consideration should be given to whether altering 
the production system might also be able to pro-
vide opportunities for control that would avoid the 
risks and uncertainties associated with gene drives. 
A second important consideration in evaluating the 
use of gene drives for agricultural insect control is 
the state of knowledge about the ecological role of 
the pest in the wider environment, including the dif-
ferent geographies into which the gene drive may 
spread. These considerations will be evaluated be-
low.



Chapter 2: Potential applications and risks 121

Because in practice a very large number of spe-
cies might eventually be considered by proponents 
of this technology as gene drive targets, in order to 
briefly illustrate these issues, the focus here is on 
only a few examples. However, it needs to be em-
phasised that to date, only some proof of concept 
research has been published, which is a long way 
from showing that gene drives can work in the com-
plex context of the open environment or that they 
can be safe.  

Several of the species that have been mentioned 
as potential targets are listed in Table 2a and ref-
erences cited therein, while several others are con-
sidered by Scott and colleagues (Scott et al. 2018). 
These include: spotted wing drosophila (SWD, 
Drosophila suzukii); the wasp species Vespula 
vulgaris and V. germanica; Argentine stem weevil 
(Listronotus bonariensis); Australian sheep blowfly 
(Lucilia cuprina); red flour beetle (Tribolium cas-
taneum); and the Asian citrus psyllid (Diaphorina 
citri; the New World screwworm fly (Cochliomyia 
hominivorax); diamondback moth (Plutella xylostel-
la); Western corn rootworm (Diabrotica virgifera 
virgifera); and silverleaf whitefly (Bemisia tabaci).

The Role of the Agriculture System in the Develop-
ment of Insect Pests

Many important insect pests cause substantial 
damage because current intensive agriculture pro-
duction systems are particularly vulnerable to pests 
due to their limited biological and genetic diversity, 
which can be exacerbated by heavy dependence on 
chemical pesticides (Bennett et al. 2012; Douglas 
and Tooker 2016). Research showing that biologi-
cally diverse organic farming systems tend to have 
less pest damage also demonstrate productivity in 
these organic systems at near industrial farm levels 
(Ponisio et al. 2015). In contrast, low-diversity or-
ganic systems that are similar to industrial systems 
in respects other than pesticide use, had yields ap-
proximately 19% less than comparable intensive 
industrial plots. Overall, more diverse organic sys-
tems yielded only about 8-9% less than industrial 
systems (Ponisio et. al. 2015).  

As these authors point out, this is despite the fact 
that only a few percent of US research dollars cur-
rently being spent is supporting the improvement 
of organic and other agroecological systems (De-
longe et al. 2015). Ponisio and colleagues suggest 
that with adequate research support, even the small 
yield gap between the two systems might be elimi-
nated. At least one other study at the global scale 
suggests that organic can be close to, or sometimes 
more productive than, conventional agriculture, 
especially in developing countries (Badgley et al. 
2007). These agroecological systems can apply ad-
vances in ecological science to augment more tradi-
tional systems, but currently receive little research 
funding compared to industrial methods, despite 
their notable successes.  

Although factors other than reduced insect pest 
damage could likely have contributed to these re-
sults, it is unlikely that high yields could have been 
produced alongside substantial insect damage. Sim-
ilarly, diversified farms in Europe maintained yields 
as high as industrial systems, despite dramatic pes-
ticide reduction in these more diversified farming 
systems (Lechenet et al. 2014). Long-term experi-
ments at farm scale have shown that agroecological 
systems in the US Midwest can be as, or more, pro-
ductive than industrial systems, while dramatically 
reducing pesticide use and fertilisers, thus confer-
ring large benefits to biodiversity and water quality 
(Davis et al. 2012; Liebman and Schulte 2015).  

A substantial factor in higher yields in more 
diverse systems is biological insect pest control 
by pest predators and parasitoids, which are also 
known as pest natural enemies (Grab et al. 2018; 
Rusch et al. 2016). Current simplified industrial sys-
tems generally have lower abundance and diversity 
of pest enemies than more diverse farming systems 
(Letourneau et al. 2011).

A proposed gene drive target, Western corn root-
worm (WCR) (Scott et al. 2018) provides a well-stud-
ied example of how current simplified cropping sys-
tems lead to higher crop damage.  Western corn 
rootworm is considered the worst corn insect pest 
in the US, but in most areas crop rotations eliminate 
the need either for insecticides, or gene drives, to 
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control it (Gray et al. 2009). These rotational sys-
tems are as, or more profitable than, monoculture 
corn (Davis et al. 2012). In some areas WCR has 
developed resistance to the common corn-soybean 
rotation.  This rotation, however, consisting of only 
two crops, is considered too simple to fully qualify 
as agroecology, and is part of typical industrial crop 
systems heavily reliant on chemical pesticides (Da-
vis et al. 2012).25

Invasive Species as Agricultural Insect Pests

Many of the most challenging insect pests, and 
most of those noted in Table 2a and elsewhere as 
gene drive targets, are actually invasive species 
where they occur as agricultural pests (Scott et al. 
2018). A substantial reason for the damage they 
cause may be the lack of adequate local biocontrol 
(in terms of natural predators) in their new habitats 
(Tscharntke et al. 2016). It is therefore important to 
note that the lack of diverse habitats may reduce 
the efficacy of introduced biocontrol agents. For ex-
ample, strawberry farms embedded in less diverse 
habitats had more damage and lower yields be-
cause of the tarnished plant bug (Lygus lineolaris), 
due to reduced populations of an introduced wasp 
biocontrol parasitoid in the less diverse landscape 
(Grab et al. 2018).26

Similarly, insecticides used in simplified indus-
trial systems are known to harm biocontrol agents 
(Douglas and Tooker 2016; Tscharntke et al. 2016). 
This has been demonstrated for an increasingly 
important introduced wasp parasitoid of the inva-
sive Asian soybean aphid27, the most important in-
sect pest of soybeans in the US (Frewin et al. 2012; 
Frewin et al. 2014).

These examples may have important implica-
tions for accepted biocontrol methods that could be 
more viable and desirable approaches than the cre-
ation of targeted gene drives. For example, several 
parasitoid wasps, both domestic and from the re-

25  It is not known whether WCR would have developed resistance to longer crop rotations, but it seems likely that such rotations would impose higher 
fitness costs to rotation-resistant variants, reducing this possibility.

26  A parasitoid is an insect, especially wasps, that lay their eggs in other insects, including pest insects. The larvae of the wasps grow in the insect host 
and kill it.

27  The soybean aphid is not a target for gene drives because it frequently reproduces asexually. It is used here as an example of an important invasive 
insect species, which provides important relevant similarities for gene drive targets.

gion of origin of the spotted wing drosophila (SWD) 
(another target of gene drives), could be more or 
less effective depending on both farm landscape 
diversity and insecticide use (Staccconi et al. 2017; 
Wang et al. 2018).

In particular, the efficacy of an introduced bio-
control agent could be hampered in the simplified 
industrial farm landscapes common in the U.S. and 
parts of Europe. This could mask the potential of 
some of these agents, and thereby encourage the 
use of gene drives, if care is not taken to determine 
the suitability of the farm landscape, and to encour-
age a favourable environment for the biocontrol 
agents. Unlike gene drives, which target only one 
particular pest at a time, agroecologically diverse 
farming systems also provide multiple environmen-
tal and social benefits that include better water 
quality, climate adaptation, and biodiversity (see 
Case Study 3 on Palmer amaranth), as well as their 
basic pest control function.

Those who oppose biocontrol methods may 
point to how long it takes to develop them, but gene 
drives may take fully as long and could be far more 
dangerous. Pest natural enemies also may adapt 
over time to reduce harm to crops or livestock from 
an invasive pest. It is important, therefore, to con-
sider how long an invasive pest has existed in its 
new environment, and how long efforts other than 
gene drives have been under development. For ex-
ample, invasive SWD first was identified in Europe 
and the US just over 10 years ago, and potentially 
effective biocontrol agents have only been identi-
fied in the past 3 or 4 years and require more testing 
(Wang et al. 2018). By comparison, the Asian soy-
bean aphid was first found in the U.S. in 2000, and 
the unintentionally introduced biocontrol parasi-
toid wasp, Aphelinus certus, has been increasing in 
abundance and efficacy in recent years (Kaser and 
Heimpel 2018). There is also evidence that general-
ist pest predators may adapt over time for greater 
control of some invasive insect pests (Symondson 
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et al. 2002).28 Other helpful approaches to invasive 
pests also take time to develop, such as breeding 
for crop resistance (McCarville et al. 2014), or cul-
tural methods such as soil micronutrient additions, 
which show promise for remediating harm from the 
Huanglongbing (citrus greening) pathogen trans-
mitted by the invasive Asian citrus psyllid, another 
potential gene drive target (Table 2a) (Corchrane 
and Shade 2019).29 In fact, gene drives themselves 
may take several years to develop, and more years 
to adequately test and assure their safety (if their 
safety, or adequate testing, is even possible). This 
means that they have no obvious advantage in terms 
of how quickly they may be safely deployed.

Risk Assessment of Gene Drives for Agricultural 
Insect Pests

An important component of risk from gene 
drives is the harm they may cause to the ecosystems 
from which the agricultural pest originated. In most 
cases we know little about these risks, because we 
know little about the role of many of these pests in 
non-farming ecosystems.  In their review of poten-
tial agriculture insect targets of gene drives, Scott 
et al. (2018) note that eradication of the New World 
screwworm (NWSW) from Texas by using sterile in-
sect technology may have contributed to increases 
in whitetail deer populations—and deer overpopu-
lation can result in harm to tree understories and 
tree reproduction, as well as to the spread of Lyme 
disease. They also note that little is known about 
the ecology of New World screwworm, probably 
because research emphasis has been on its con-
trol, not its ecosystem purpose. These authors also 
note that there is similar need for more ecological 
research for other insect pest targets of gene drives: 
“Further, the screwworm experience highlights the 
need for more basic ecological studies for other 
pest insects before and after a population suppres-
sion program.”30

In research for this report, it was similarly noted 
that the preponderance of the research on Drosoph-

28  Parasitoids often have only a few species that they attack, which makes them attractive as imported biocontrol agents. They are therefore special-
ised biocontrol agents. Generalist biocontrol agents, by contrast, prey on many species, including pests and others.

29 It is too early to determine how effective this approach may be, but the main point is that these approaches take some time to develop and test.
30 Scott et al. 2018, S104

ila has been on D. melanogaster, a model organism 
for genetics research since the early 20th century, 
and now again for gene drives (see Table 2a). Proof 
of concept was demonstrated in D. melanogaster 
for a “mutagenic chain reaction” using CRISPR/Cas9 
(Gantz and Bier 2015). More recently, Buchman et 
al (2018) used a MEDEA-based maternal gene drive 
to achieve near 100% population supression in lab 
in Spotted Wing Drosophila, including several wild-
type populations from different regions, although 
this is still far from demonstrating function in the 
environment.

But knowledge of D. melanogaster cannot sub-
stitute for understanding the actual ecological func-
tions of the pest species SWD, including behavior, 
effects on plant species composition, role as a food 
source and other factors. Research for this report 
was unable to identify substantial research on the 
role of SWD in its native habitats; there seems to be 
very little. Some aspects of the physiology or anat-
omy of SWD that make it a particular pest problem, 
such as its serrated ovipositor (egg laying organ), 
which facilitates egg laying in ripening fruit, unlike 
many other species of better known Drosophila, 
also may have implications for its ecological roles 
that differ from better known species.  The same 
processes that would spread SWD could be re-
versed, to bring gene drive individuals into contract 
with non-target populations (i.e. in region of origin) 
(Webber et al. 2015). Further, recent modelling 
suggests that efficient gene drives could be highly 
effective and spread through all populations, even 
if introduced at low frequencies (Nobel et al. 2018). 
Several species of drosophila have been shown to 
be able to hybridise, resulting in gene flow (Kane-
shiro 1990).

This all means that, in addition to possible ex-
tinction of the target pest SWD, it may be that other 
species, especially closely related species sympat-
ric to the region of origin of SWD, might be driven 
to extinction as well, without researchers having, or 
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even attempting to have, a clear understanding of 
their role in their ecosystems.

Ecological assessments of environmental risks 
by or for regulatory authorities and agencies for 
other pest control technologies have been shown 
in recent years to be inadequate. For example, re-
sistance to glyphosate herbicide and the weed con-
trol crisis (see Case Study 3 on Palmer amaranth) 
resulting from the commercialisation of genetically 
engineered herbicide resistance crops, was not pre-
dicted or prevented by authorities in the US.31  

More recently, widespread harm to inverte-
brates, such as pollinators, from the use of systemic 
neonicotinoid insecticides, was not foreseen by reg-
ulators in any country. This is due at least in part to 
the inadequacy and difficulty in determining harmful 
sub-lethal and trophic level effects of these insec-
ticides in the broader environment, for example, 
identifying harms to behavior, fecundity, or immune 
function of invertebrates (Pisa et al. 2015). It has 
taken years of research by dozens of scientists to 
begin to determine these effects. While the precise 
types of ecosystem effects caused by gene drives 
would not be identical to the effects of a pesticide, 
they are likely to also be at least as complex and 
take considerable time and effort to understand. 
The history of the regulation of pest control tech-
nologies does not provide comfort that adequate 
complex ecological assessments will in fact be un-
dertaken before application if they are developed. 
And while pesticide use can be discontinued, gene 
drives intended to spread through the environment, 
or those that spread beyond their intended range, 
so far cannot be recalled or reversed.

A general problem with piecemeal approaches 
like gene drives is that even if nominally success-
ful in controlling some particular pests, they could 
leave intact harmful industrial agriculture and per-
haps forestall systemic ecological changes in these 
activities that are needed in order to reduce water 
pollution and climate change emissions, conserve 
biodiversity, and improve resilience to climate 
change (i.e. temperature and moisture extremes). 

31 Weed resistance was predicted by environmentalists, but even they did not anticipate the scale of harm from this process.

Agroecology has been shown to benefit all of these 
societal needs.  Although it is not necessarily inher-
ent in the development of gene drives that its use 
would replace efforts to pursue agroecological sys-
tems, new technologies need to be considered in a 
current social context, one which already favours 
industrial agriculture in terms of research and fund-
ing, and which could be propped up and further en-
trenched with gene drive technologies (Roesch-Mc-
Nally et al. 2018; Vanloqueren and Baret 2008).

2.4.5 Dual use - military (& civilian) re-
search & potential use

As already outlined in the introduction, this is a 
powerful technology that has high potential for mis-
use and destruction, and is as such recognised as 
a ‘dual-use technology’, that is, a technology that 
can be utilised for peaceful civilian purposes as 
well as for military ones. The National Academy of 
Sciences report on gene drives makes an important 
point under “biosecurity considerations”, explain-
ing that gene drives add a new dimension, a new op-
portunity for weaponising insects, because of their 
self-sustaining nature: “The actual and potential 
use of insects as weapons has been discussed; for 
example, by releasing insects infected with human 
pathogens or releasing agricultural pests (Lock-
wood 2012). However, the availability of a gene 
drive provides a new opportunity for malicious use 
because its self-sustaining nature poses a perhaps 
more significant threat.” (NASEM 2016, 161). Ken-
neth Oye has also repeatedly warned about the po-
tential ease of misuse of this technology, e.g. (Oye 
and Esvelt 2014).

When looking at potential dual use scenarios, 
the US National Academy of Sciences, Engineering, 
and Medicine (NASEM) argues in their 2016 report 
on gene drives: “Yet, with a better understanding 
of the basis of mosquito—pathogen interactions, it 
is not inconceivable that rather than developing a 
resistant mosquito, one could develop a more sus-
ceptible mosquito capable of transmitting a specific 
pathogen more efficiently than wild-type mosqui-
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toes. It might even be possible to develop mosqui-
toes that could transmit a pathogen that is not nor-
mally vector-borne, or that could even be able to 
deliver a toxin.” (NASEM 2016, 161) There are in 
fact many scenarios one could conceive of, espe-
cially for insects, given the recent research advanc-
es in that field. Whilst spreading toxins and diseases 
to humans, livestock or plants is a serious prospect, 
it would be of equal concern to intentionally weaken 
or eliminate beneficial insects. NASEM hence states 
in its conclusions: “Governance mechanisms need 
to be in place to address questions about the biose-
curity implications of gene drive research and con-
sider developing mitigation strategies that are not 
dependent on the underlying technology.” (NASEM 
2016, 171)

The DARPA Safe Genes programme and possible 
military applications

The US Defense Advanced Research Projects 
Agency (DARPA) is investing at least $65 million 
over four years into research on gene drives and 
genome editing technology through a programme 
named ‘Safe Genes’ (DARPA 2017). The programme 
was announced in July 2017, along with outlines of 
seven major research projects it would support, 
five of which are wholly or partly focused on gene 
drive research. The goals are broad and include: 
overcoming the remaining technical barriers to cre-
ating gene drive systems capable of modifying wild 
populations; development of control systems to al-
low limitation of their geographic range; and finding 
methods for reversing drives, including counter-
acting drives released by other actors. DARPA em-
phasises that no gene drives will be released in the 
wild as part of this programme, though many of the 
projects include public consultation elements or en-
gagement with policy makers which are likely to be 
aimed at achieving consent for an eventual release.

Who is being funded?

‘Safe Genes’ is directing funding to most of the 
leading figures in gene drive research, alongside 
high profile individuals in the CRISPR/Cas9 genome 
editing community. Whilst many of these projects 

have been described, an overview is helpful to illus-
trate the reach of the programme:

•     Omar Akbari at UC San Diego is leading a $14.9 
million project to engineer gene drives to modify 
or eradicate populations of the mosquito Aedes 
aegypti (Warren 2017), alongside the develop-
ment of drives in Saccharomyces cerevisiae as 
a model system (Aguilera 2017 ). His collabo-
rators include Ethan Bier, Valentino Gantz, An-
thony James and others.

•   A consortium led by John Godwin at NCSU is 
receiving $6.4 million to develop gene drives 
capable of eradicating mouse (Mus musculus) 
populations (NCState 2017). Collaborators in-
clude David Threadgill and Paul Thomas, who 
are spearheading the mouse genetics work.

•   Kevin Esvelt at MIT is leading a collaboration to 
validate ‘daisy chain’ drives and related concepts 
in the nematode Caenorhabditis brenneri (Esvelt 
2017), and along with Luke Alphey, to apply them 
in the mosquito species Culex quinquefasciatus 
and Aedes aegypti (BBSRC 2018).

•   Andrea Crisanti’s team at Imperial College are 
continuing their development of gene drives in 
Anopheles gambiae mosquitoes (Neslen 2017), 
as part of an $11 million project led by CRISPR/
Cas9 expert Keith Joung at Massachusetts Gen-
eral Hospital (MGH 2017).

•   A project to develop controllable gene drives in 
Anapholes stephensi mosquitos is going ahead, 
led by CRISPR/Cas9 specialist, Amit Choudhary 
at the Broad Institute (DARPA 2017). It has not 
been announced who is directing the mosquito 
work, though it is likely to be Valentino Gantz and 
Ethan Bier who work with A. stephensi and have 
stated they are involved in a second ‘Safe genes’ 
project (Aguilera 2017 ).

As well as focussing on gene drives, ‘Safe genes’ 
is funding efforts to develop new CRISPR/Cas9 tech-
nologies, including: engineering small molecule reg-
ulated forms; expanding methods to inhibit CRISPR; 
improvement of genome editing specificity; increas-
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ing the range of sites on the genome that can be 
targeted; and the development of new applications 
for CRISPR beyond genome editing. These efforts 
involve Joung’s and Choudhary’s teams, alongside 
projects led by George Church of Harvard Medical 
School and Jennifer Doudna of UC Berkeley.

What are the motivations?

To speculate on the underlying logic of ‘Safe 
Genes’, consider first how a gene drive could be 
weaponised, for example to crash populations of in-
sect pollinators for important crops, or to suppress 
fish populations in an important fishery. Even if the 
US was not interested in gaining this capacity, there 
would be motivation to find out how to counteract a 
gene drive released by a hostile actor. Given that the 
most plausible strategy to counteract a gene drive 
is another gene drive (as discussed in Chapter 1), 
this creates an imperative for US defence agencies 
to develop a functioning gene drive before any rival 
states or other actors do. Therefore, from a military 
perspective, there are powerful motives for the US 
and others to develop this technology, and to do so 
as rapidly as possible.

32 The term GDO was coined by van der Vlugt et al. 2018 and is also used in Simon et al. 2018

The Safe Genes programme should also be seen 
in the light of another recently announced DARPA 
programme named ‘Insect Allies’ (DARPA 2016). 
This $27 million programme seeks to develop meth-
ods to genetically modify crops using infectious vi-
ruses that would be delivered by insects (some of 
the methods being explored to do this would use 
CRISPR/Cas9) (Reeves et al. 2018). Whilst the stat-
ed motive for this programme is to be able to di-
rectly modify crops whilst they are already growing 
in the field to protect them from stressors such as 
drought, disease or insect attack, it has been ob-
served that the proposed technology could be 
weaponised in various ways, for example to disrupt 
the formation of viable seeds from targeted crop 
varieties (Reeves et al. 2018). There may then be 
the view in the defence community that it would be 
desirable to gain the capacity to modify crops, in-
sects and perhaps other organisms on a very large 
scale, whether through viruses or gene drives, and 
to be one step ahead of rivals in terms of being able 
to counteract these measures. This is a disturbing 
prospect, and concern about proliferation of such 
biological weapons has led to calls for the Insect Al-
lies programme to be scrapped (Reeves et al. 2018).

3  Risks, potential negative impacts and risk 
assessment limitations

3.1 Risk assessment of GDOs32  

Current risk assessment (RA) of GMOs is main-
ly focused on crop plants. With increased research 
into gene drives we may expect a shift that has al-
ready started with the development of GM-sterile 
insect technology: environmental release of organ-
isms carrying a gene drive will be in wild living an-
imals.

Risk assessment of GM crops is mainly focused 
on toxicological effects of the expressed transgenic 
components. Environmental risk assessment (ERA) 

is complex even for sessile (‘classical’) GMOs like 
crop plants, which are cultivated in field sites.  The 
release of gene drive differs from these ‘classically’ 
genetically engineered crops in the following ways, 
which add additional layers of complexity to any 
effective ERA, since it means that first release will 
most likely be:

1.  With mobile animals (mosquitoes or rodents);

2.   in natural or semi-natural environments (island 
ecosystems);
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3.   carrying a transgene designed to outcross and 
spread in natural populations;

4.   with the intention to either wipe out or persist 
and permanently genetically modify populations.

The competent authority for ERA in the EU is the 
European Food Safety Authority, EFSA. In the past, 
it has published guidance for ERA of crop plants 
(EFSA 2010), as well as on GM animals (EFSA 2013), 
which briefly covers gene drives. It has to be noted, 
however, that this guidance has been developed in 
the pre-CRISPR era and so will not be fully applica-
ble to recent developments, especially the ability to 
create global gene drives (global is used in the sense 
that they might cover the whole geographic range of 
the affected species).

Risk assessment and especially environmental 
risk assessment of gene drives will be concerned 
with multiple layers of effects, caused either direct-
ly by the genetic modification or by the direct ef-
fects of this modification. For low threshold (global) 
drives, like most CRISPR-based systems, an intrin-
sic problem with field testing will occur: namely, that 
a small release can easily escalate into a full release 
(Noble et al. 2018). CRISPR-based gene drives can 
act as “mutagenic chain reactions” (Gantz et al. 
2015a), which spread exponentially by inheritance 
in the given population or species. To obtain field 
data to support the actual ability to do proper RA of 
gene drives will thus be difficult, and in some cases 
might even prove impossible. Modelling effects are 
seen as an attractive alternative to extensive field 
testing. However, most modelling approaches for 
gene drives have so far been performed in order to 
evaluate efficacy and spread of the desired genetic 
modification e.g.  (Unckless et al. 2015), not in or-
der to anticipate risks. Modelling of ecological ef-
fects caused by gene drives which would be useful 
for ERAs has yet to be developed. In comparison to 
the modelling of efficacy for purpose, approaches 
to simulate ecosystem effects are far more complex. 

33  Definition: “…the minimum ecological effects that are deemed biologically relevant and that are deemed of sufficient magnitude to cause harm.” 
(EFSA 2010, 110). Defining limits of concern of LOC is difficult and not even done for effects of classical GMO. One effect could be a decrease of 
population size of a predator of mosquitoes. LOC is then defined as the maximum decrease of population size that would be accepted as a result of 
wiping out the mosquito population.

34 CRISPR/Cas9 is basically a bacterial defence system. It was transformed by molecular biologists into a tool.

Complexity of ecological modelling will be deter-
mined by the questions asked in RA/ERA.

The potential full release resulting from an in-
tended small (test) release has another striking con-
sequence for RA/ERA: Limits of concern33 for possi-
ble risks have to be defined before first releases are 
authorised. Only then may intolerable adverse ef-
fects on a global (species)-wide level be prevented.

3.1.1 Molecular considerations

Currently, the most promising concept lead-
ing to the creation of an effective gene drive would 
be a global CRISPR gene drive. Synthetic CRISPR 
gene drives differ significantly in their concept and 
make-up from current GMOs released into the en-
vironment, in that they have a mutagenically active 
component integrated into their genome. Further-
more, in eukaryotic or complex organisms, the sta-
ble integration of CRISPR, a component of an an-
ti-pathogenic system in bacteria34, creates a high 
level of complexity, opening many questions on the 
molecular level. With regards to CRISPR/Cas as a 
genome editing tool, it is currently used in research 
as well as in the development of GM organisms for 
commercialisation. After application, the CRISPR/
Cas system is intentionally removed from the organ-
ism to prevent unintended effects. Cas itself is an 
endonuclease, which are “restriction” enzymes that 
in their original context  cleave foreign DNA in an or-
ganism, thus eliminating foreign DNA from outside.  
Stable insertion of an endonuclease into an organ-
ism might create toxic effects, a finding that is relat-
ed to the question of why a defence system based 
on homing endonucleases is very successful in sin-
gle-celled prokaryotes, but absent in multicellular 
eukaryotes. Data on the influence of a permanent, 
long term exposure of homing endonucleases (such 
as the CRISPR/Cas based gene drives) on eukaryot-
ic genome stability is currently lacking.
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3.1.2 Outcrossing and spreading

Spreading of the molecular construct is anoth-
er important consideration in the ERA of organ-
isms carrying a gene drive. The inheritance of the 
transgene is crucial for the functionality of any given 
synthetic gene drive, and therefore is a desired trait 
of an organism with a gene drive. Outcrossing of 
transgenes into closely related taxa is commonly as-
sessed in RA of GMOs. Important for the evaluation 
of outcrossing is the likelihood of the event, but also 
the potential of the transgene to establish in feral 
or natural populations. Even with a high potential 
to cross into wild relatives, certain GM traits may 
not be advantageous or favoured by selection, and 
therefore are expected to disappear over time. For 
organisms carrying a global gene drive, the chance 
of transfer for a single transgene into a closely re-
lated wild relative is comparable to that of a GMO 
release, and the likelihood might even increase with 
the spreading of the gene drive into many organ-
isms.

The important difference is that gene drives do 
not need to confer a selective advantage in order 
to spread. The likelihood of an unlimited spread 
of that given gene drive into the whole geograph-
ic range of that species is vastly increased. In the 
case of an intended population suppression gene 
drive, this could have fatal consequences for an en-
tire species. Global gene drives, like CRISPR/Cas 
based systems, are sequence specific. For efficacy 
reasons, those gene drives will most likely be based 
on conserved gene sequences, thus increasing the 
risk of any outcrossing event becoming established. 
Therefore, any assessment of the outcrossing po-
tential needs to take into consideration the DNA se-
quence space at the target site(s) of potential cross-
ing partners of the desired species, in order to be 
capable of evaluating a given risk. This data is not 
even available for most target organisms current-
ly discussed, and has to additionally be generated 
for all potential crossing partners of the potential 
crossing partners. Because of these facts, perform-
ing RA/ERA for gene drives is not possible, given 
currently available data.

35  In this example, the influence of eradicating invasive cats on rabbit populations (which were under biological control as well) was underestimated 
and resulted in an explosion of the rabbit population, causing substantial damage by herbivory.

3.1.3 Risk assessment of the intended 
effects

Population suppression using gene drive organ-
isms will have ecological consequences for the en-
tire ecosystem into which it is released. In a best-
case scenario, e.g. rodents eradicated from islands, 
the gene drive will relieve the ecosystem of the tar-
get species (in this case invasive) and help to bal-
ance the existing ecosystem and strengthen ecolog-
ical diversity, with little or no detrimental effects. In 
practice, however, effects on ecosystems have not 
proven to be so easily predictable, not even in rath-
er simple examples such as the eradication of rab-
bits and cats from islands (Bergstrom et al. 2009).35

Eradication of mosquitoes or weeds poses more 
complex scenarios, as such efforts will affect not 
only organisms when they are invasives, but or-
ganisms within their native environments. Data and 
knowledge about their roles in ecosystems is often 
lacking, but experts warn the likelihood of severe 
effects on ecosystems (Hochkirch et al. 2018). Eval-
uation of the impact of any given species’ demise 
relies on the interaction of the target species within 
the food web and its full ecological context. Besides 
being a pest or disease carrier, the target species 
may provide many positive ecosystem services such 
as: pollinator, food source (prey), predator, ecosys-
tem builder.

As ecological effects are often long term, the 
proper problem formulation, data acquisition, mod-
elling and/or practical testing will be both complex 
and demanding for any gene drive.

3.1.4 Risk assessment of the unintended 
effects through escape

What happens if the gene drive “escapes” its ge-
ographic area of application? Eradicating invasive 
alien species from their non-native habitat has prov-
en to be a difficult task. Using gene drives to solve 
this problem is a tempting quick-fix. But one has to 
carefully consider the fact that in cases where an 
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invasive species might potentially be removed from 
say an island ecosystem where they are considered 
a problem, might then, under similar circumstanc-
es of spread, unwitting carriers, etc., be able to re-
turn to their native or other habitats, now carrying a 
deadly gene drive.

This point leads to one of the most pressing 
questions posed by developers and risk assessors: 
Is it even possible to efficiently contain a gene drive? 
Containment of gene drives is not trivial. Even using 
island ecosystems for rodents as an example can-
not be considered sufficient protection against GDO 
spread. Alternatively, concepts for containment can 
also be based on the molecular design (e.g. high 
threshold, or ‘local’ CRISPR drives). But those con-
cepts (once fully developed in the laboratory) have 
yet to be proven safe, which might be impossible 
considering the myriad of unforeseen effects that 
can occur in nature.

As population suppression is the most widely 
proposed application of gene drives today, escape 
scenarios will be a primary focus of RA/ERA. Eval-
uations for assessing escape are coupled to space 
(geographic ranges of populations and species and 
migration boundaries, unintended movements, 
etc.); but time is also an important factor. The 
self-perpetuating nature of gene drives does not al-
low predictions about the timely spread of a given 
synthetic construct. In fact, spread of the gene drive 
depends on migration and reproduction parameters 
of the target species and population, which can re-
sult in very different dynamics (i.e., fast and expo-
nential, vs. slow and steady, as well as all mixtures). 
Alongside the intention that gene drives persist in-
finitely in the wild, or until the goal of suppression 
is reached, time becomes an important factor for 
RA, especially because, even with low likelihood, 
the probability of an escape event will increase with 
time.

Factors to consider in the risk assessment of es-
cape scenarios are:

1.   molecular design of the gene drive (global vs. lo-
cal gene drive, specificity for a given population)

2.   life history of the population and species

3.   space (geographic characteristics) and time (in-
finite persistence) dynamics

3.2 Monitoring

Monitoring of GDOs has to be able to identify 
and detect a given gene drive in the wild. Due to 
its molecular mechanisms, a simple detection might 
not be sufficiently able to determine whether a gene 
drive is active. CRISPR gene drives harbour a com-
plex copy/paste mechanism, which is error prone. 
Fragments of inactive gene drives can nonetheless 
be inherited and thus be detected in monitoring ap-
proaches. An in-depth molecular characterisation, 
potentially by sequencing, might be needed to mon-
itor active gene drives.

A second layer of monitoring could aim at de-
tecting gene drives that have outcrossed in untar-
geted populations and species. For this task, sam-
pling and molecular characterisation has to extend 
well beyond the target population and species.

Finally, monitoring has to be able to detect the 
effects on the environment that are caused inten-
tionally and unintentionally by the gene drive and 
the GDOs. Those effects also have to be investigat-
ed, even if a gene drive has already vanished (due to 
failure or success). Hence monitoring will need to be 
complex and long-term.

Should a GDO be released (intentionally or unin-
tentionally), early and efficient monitoring would be 
crucial, as risk management procedures are aggra-
vated due to the intrinsic properties of gene drives, 
that is, the spread of a GM trait independent of time 
and space.

As there is a strong call for not releasing gene 
drives unless they can be reversed, recalled or 
overwritten, monitoring will also need to be able to 
assess the effectiveness of such counter-measures 
as well as to monitor for environmental impacts of 
these measures.
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4 Conclusions
In this chapter we have addressed numerous 

points linked to the application of synthetic gene 
drives and their potential negative impacts. We 
have carefully explained why categorisation based 
on the different areas of intended application (ag-
riculture, health etc.) and desired or claimed bene-
fits, which so often is used as the starting point for 
introducing the topic of gene drives, is problematic 
and often misguided. We believe it must be strin-
gently examined, and the possibility seriously con-
sidered that this technology may not be desirable, 
for either ecosystems or its stated purposes. Given 
the potentially severe and undeniable negative im-
pacts that can arise from the release of gene drive 
organisms, we find it inappropriate to be guided by 
the excitement of technical advances or the lure of 
benefits only.  We have noted that it is often the 
case that the underlying causes of the problems 
gene drives are intended to solve have actually been 
self-created by human practices and activities, or 
could be addressed by less problematic means; yet 
the necessary political or economic support has not 
been available. As we have illustrated in the case 
studies, modern agriculture is vulnerable to pests in 
large part because of the biological and genetic sim-
plification involved in industrial agricultural practic-
es, which also harm the natural predators of pests 
through pesticides and by limiting habitat. More 
diverse farming systems based on agroecology col-
lectively present substantial defences against pests.

In our approach, we have thus placed the or-
ganism itself and the ecosystems linked to it centre 
stage. Understanding the full biology of an organ-
ism, including its genetic diversity, its mating be-
haviour, speed of dispersal, feeding patterns and 
sources, its place in the foodweb, its role in the eco-
system and its ecological value, are all essential for 
understanding the hazards, and for identifying the 
negative consequences that may arise from the re-
lease of a GDO. This also requires detailed knowl-
edge of the respective ecosystems and their many 
complexities.

To illustrate and investigate this more closely, 
we have provided three case studies focusing on 

taxonomic categories, namely, mosquitoes, mice 
and Palmer amaranth, all of which highlight the 
lack of sufficient knowledge and understanding of 
the organism, its behaviour in the wild and its roles 
and functions in the ecosystems associated with it. 
Whilst the data are insufficient and the complexi-
ties too intricate to currently (if ever) allow for clear 
and reliable predictions of the outcomes and the 
impacts from a release of invasive gene drives, this 
is additionally confounded by the inability to iden-
tify and address various concerns. Such concerns 
are among others: how the wild populations will 
behave in response to the gene drive (e.g. altered 
mating behaviour, unintended behavioural effects 
due to the modifications); how the gene drive will 
behave at the molecular level within the wild pop-
ulations and under real life conditions; whether the 
gene drive will fail to work, either at once or grad-
ually, causing unpredictable population rebounds 
and changes; which genetic modifications will arise 
in response to the presence of active CRISPR/Cas9 
elements in the genome; and how, in turn, to predict 
the consequences of these. We also discussed the 
possible spread of the engineered gene drives into 
closely related species, the consequences of which 
would additionally need to be addressed in any risk 
assessment.

Given the high level of unpredictabilities, the 
lack of knowledge and the potentially severe neg-
ative impacts on biodiversity and ecosystems, in-
cluding agroecosystems, we recommend that there 
should be no intentional releases into the environ-
ment (including experimental releases) of GDOs; 
and that such releases should only be considered if 
and when it is demonstrated that there is full knowl-
edge and understanding that allows for robust and 
reliable performance and risk assessments that can 
verify that no serious or irreversible negative im-
pacts will arise as a consequence of the release of 
gene drives and also that there are no other, possi-
bly safer options for dealing with the problem (and 
its underlying causes) that each drive is intended to 
solve.
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This places the search for, development and 
support of other sustainable approaches high on 
the agenda. As shown for example in our agricultur-
al case studies for Palmer amaranth (pigweed), sys-
tems-based, agroecological approaches have been 
shown to provide substantial control. Applying gene 
drive technology to Palmer amaranth, only recently 
considered a major pest due to industrial and espe-
cially herbicide practices which are largely linked to 
GMO crops, could put its useful and nutritious re-
lated species at risk. And in fact, Palmer amaranth 
itself has traits and food qualities that would be lost 
if it was driven to extinction. At present, CRISPR/
Cas-based homing gene drives have not been shown 
to be viable for plants, due at least in part to the fact 
that the levels of homology directed repair in plants 
are too low for gene drives to spread. Therefore any 
potential use of gene drives in plants remains highly 
speculative at this point.

Similarly, insect pests are more of a threat in 
simplified industrial agroecosystems. Most of the 
current insect pests under consideration or men-
tioned as possible targets for gene drives are in-
vasive. Invasive species may be less susceptible to 
control by natural pest enemies in the geographies 
where they have spread. But introduced biocontrol 
agents like parasitoid wasps to control such pests 
also depend on suitable habitat that may not be ad-
equately provided in simplified industrial systems. 
This is yet another reason why more diverse agro-
ecosystems are needed. Of course, it takes time to 
find and test new biocontrol agents and methods 
that often prove effective against established inva-
sive insects over time. Therefore, these methods 
need time and investment to develop, rather than 
a precipitous resort to gene drives. In fact, gene 
drives themselves take time to develop and test for 
safety, and therefore have no obvious advantage in 
that respect. Furthermore, at this stage, gene drives 
in pest insects have not been shown to be reliable 
in the environment or safe for a variety of alarming 
possibilities, including spread throughout the spe-
cies or even to other species.

It must also be emphasised that the history of 
risk assessment (as exemplified by herbicide re-
sistant GMOs leading to extremely problematic re-

sistant weeds like Palmer amaranth, harm to mon-
arch butterflies, or neonicotinoid insecticide harm 
to non-target invertebrates), raises serious doubts 
about whether risk assessment authorities are 
equipped to adequately evaluate the risks of gene 
drives. In the case of neonicotinoids, several types 
of sub-lethal effects have caused widespread harm 
at the population level and at multiple trophic levels. 
These kinds of complex problems, even if different 
in specifics, will be difficult for risk assessment to 
evaluate in gene drives.

The case study on gene drive mice also revealed 
the unpredictability and limits of this technology. 
It highlights that even if gene drives were only ever 
used for eradications on islands, there would be 
serious risks from (stow-away) gene drive mice un-
intentionally ending up in and decimating mainland 
wild populations. It also showed that the deliberate 
use of a gene drive in mainland populations is likely, 
given that a major motivation for developing gene 
drive mice is the intention to eradicate pest popu-
lations that cause economic damage to crops, seed 
and feed. We pose the questions: Were it possible to 
make gene drives work reliably in small mammals, 
would they be seen as the next level of pest con-
trol, potentially going as far as wide-scale eradica-
tion? And, given the economic pressures involved, 
would it be possible to control the use of these tools 
against mice and other vertebrate ‘pests’?

In considering mosquitoes, we draw attention to 
the complex web of relationships with other species, 
and potential of severe knock on effects to ecosys-
tems of suppressing mosquito species. Also impor-
tant is the very real possibility that gene drives will 
not achieve their intended results in terms of human 
health: the behaviour of synthetic gene drives in the 
wild is difficult to predict but population rebounds 
are one very plausible outcome; similarly the inter-
action of drives with the many evolutionary forces 
at play is extremely difficult to foresee. However, 
if gene drives do achieve population suppression, 
even temporarily, the ecological implications could 
be profound. The high level of uncertainties and 
unpredictabilities is further confounded by the mul-
titude of scenarios arising from the wide spectrum 
of possible performance and behaviour of gene 
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drive technologies and gene drive mosquitoes in 
real life – also raising concerns regarding negative 
implications for human health. We further raise the 
question of how many species may eventually be 
targeted, as there are at least 160 known for be-
ing vectors of human diseases, and 40-70 of these 
transmit Malaria. Setting aside their individual roles 
and functions in the ecosystems, how much of the 
total mosquito biomass would these species repre-
sent in particular ecosystems? An important con-
cern is that the vectors targeted by gene drives may 
be among the more abundant species in some con-
texts. Given the large numbers of mosquito species 
involved in human disease transmission, mosquito 
gene drives could eventually be employed against 
numerous species representing a significant propor-
tion of the total mosquito population, escalating and 
broadening the likely ecological consequences, in-
cluding negative impacts on species that depend on 
mosquitoes for food.

We have also covered the aspect of dual use, 
the use of gene drive technology for military and 
harmful purposes. This in particular needs urgent 
attention.

The range of organisms intended as gene drive 
targets is broad and continuously growing. As dis-
cussed, the intention is to make the technology 
widely applicable for small mammals and for a wide 
range of insects, which we regard as alarming, both 
as an approach to dealing with problems, as well as 
with regards to the impacts of such practices.

In conclusion: in terms of the science and cur-
rent knowledge, we cannot see how to make the 
release of gene drive organisms safe, or even how 
to perform an adequate and robust risk assessment 
that would cover all the points we have raised and 
that we regard as essential to safeguard biodiversity 
as well as human health.  For the present, the strict 
application of the Precautionary Principle might be 
our best guide in terms of this new and potent tech-
nology.



Chapter 2: Potential applications and risks 133

References 
for references for the tables and case studies see 
sections below

Aguilera, M. 2017 “UC San Diego Researchers Join 
$14.9 Million Fight Against Disease-transmitting 
Mosquitoes “, accessed 08/04/2019. https://
ucsdnews.ucsd.edu/index.php/pressrelease/
uc_san_diego_researchers_join_14.9_million_
fight_against_disease

Badgley, C., J. Moghtader, E. Quintero, E. Zakem, 
M. J. Chappell, K. Avile´s-Va´zquez, A. Samulon 
and I. Perfecto. 2007. “Organic agriculture and 
the global food supply.” Renewable Agriculture 
and Food Systems 22(2): 86–108.

Bar-Yam, Yaneer. 2002. “General Features of 
Complex Systems.” In Knowledge Manage-
ment, Organizational Intelligence and Learning, 
and Complexity, edited by L. Douglas Kiel, 
1-57. Encyclopedia of Life Support Systems 
(EOLSS UNESCO Publishers, Oxford, UK).

BBSRC. 2018. “UK’s The Pirbright Institute 
plays a role in DARPA’s Safe Genes pro-
gramme “, Last Modified 18-2-2018, accessed 
08/04/2019. https://bbsrc.ukri.org/news/
fundamental-bioscience/2018/180218-n-uks-
pirbright-institute-plays-a-role-in-darpas-safe-
genes-programme/?previewid=17EBF995-
49A9-425F-96B8287A9953EB7D.

Bennett, A. J., G. D., Bending G. D., D. Chan-
dler, S. Hilton and P. Mills. 2012. “Meeting the 
demand for crop production: the challenge of 
yield decline in crops grown in short rotations.” 
Biol. Rev. 87: 52–71.

Bergstrom, Dana M., Arko Lucieer, Kate Kiefer, 
Jane Wasley, Lee Belbin, Tore K. Pedersen, 
and Steven L. Chown. 2009. “Indirect ef-
fects of invasive species removal devastate 
World Heritage Island.” Journal of Applied 
Ecology 46 (1):73-81. doi: 10.1111/j.1365-
2664.2008.01601.x.

Buchman, A., J. M. Marshall, D. Ostrovski, T. Yang 
and O. S. Akbari. 2018. “Synthetically engi-
neered Medea gene drive system in the world-
wide crop pest Drosophila suzukii.” Proc. Natl. 
Acad. Sci. USA, 115(18): 4725–4730.

Ceballos, G., P. R. Ehrlich, and R. Dirzo. 2017. 
“Biological annihilation via the ongoing sixth 
mass extinction signaled by vertebrate popu-
lation losses and declines.” Proceedings of the 
National Academy of Sciences of the United 
States of America 114 (30):E6089-E6096. doi: 
10.1073/pnas.1704949114.

Champer, J., R. Reeves, S. Y. Oh, C. Liu, J. Liu, 
A. G. Clark, and P. W. Messer. 2017. “Novel 
CRISPR/Cas9 gene drive constructs reveal in-
sights into mechanisms of resistance allele for-
mation and drive efficiency in genetically diverse 
populations.” PLoS Genet 13 (7):e1006796. doi: 
10.1371/journal.pgen.1006796.

Champer, J., J. Liu, S. Y. Oh, R. Reeves, A. Luthra, 
N. Oakes, A. G. Clark, and P. W. Messer. 
2018. “Reducing resistance allele formation 
in CRISPR gene drive.” Proc Natl Acad Sci 
U S A 115 (21):5522-5527. doi: 10.1073/
pnas.1720354115.

Champer, J., J. Chung, Y. L. Lee, C. Liu, E. 
Yang, Z. Wen, A. G. Clark, and P. W. Mess-
er. 2019. “Molecular safeguarding of CRISPR 
gene drive experiments.” Elife 8. doi: 10.7554/
eLife.41439.

Chan, Yuk-Sang, Daniel A. Naujoks, David S. 
Huen, and Steven Russell. 2011. “Insect Popu-
lation Control by Homing Endonuclease-Based 
Gene Drive: An Evaluation in Drosophila mela-
nogaster.” Genetics 188 (1):33. doi: 10.1534/
genetics.111.127506.

Chan, Y. S., D. S. Huen, R. Glauert, E. White-
way, and S. Russell. 2013. “Optimising homing 
endonuclease gene drive performance in a 
semi-refractory species: the Drosophila mela-

https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D


134 Chapter 2: Potential applications and risks

nogaster experience.” PLoS One 8 (1):e54130. 
doi: 10.1371/journal.pone.0054130.

Coluzzi, M., A. Sabatini, V. Petrarca, and M. A. 
Dideco. 1979. “Chromosomal differentiation 
and adaptation to human environments in the 
Anopheles-gambiae complex.” Transactions 
of the Royal Society of Tropical Medicine and 
Hygiene 73 (5):483-497. doi: 10.1016/0035-
9203(79)90036-1.

Corchrane, E. F. and J. B. Shade. 2019. “Com-
batting huanglongbing in organic systems.” 
International Journal of Horticulture, Agri-
culture and Food Science DOI: https://dx.doi.
org/10.22161/ijhaf.3.1.1.

DARPA. 2016. “DARPA Enlists Insects to Protect 
Agricultural Food Supply.” DARPA, accessed 
08/04/2019. https://www.darpa.mil/news-
events/2016-10-19

DARPA. 2017. “Building the Safe Genes Toolkit.” 
accessed 08/04/2019. https://www.darpa.mil/
news-events/2017-07-19.

Davis, A. S., J. D. Hill, C. A. Chase, A. M. Jo-
hanns and M. Liebman. 2012. “Increasing 
cropping system diversity balances produc-
tivity, profitability and environmental health.” 
PLoS ONE 7(10): e47149. doi:10.1371/journal.
pone.0047149.

DeLonge, M. S., A. Miles and L. Carlisle. 2016. 
“Investing in the transition to sustainable agri-
culture.” Environmental Science & Policy, 55(1): 
266-273.

Douglas, M. R. and J. F. Tooker. 2016. “Me-
ta-analysis reveals that seed-applied neonic-
otinoids and pyrethroids have similar negative 
effects on abundance of arthropod natural 
enemies.” Peer J DOI 10.7717/peerj.2776.

EFSA. 2010. “Guidance on the environmen-
tal risk assessment of genetically modified 
plants.” EFSA Journal 8 (11):1879-1990. doi: 
10.2903/j.efsa.2010.1879.

EFSA. 2013. “Guidance on the environmental risk 
assessment of genetically modified animals.” 
EFSA Journal 11 (5):3200-3389. doi: 0.2903/j.
efsa.2013.3200.

Esvelt, K. M., A. L. Smidler, F. Catteruccia, and 
G. M. Church. 2014. “Concerning RNA-guided 
gene drives for the alteration of wild popula-
tions.” Elife 3:21. doi: 10.7554/eLife.03401.

Esvelt, K. 2017. “Safe Genes: Daisy Drive State-
ment of Work.” accessed 03/04/2019. https://
www.responsivescience.org/pub/safe-genes-
daisy-drive-statement-of-work.

FAO. 2019. The State of the World’s Biodiversity 
for Food and Agriculture. edited by J Bélanger 
and D Pilling. Rome: FAO Commission on 
Genetic Resources for Food and Agriculture 
Assessments.

Frewin, A. J., A. W. Schaafsma and R. H. Hallett. 
2012. “Susceptibility of Aphelinus certus to 
foliar-applied insecticides currently or poten-
tially registered for soybean aphid control.” Pest 
Manage. Sci. 68(2): 202-208.

Frewin, A. J., A. W. Schaafsma and R. H. Hal-
lett. 2014. “Susceptibility of Aphelinus certus 
(Hymenoptera: Aphelinidae) to neonicotinoid 
seed treatments used for soybean pest manage-
ment.” J. Econ. Entomol. 107(4): 1450-1457.

Friesen, L. F., A. G. Nelson, and R. C. Van Acker. 
2003. “Evidence of contamination of pedigreed 
canola (Brassica napus) seedlots in western 
Canada with genetically engineered herbi-
cide resistance traits.” Agronomy Journal 95 
(5):1342-1347. doi: 10.2134/agronj2003.1342.

Galizi, R., L. A. Doyle, M. Menichelli, F. Bernardini, 
A. Deredec, A. Burt, B. L. Stoddard, N. Wind-
bichler, and A. Crisanti. 2014. “A synthetic sex 
ratio distortion system for the control of the hu-
man malaria mosquito.” Nat Commun 5:3977. 
doi: 10.1038/ncomms4977.

https://dx.doi.org/10.22161/ijhaf.3.1.1
https://dx.doi.org/10.22161/ijhaf.3.1.1
https://www.darpa.mil/news-events/2016-10-19
https://www.darpa.mil/news-events/2016-10-19
https://www.darpa.mil/news-events/2017-07-19
https://www.darpa.mil/news-events/2017-07-19
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work


Chapter 2: Potential applications and risks 135

Galizi, R., A. Hammond, K. Kyrou, C. Taxiarchi, 
F. Bernardini, S. M. O’Loughlin, P. A. Papath-
anos, T. Nolan, N. Windbichler, and A. Crisanti. 
2016. “A CRISPR-Cas9 sex-ratio distortion 
system for genetic control.” Sci Rep 6:31139. 
doi: 10.1038/srep31139.

Gantz, V. M., and E. Bier. 2015. “The mutagenic 
chain reaction: A method for converting hete-
rozygous to homozygous mutations.” Science 
348 (6233): 442-444. doi: 10.1126/science.
aaa5945.

Gantz, V. M., N. Jasinskiene, O. Tatarenkova, 
A. Fazekas, V. M. Macias, E. Bier, and A. A. 
James. 2015. “Highly efficient Cas9-mediated 
gene drive for population modification of the 
malaria vector mosquito Anopheles stephen-
si.” Proceedings of the National Academy 
of Sciences of the United States of Amer-
ica 112 (49):E6736-E6743. doi: 10.1073/
pnas.1521077112.

Grab, H., B. Danforth, K. Poveda and G. Loeb. 
2018. “Landscape simplification reduces clas-
sical

 biological control and crop yield.” Ecological 
Applications DOI: https://doi.org/10.1002/
eap.1651.

Gray, M. E., T. W. Sappington, N. J. Miller, J. 
Moser and M. O. Bohn. 2009. “Adaptation and 
invasiveness  of Western corn rootworm: Inten-
sifying research on a worsening pest.” Annu. 
Rev. Entomol. 54:303–21.

Hammond, A. M., K. Kyrou, M. Bruttini, A. North, 
R. Galizi, X. Karlsson, N. Kranjc, F. M. Car-
pi, R. D’Aurizio, A. Crisanti, and T. Nolan. 
2017. “The creation and selection of muta-
tions resistant to a gene drive over multiple 
generations in the malaria mosquito.” PLoS 
Genet 13 (10):e1007039. doi: 10.1371/journal.
pgen.1007039.

Hammond, Andrew M., Kyros Kyrou, Matthew 
Gribble, Xenia Karlsson, Ioanna Morianou, 

Roberto Galizi, Andrea Beaghton, Andrea 
Crisanti, and Tony Nolan. 2018. “Improved 
CRISPR-based suppression gene drives mitigate 
resistance and impose a large reproductive load 
on laboratory-contained mosquito popula-
tions.” bioRxiv:360339. doi: 10.1101/360339.

Hecht, M., B. Oehen, J. Schulze, P. Brodmann, 
and C. Bagutti. 2014. “Detection of feral GT73 
transgenic oilseed rape (Brassica napus) along 
railway lines on entry routes to oilseed facto-
ries in Switzerland.” Environmental Science 
and Pollution Research 21 (2):1455-1465. doi: 
10.1007/s11356-013-1881-9.

Hochkirch, A., J. Beninde, M. Fischer, A. Krah-
ner, C. Lindemann, D. Matenaar, K. Rohde, N. 
Wagner, C. Wesch, S. Wirtz, A. Zink, S. Lot-
ters, T. Schmitt, A. Proelss, and M. Veith. 2018. 
“License to Kill?-Disease Eradication Programs 
May Not be in Line with the Convention on Bio-
logical Diversity.” Conservation Letters 11 (1):6. 
doi: 10.1111/conl.12370.

ISAAA. 2019. “GM Approval Database: GM crop 
list.” accessed 02 April 2019. http://www.isaaa.
org/gmapprovaldatabase/cropslist/default.asp.

Iversen, M., I. M. Gronsberg, J. van den Berg, K. 
Fischer, D. W. Aheto, and T. Bohn. 2014. “De-
tection of Transgenes in Local Maize Varieties 
of Small-Scale Farmers in Eastern Cape, South 
Africa.” Plos One 9 (12):21. doi: 10.1371/jour-
nal.pone.0116147.

Kanishiro, Y. 1990. “Natural hybridisation in Dro-
sophila, with special reference to species from 
Hawaii.” Can. J. Zool. 68: 1800- 1805.

Kaser, and G. E. Heimpel. 2018. “Impact of the 
parasitoid Aphelinus certus on soybean aphid 
populations.” Biological Control 127, 17–24. 

Kyrou, K., A. M. Hammond, R. Galizi, N. Kranjc, A. 
Burt, A. K. Beaghton, T Nolan, and A. Crisanti. 
2018. “A CRISPR–Cas9 gene drive targeting 
doublesex causes complete population sup-
pression in caged Anopheles gambiae mos-

https://doi.org/10.1002/eap.1651
https://doi.org/10.1002/eap.1651
http://www.isaaa.org/gmapprovaldatabase/cropslist/default.asp
http://www.isaaa.org/gmapprovaldatabase/cropslist/default.asp


136 Chapter 2: Potential applications and risks

quitoes.” Nature Biotechnology. doi: 10.1038/
nbt.4245.

Lechenet, M., V. Bretagnolle, C. Bockstaller, F. 
Boissinot, F., M-S. Petit et al. 2014. “Recon-
ciling pesticide reduction with economic and 
environmental sustainability in arable farming.” 
PLoS ONE 9(6): e97922. doi:10.1371/journal.
pone.0097922.

Letourneau, D. K., I. Armbrecht, B. S. Rivera, J. M. 
Lerma and E. J. Carmona, M. C. Daza, S. Es-
cobar et al. 2011. “Does plant diversity benefit 
agroecosystems? A synthetic review.” Ecologi-
cal Applications, 21(1): 9–21.

Liebman, M. and L. Schulte. 2015. “Enhancing 
agroecosystem performance and resilience 
through increased diversification of landscapes 
and cropping systems.” Elementa: Science of 
the Anthropocene 3: 000041, doi: 10.12952/
journal.elementa.000041.

Lockwood, J. A. 2012. “Insects as Weapons of 
War, Terror, and Torture.” In Annual Review 
of Entomology, Vol 57, edited by M. R. Beren-
baum, 205-227. Palo Alto: Annual Reviews. doi: 
10.1146/annurev-ento-120710-100618

Marshall, J. M., and O. S. Akbari. 2016. Gene 
Drive Strategies for Population Replacement. 
Edited by Z. N. Adelman, Genetic Control of 
Malaria and Dengue. London: Academic Press 
Ltd-Elsevier Science Ltd.

McCarville, M. T., M. E. O’Neal, B. D. Potter, K. 
J. Tilmon, M. E. Cullen, B. P. McCornack, J. 
F. Tooker and D.A. Prishmann-Voldseth. 2014. 
“One gene versus two: A regional study on the 
efficacy of single gene versus pyramided resist-
ance for soybean aphid management.” J. Econ. 
Entomol. 107(4): 1680-1687.

MGH. 2017. “Safe Genes” award to Mass. Gen-
eral team aims to improve precision, safe-
ty of gene-editing technologies.” accessed 
08/04/2019. https://www.massgeneral.org/
News/pressrelease.aspx?id=2129.

National Academies of Sciences, Engineering, 
and Medicine (NASEM). 2016. “Gene Drives 
on the Horizon: Advancing Science, Navigating 
Uncertainty, and Aligning Research with Public 
Values.” Washington, DC: The National Acade-
mies Press. doi: 10.17226/23405

NCState. 2017. “NC State Receives DARPA Fund-
ing to Develop, Test Gene Drive System.” ac-
cessed 08/04/2019. https://research.ncsu.edu/
ges/2017/08/nc-state-receives-darpa-funding-
gene-drive-system/.

Neslen. 2017. “US military agency invests $100m 
in genetic extinction technologies.” The Guard-
ian, 4/12/2017. https://www.theguardian.com/
science/2017/dec/04/us-military-agency-in-
vests-100m-in-genetic-extinction-technologies

Nobel, C., B. Adlam, G. M. Church, K. M. Esvelt 
and M A. Nowak. 2018. “Current CRISPR gene 
drive systems are likely to be highly invasive 
in wild populations.” eLife, DOI: https://doi.
org/10.7554/eLife.33423.001.

Oberhofer, G., T. Ivy, and B. A. Hay. 2018. “Be-
havior of homing endonuclease gene drives 
targeting genes required for viability or female 
fertility with multiplexed guide RNAs.” Proc Natl 
Acad Sci U S A 115 (40):E9343-e9352. doi: 
10.1073/pnas.1805278115.

Oye, K. A., and K. M. Esvelt. 2014. “Gene drives 
raise dual-use concerns Response.” Science 
345 (6200):1010-1011. doi: 10.1126/sci-
ence.345.6200.1010-c.

Pineyro-Nelson, A., J. Van Heerwaarden, H. R. 
Perales, J. A. Serratos-Hernandez, A. Rangel, 
M. B. Hufford, P. Gepts, A. Garay-Arroyo, R. 
Rivera-Bustamante, and E. R. Alvarez-Buylla. 
2009. “Transgenes in Mexican maize: molec-
ular evidence and methodological considera-
tions for GMO detection in landrace popula-
tions.” Molecular Ecology 18 (4):750-761. doi: 
10.1111/j.1365-294X.2008.03993.x.

https://www.massgeneral.org/News/pressrelease.aspx?id=2129
https://www.massgeneral.org/News/pressrelease.aspx?id=2129
https://research.ncsu.edu/ges/2017/08/nc-state-receives-darpa-funding-gene-drive-system/
https://research.ncsu.edu/ges/2017/08/nc-state-receives-darpa-funding-gene-drive-system/
https://research.ncsu.edu/ges/2017/08/nc-state-receives-darpa-funding-gene-drive-system/
https://www.theguardian.com/science/2017/dec/04/us-military-agency-invests-100m-in-genetic-extinction-technologies
https://www.theguardian.com/science/2017/dec/04/us-military-agency-invests-100m-in-genetic-extinction-technologies
https://www.theguardian.com/science/2017/dec/04/us-military-agency-invests-100m-in-genetic-extinction-technologies
https://doi.org/10.7554/eLife.33423.001
https://doi.org/10.7554/eLife.33423.001


Chapter 2: Potential applications and risks 137

Pisa, L., D. Goulson, E-C. Yang, D. Gibbons, F. 
Sánchez-Bayo, E. Mitchell, A. Aebi et al. 2015. 
“An update of the Worldwide Integrated As-
sessment (WIA) on systemic insecticides. Part 2: 
impacts on organisms and ecosystems.” Environ 
Sci Pollut Res. DOI 10.1007/s11356-017-0341-3.

Ponisio, L.C., L. K. M’Gonigle, K. C. Mace, J. 
Palomino, P. De Valpine and C. Kremen. 
2015. “Diversification practices reduce organ-
ic to conventional yield gap.” Proc. R. Soc. B, 
282: 20141396. http://dx.doi.org/10.1098/
rspb.2014.1396.

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

Roesch-McNally, G. E., J. G. Arbuckle and J. C. 
Tyndall. 2017. “Barriers to implementing cli-
mate resilient agricultural strategies: The case 
of crop diversification in the U.S. Corn Belt.” 
Global Environmental Change, 48: 206–215.

Rusch, A., R. Chaplin-Kramer, M. M. Gardiner, 
V. Hawro, J. Holland et al. 2016. “Agricultural 
landscape simplification reduces natural pest 
control: a quantitative synthesis.” Agriculture, 
Ecosystems & Environment 221: 198–204.

Sanchez-Bayo, F., and K. A. G. Wyckhuys. 2019. 
“Worldwide decline of the entomofauna: A 
review of its drivers.” Biological Conservation 
232:8-27. doi: 10.1016/j.biocon.2019.01.020.

Scott, M. J., F. Gould, M. Lorenzen, N. Grubbs, O. 
R. Edwards, and D. O’Brochta. 2018. “Agricul-
tural production: assessment of the potential 
use of Cas9-mediated gene drive systems for 
agricultural pest control.” Journal of Re-
sponsible Innovation 5 (sup1): S98-S120. doi: 
10.1080/23299460.2017.1410343.

Sharratt, L., and T. Chopra. 2019. GM Contami-
nation in Canada - The failure to contain living 
modified organisms: Incidents and impacts. 

Canadian Biotechnology Action Network (CBAN) 
https://cban.ca/wp-content/uploads/GM-con-
tamination-in-canada-2019.pdf.

Stacconi, M. V. R., N. Amiresmaeili, A. Biondi, C. 
Carli, S. Caruso, M. L. Dindo, S. Francati et al. 
2017. “Host location and dispersal ability of the 
cosmopolitan parasitoid Trichopria drosophilae 
released to control the invasive spotted wing 
drosophila.” Biological Control, DOI: https://
doi.org/10.1016/j.biocontrol.2017.11.013.

Symondson, W. O. C., K. D., Sunderland and M 
.H. Greenstone. 2002. “Can generalist preda-
tors be effective biocontrol agents?” Annu. Rev. 
Entomol. 47: 561–94.

Tscharntke, T., D. S. Karp, R. Chaplin-Kramer, P. 
Batáry, F. DeClerck, C. Gratton, L. Hunt et al. 
2016. “When natural habitat fails to enhance 
biological pest control – Five hypotheses.” Bio-
logical Conservation 204, 449–458.

Unckless, R. L., P. W. Messer, T. Connallon, and 
A. G. Clark. 2015. “Modeling the Manipula-
tion of Natural Populations by the Mutagenic 
Chain Reaction.” Genetics 201 (2):425-+. doi: 
10.1534/genetics.115.177592.

Vandermeer, J., and I. Perfecto. 2017. “Ecolog-
ical complexity and agroecosystems: seven 
themes from theory.” Agroecology and Sus-
tainable Food Systems 41 (7):697-722. doi: 
10.1080/21683565.2017.1322166.

Vanloqueren, G., and P. Baret. 2009. “How agri-
cultural research systems shape a technological 
regime that develops genetic engineering but 
locks out agroecological innovations.” Research 
Policy 38: 971–983.

Wallingford, A. K., D. H., Cha and G. M. Loeb. 
2017. “Evaluating a push–pull strategy for man-
agement of Drosophila suzukii Matsumura in 
red raspberry.” Pest Manag Sci 74: 120–125.

Wang, X-J., A. H. Nabce, J. M. L. Jones, K. A. 
Hoelmer and K. M. Daane. 2018. “Aspects 

http://dx.doi.org/10.1098/rspb.2014.1396
http://dx.doi.org/10.1098/rspb.2014.1396
https://cban.ca/wp-content/uploads/GM-contamination-in-canada-2019.pdf
https://cban.ca/wp-content/uploads/GM-contamination-in-canada-2019.pdf
https://doi.org/10.1016/j.biocontrol.2017.11.013
https://doi.org/10.1016/j.biocontrol.2017.11.013


138 Chapter 2: Potential applications and risks

of the biology and reproductive strategy of 
two Asian larval parasitoids evaluated for 
classical biological control of Drosophila 
suzukii.” Biological Control 121: 58–65.

Warren, J. D. 2017. “UC Riverside-led Team Wins 
$14.9 Million to Battle Disease-carrying Mos-
quitoes.” accessed 08/04/2019. https://ucrto-
day.ucr.edu/48303.

Webber, B. L., S. Raghu and O. R. Edwards. 2015. 
“Opinion: Is CRISPR-based gene drive a bio-
control silver bullet or global conservation 
threat?” Proc. Natl. Acad. Sci. USA, 112(34): 
10565–10567.

Table references

References Table 2a

Akbari, O. S., C. H. Chen, J. M. Marshall, H. 
Huang, I. Antoshechkin, and B. A. Hay. 2014. 
“Novel Synthetic Medea selfish genetic elements 
drive population replacement in Drosophila, 
and a theoretical exploration of Medea-de-
pendent population suppression.” ACS Synth 
Biol 3 (12):915-28. doi: 10.1021/sb300079h.

Akbari, O. S., K. D. Matzen, J. M. Marshall, H. 
Huang, C. M. Ward, and B. A. Hay. 2013. “A 
synthetic gene drive system for local, reversible 
modification and suppression of insect popula-
tions.” Curr Biol 23 (8):671-7. doi: 10.1016/j.
cub.2013.02.059.

BBSRC. 2018. “UK’s The Pirbright Institute plays 
a role in DARPA’s Safe Genes programme” 
https://bbsrc.ukri.org/news/fundamental-bi-
oscience/2018/180218-n-uks-pirbright-insti-
tute-plays-a-role-in-darpas-safe-genes-pro-
gramme/?previewid=17EBF995-49A9-425F-
96B8287A9953EB7D.

Buchman, A. B., T. Ivy, J.M.. Marshall, O. S. 
Akbari, and B. A. Hay. 2018. “Engineered 
Reciprocal Chromosome Translocations 
Drive High Threshold, Reversible Population 

Replacement in Drosophila.” ACS Synthetic 
Biology 7 (5):1359-1370. doi: 10.1021/acssyn-
bio.7b00451.

Buchman, A., J. M. Marshall, D. Ostrovski, T. 
Yang, and O. S. Akbari. 2018. “Synthetically 
engineered Medea gene drive system in the 
worldwide crop pest Drosophila suzukii.” Proc 
Natl Acad Sci U S A 115 (18):4725-4730. doi: 
10.1073/pnas.1713139115.

Champer, J., J. Chung, Y. L. Lee, C. Liu, E. 
Yang, Z. Wen, A. G. Clark, and P. W. Mess-
er. 2019. “Molecular safeguarding of CRISPR 
gene drive experiments.” Elife 8. doi: 10.7554/
eLife.41439.

Champer, J., J. Liu, S. Y. Oh, R. Reeves, A. Luthra, 
N. Oakes, A. G. Clark, and P. W. Messer. 
2018. “Reducing resistance allele formation 
in CRISPR gene drive.” Proc Natl Acad Sci 
U S A 115 (21):5522-5527. doi: 10.1073/
pnas.1720354115.

Champer, J., R. Reeves, S. Y. Oh, C. Liu, J. Liu, 
A. G. Clark, and P. W. Messer. 2017. “Novel 
CRISPR/Cas9 gene drive constructs reveal in-
sights into mechanisms of resistance allele for-
mation and drive efficiency in genetically diverse 
populations.” PLoS Genet 13 (7):e1006796. doi: 
10.1371/journal.pgen.1006796.

Chan, Y. S., D. S. Huen, R. Glauert, E. White-
way, and S. Russell. 2013. “Optimising homing 
endonuclease gene drive performance in a 
semi-refractory species: the Drosophila mela-
nogaster experience.” PLoS One 8 (1):e54130. 
doi: 10.1371/journal.pone.0054130.

Chan, Yuk-Sang, Daniel A. Naujoks, David S. 
Huen, and Steven Russell. 2011. “Insect Popu-
lation Control by Homing Endonuclease-Based 
Gene Drive: An Evaluation in Drosophila mela-
nogaster.” Genetics 188 (1):33. doi: 10.1534/
genetics.111.127506.

Chen, C. H., H. Huang, C. M. Ward, J. T. Su, L. 
V. Schaeffer, M. Guo, and B. A. Hay. 2007. 

https://ucrtoday.ucr.edu/48303
https://ucrtoday.ucr.edu/48303
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D
https://bbsrc.ukri.org/news/fundamental-bioscience/2018/180218-n-uks-pirbright-institute-plays-a-role-in-darpas-safe-genes-programme/?previewid=17EBF995-49A9-425F-96B8287A9953EB7D


Chapter 2: Potential applications and risks 139

“A synthetic maternal-effect selfish genet-
ic element drives population replacement in 
Drosophila.” Science 316 (5824):597-600. doi: 
10.1126/science. 1138595.

DARPA. 2017. “Building the Safe Genes 
Toolkit” https://www.darpa.mil/news-
events/2017-07-19.

Darrow, M. , E. Gastfriend, J. Min, and A. Sakatos. 
2016. Gene Drive Research Funding Recom-
mendation Report For the Philanthropy Adviso-
ry Fellowship.

Dearden, P., N. Gemmell, O. R. Mercier, P. 
Lester, M. J. Scott, R. Newcomb, T. Buck-
ley, J. Jacobs, S. Goldson, and D. R. Pen-
man. 2018. “The potential for the use of 
gene drives for pest control in New Zealand: 
a perspective.” Journal of the Royal Soci-
ety of New Zealand 48 (4):225-244. doi: 
10.1080/03036758.2017.1385030.

Drury, D. W., A. L. Dapper, D. J. Siniard, G. E. 
Zentner, and M. J. Wade. 2017. “CRISPR/Cas9 
gene drives in genetically variable and non-
randomly mating wild populations.” Sci Adv 3 
(5):e1601910. doi: 10.1126/sciadv.1601910.

Facchinelli, Luca, Ace R. North, C. Matilda Collins, 
Miriam Menichelli, Tania Persampieri, Alessan-
dro Bucci, Roberta Spaccapelo, Andrea Crisan-
ti, and Mark Q. Benedict. 2019. “Large-cage 
assessment of a transgenic sex-ratio distortion 
strain on populations of an African malaria 
vector.” Parasites & Vectors 12 (1):70. doi: 
10.1186/s13071-019-3289-y.

Galizi, R., L. A. Doyle, M. Menichelli, F. Bernardini, 
A. Deredec, A. Burt, B. L. Stoddard, N. Wind-
bichler, and A. Crisanti. 2014. “A synthetic sex 
ratio distortion system for the control of the hu-
man malaria mosquito.” Nat Commun 5:3977. 
doi: 10.1038/ncomms4977.

Galizi, R., A. Hammond, K. Kyrou, C. Taxiarchi, 
F. Bernardini, S. M. O’Loughlin, P. A. Papath-
anos, T. Nolan, N. Windbichler, and A. Crisanti. 

2016. “A CRISPR-Cas9 sex-ratio distortion 
system for genetic control.” Sci Rep 6:31139. 
doi: 10.1038/srep31139.

Gantz, V. M., and E. Bier. 2015. “The mutagenic 
chain reaction: a method for converting het-
erozygous to homozygous mutations.” Sci-
ence 348 (6233):442-4. doi: 10.1126/science.
aaa5945.

Gantz, V. M., N. Jasinskiene, O. Tatarenkova, 
A. Fazekas, V. M. Macias, E. Bier, and A. A. 
James. 2015. “Highly efficient Cas9-mediated 
gene drive for population modification of the 
malaria vector mosquito Anopheles stephensi.” 
Proc Natl Acad Sci U S A 112 (49):E6736-43. 
doi: 10.1073/pnas.1521077112.

Goldman, J.G. 2016. “Harnessing the Power of 
Gene Drives to Save Wildlife “ Scientific Ameri-
can, 14-9-2016.

Hammond, A. M., K. Kyrou, M. Bruttini, A. North, 
R. Galizi, X. Karlsson, N. Kranjc, F. M. Car-
pi, R. D’Aurizio, A. Crisanti, and T. Nolan. 
2017. “The creation and selection of muta-
tions resistant to a gene drive over multiple 
generations in the malaria mosquito.” PLoS 
Genet 13 (10):e1007039. doi: 10.1371/journal.
pgen.1007039.

Hammond, Andrew, Roberto Galizi, Kyros Kyrou, 
Alekos Simoni, Carla Siniscalchi, Dimitris Katsa-
nos, Matthew Gribble, Dean Baker, Eric Marois, 
Steven Russell, Austin Burt, Nikolai Wind-
bichler, Andrea Crisanti, and Tony Nolan. 2015. 
“A CRISPR-Cas9 gene drive system targeting 
female reproduction in the malaria mosquito 
vector Anopheles gambiae.” Nature Biotechnol-
ogy 34:78. doi: 10.1038/nbt.3439.

Hammond, Andrew M., Kyros Kyrou, Matthew 
Gribble, Xenia Karlsson, Ioanna Morianou, 
Roberto Galizi, Andrea Beaghton, Andrea 
Crisanti, and Tony Nolan. 2018. “Improved 
CRISPR-based suppression gene drives mitigate 
resistance and impose a large reproductive load 

https://www.darpa.mil/news-events/2017-07-19
https://www.darpa.mil/news-events/2017-07-19


140 Chapter 2: Potential applications and risks

on laboratory-contained mosquito popula-
tions.” bioRxiv:360339. doi: 10.1101/360339.

KaramiNejadRanjbar, Mohammad, Kolja N. 
Eckermann, Hassan M. M. Ahmed, Héctor M. 
Sánchez C., Stefan Dippel, John M. Marshall, 
and Ernst A. Wimmer. 2018. “Consequences 
of resistance evolution in a Cas9-based sex 
conversion-suppression gene drive for insect 
pest management.” Proceedings of the National 
Academy of Sciences 115 (24):6189-6194. doi: 
10.1073/pnas.1713825115.

Kyrou, K., A. M. Hammond, R. Galizi, N. Kranjc, A. 
Burt, A. K. Beaghton, T. Nolan, and A. Crisan-
ti. 2018. “A CRISPR-Cas9 gene drive targeting 
doublesex causes complete population sup-
pression in caged Anopheles gambiae mosqui-
toes.” Nat Biotechnol 36 (11):1062-1066. doi: 
10.1038/nbt.4245.

Oberhofer, G., T. Ivy, and B. A. Hay. 2018. “Be-
havior of homing endonuclease gene drives 
targeting genes required for viability or female 
fertility with multiplexed guide RNAs.” Proc Natl 
Acad Sci U S A 115 (40):E9343-e9352. doi: 
10.1073/pnas.1805278115.

Oberhofer, G., T. Ivy, and B. A. Hay. 2019. 
“Cleave and Rescue, a novel selfish genetic 
element and general strategy for gene drive.” 
Proc Natl Acad Sci U S A. doi: 10.1073/
pnas.1816928116.

Reed, F. A., T. G. Aquino-Michaels, M. S. Costan-
tini, Á. J.  Láruson, and J. T. Sutton. 2018. 
“RPM-Drive: A robust, safe, and reversible gene 
drive system that remains functional after 200+ 
generations “ Pre-print paper : https://arxiv.
org/ftp/arxiv/papers/1806/1806.05304.pdf 

Reeves, R. G., J. Bryk, P. M. Altrock, J. A. Den-
ton, and F. A. Reed. 2014. “First steps towards 
underdominant genetic transformation of insect 
populations.” PLoS One 9 (5):e97557. doi: 
10.1371/journal.pone.0097557.

Scott, M. J., F. Gould, M. Lorenzen, N. Grubbs, O. 
R. Edwards, and D. O’Brochta. 2018. “Agricul-
tural production: assessment of the potential 
use of Cas9-mediated gene drive systems for 
agricultural pest control.” Journal of Re-
sponsible Innovation 5 (sup1):S98-S120. doi: 
10.1080/23299460.2017.1410343.

Turpen. 2017. “Rear and Release Psyllids as Bi-
ological Control Agents – An Economical and 
Feasible Mid-Term Solution for Huanglongbing 
(HLB) Disease of Citrus” http://citrusrdf.org/
wp-content/uploads/2012/09/TURPEN-nuPsyl-
lid-171017Final-copy.pdf Citrus Research and 
Development Foundation.

References Table 2b

AustralianWildlifeConservancy. 2017. “Wildlife 
Matters Summer 2017/18.” 16-17.

AustralianWildlifeConservancy. 2018. “Feral cats 
kill over 2000 native animals every minute.” 
accessed 24/02/2019. http://www.australian-
wildlife.org/field-updates/2018/feral-cats-kill-
over-2-000-native-animals-every-minute.aspx.

Dearden, P., N. Gemmell, O. R. Mercier, P. 
Lester, M. J. Scott, R. Newcomb, T. Buck-
ley, J. Jacobs, S. Goldson, and D. R. Pen-
man. 2018. “The potential for the use of 
gene drives for pest control in New Zealand: 
a perspective.” Journal of the Royal Soci-
ety of New Zealand 48 (4):225-244. doi: 
10.1080/03036758.2017.1385030.

Esvelt, K. M. 2017. “Sculpting Evolution - Ecologi-
cal Engineering Grant Proposals [see Greenwall 
(2016), DoD (2017) and NIH (2017) grant appli-
cations].” accessed 02/04/2019. http://www.
sculptingevolution.org/proposals.

Gene Drive Files. 2017. “Memorandum of Un-
derstanding, obtained by Edward Hammond / 
Third World Network from North Carolina State 
University by North Carolina Public Records 
Law request of 7 August 2017.”.

https://arxiv.org/ftp/arxiv/papers/1806/1806.05304.pdf
https://arxiv.org/ftp/arxiv/papers/1806/1806.05304.pdf
http://citrusrdf.org/wp-content/uploads/2012/09/TURPEN-nuPsyllid-171017Final-copy.pdf
http://citrusrdf.org/wp-content/uploads/2012/09/TURPEN-nuPsyllid-171017Final-copy.pdf
http://citrusrdf.org/wp-content/uploads/2012/09/TURPEN-nuPsyllid-171017Final-copy.pdf
http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
http://www.sculptingevolution.org/proposals
http://www.sculptingevolution.org/proposals


Chapter 2: Potential applications and risks 141

Grunwald, H. A., V. M. Gantz, G. Poplawski, X. 
S. Xu, E. Bier, and K. L. Cooper. 2019. “Su-
per-Mendelian inheritance mediated by CRIS-
PR-Cas9 in the female mouse germline.” Nature 
566 (7742):105-109. doi: 10.1038/s41586-
019-0875-2.

Kachel, N. 2018. “Gene drive technology: A new 
hope in the fight against feral cats” https://
blog.csiro.au/gene-drive-technology-a-new-
hope-in-the-fight-against-feral-cats/ Accessed 
24/02/2019.

Leitschuh, Caroline M., Dona Kanavy, Grego-
ry A. Backus, Rene X. Valdez, Megan Serr, 
Elizabeth A. Pitts, David Threadgill, and 
John Godwin. 2018. “Developing gene 
drive technologies to eradicate invasive ro-
dents from islands.” Journal of Respon-
sible Innovation 5 (sup1):S121-S138. doi: 
10.1080/23299460.2017.1365232.

McFarlane, G. R., C. B. A. Whitelaw, and S. G. Lil-
lico. 2018. “CRISPR-Based Gene Drives for Pest 
Control.” Trends Biotechnol 36 (2):130-133. 
doi: 10.1016/j.tibtech.2017.10.001.

References Table 2c

Aguilera, M. 2017 UC San Diego Researchers Join 
$14.9 Million Fight Against Disease-transmitting 
Mosquitoes https://ucsdnews.ucsd.edu/index.
php/pressrelease/uc_san_diego_researchers_
join_14.9_million_fight_against_disease

Brindley, P., and K. Esvelt. 2019. “Ending Schisto-
somiasis.” accessed 02/03/2019. http://www.
sculptingevolution.org/genedrives/current/
schistosomiasis

Darrow, M. , E. Gastfriend, J. Min, and A. Sakatos. 
2016. “Gene Drive Research Funding Recom-
mendation Report: For the Philanthropy Advi-
sory Fellowship” http://www.harvardea.org/
blog/2016/3/2/paf-gene-drive-report Harvard 
University Effective Altruism Student Group.

DiCarlo, J. E., A. Chavez, S. L. Dietz, K. M. Esvelt, 
and G. M. Church. 2015. “Safeguarding CRIS-
PR-Cas9 gene drives in yeast.” Nat Biotechnol 
33 (12):1250-1255. doi: 10.1038/nbt.3412.

Esvelt, K. 2017. “Safe Genes: Daisy Drive State-
ment of Work.” accessed 03/04/2019. https://
www.responsivescience.org/pub/safe-genes-
daisy-drive-statement-of-work.

GISD. 2019. Global Invasive Species Database: 
Species profile Sturnus vulgaris http://www.
iucngisd.org/gisd/species.php?sc=74.

Moro, Dorian, Margaret Byrne, Malcolm Kennedy, 
Susan Campbell, and Mark Tizard. 2018. “Iden-
tifying knowledge gaps for gene drive research 
to control invasive animal species: The next 
CRISPR step.” Global Ecology and Conserva-
tion 13:e00363. doi: 10.1016/j.gecco.2017.
e00363.

Roggenkamp, E., R. M. Giersch, M. N. Schrock, 
E. Turnquist, M. Halloran, and G. C. Finnigan. 
2018. “Tuning CRISPR-Cas9 Gene Drives in 
Saccharomyces cerevisiae.” G3: Genes|Ge-
nomes|Genetics 8 (3):999-1018. doi: 10.1534/
g3.117.300557.

Shapiro, R. S., A. Chavez, C. B. M. Porter, M. 
Hamblin, C. S. Kaas, J. E. DiCarlo, G. Zeng, X. 
Xu, A.V. Revtovich, N. V. Kirienko, Y. Wang, G. 
M. Church, and J. J. Collins. 2018. “A CRIS-
PR–Cas9-based gene drive platform for ge-
netic interaction analysis in Candida albicans.” 
Nature Microbiology 3 (1):73-82. doi: 10.1038/
s41564-017-0043-0.

Teem, J. 2016. “Genetic Biocontrol for Schistoso-
miasis:Developing a Gene Drive to Target the 
Snail Biomphalaria glabrata.” ILSI Research 
Foundation, accessed 03/04/2019. http://ilsirf.
org/wp-content/uploads/sites/5/2016/09/
Teem-J..pdf

https://blog.csiro.au/gene-drive-technology-a-new-hope-in-the-fight-against-feral-cats/
https://blog.csiro.au/gene-drive-technology-a-new-hope-in-the-fight-against-feral-cats/
https://blog.csiro.au/gene-drive-technology-a-new-hope-in-the-fight-against-feral-cats/
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
https://ucsdnews.ucsd.edu/index.php/pressrelease/uc_san_diego_researchers_join_14.9_million_fight_against_disease
http://www.sculptingevolution.org/genedrives/current/schistosomiasis
http://www.sculptingevolution.org/genedrives/current/schistosomiasis
http://www.sculptingevolution.org/genedrives/current/schistosomiasis
http://www.harvardea.org/blog/2016/3/2/paf-gene-drive-report
http://www.harvardea.org/blog/2016/3/2/paf-gene-drive-report
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work
https://www.responsivescience.org/pub/safe-genes-daisy-drive-statement-of-work
http://www.iucngisd.org/gisd/species.php?sc=74
http://www.iucngisd.org/gisd/species.php?sc=74
http://ilsirf.org/wp-content/uploads/sites/5/2016/09/Teem-J..pdf
http://ilsirf.org/wp-content/uploads/sites/5/2016/09/Teem-J..pdf
http://ilsirf.org/wp-content/uploads/sites/5/2016/09/Teem-J..pdf


142 Chapter 2: Potential applications and risks

Vacura, K., M. Smanski, K. Cheeseman, C. Drop-
po, L. Lagoon, and P. Venturelli. 2018. “Bio-
logical assessment of lionfish pterois volitans 
control via CRISPR-Cas8 gene drive technol-
ogy.” Midwest Fish and Wildlife Conference, 
Milwaukee, Wisconsin 31/1/2018.

Yan, Y., and G. C. Finnigan. 2018. “Development 
of a multi-locus CRISPR gene drive system in 
budding yeast.” Sci Rep 8:17277. doi: 10.1038/
s41598-018-34909-3.

References for geographic range of target 
species

de Villiers, M., D. J. Kriticos, and R. Veldtman. 
2017. “Including irrigation in niche modelling of 
the invasive wasp Vespula germanica (Fabricius) 
improves model fit to predict potential for fur-
ther spread.”  PLoS One 12 (7):e0181397. doi: 
10.1371/journal.pone.0181397.

FAO/IAEA. 2017. “Updated Mediterranean 
Fruit Fly Global Distribution Map.” accessed 
12/04/2019. http://www-naweb.iaea.org/nafa/
news/2013-medfly-global-map.html.

FFWCC. 2019. “Lionfish – Pterois volitans.” ac-
cessed 12/04/2019. http://myfwc.com/wildlife-
habitats/nonnatives/marine-species/lionfish/.

Grafton-Cardwell, E., K. E Godfrey, M. E. Rogers, 
C. C. Childers, and P. A. Stansly. 2005. “Asian 
Citrus Psyllid.” accessed 12/04/2019. http://
www.cdfa.ca.gov/plant/acp/docs/factsheets/
PsyllidbrochureAug05.pdf.

IRAC. 2019. “RED FLOUR BEETLE.” accessed 
12/04/2019. https://www.irac-online.org/
pests/tribolium-castaneum/.

Kraemer, M. U., M. E. Sinka, K. A. Duda, A. Q. 
Mylne, F. M. Shearer, C. M. Barker, C. G. 
Moore, R. G. Carvalho, G. E. Coelho, W. 
Van Bortel, G. Hendrickx, F. Schaffner, I. R. 
Elyazar, H. J. Teng, O. J. Brady, J. P. Messi-
na, D. M. Pigott, T. W. Scott, D. L. Smith, G. 

R. Wint, N. Golding, and S. I. Hay. 2015. “The 
global distribution of the arbovirus vectors 
Aedes aegypti and Ae. albopictus.”  Elife 
4:e08347. doi: 10.7554/eLife.08347.

MAP. 2019. “The Malaria Atlas Project.” accessed 
11/02/2019. https://map.ox.ac.uk/mosqui-
to-malaria-vectors/.

Mavarez, J., C. Steiner, J. P. Pointier, and P. 
Jarne. 2002. “Evolutionary history and phy-
logeography of the schistosome-vector fresh-
water snail Biomphalaria glabrata based on 
nuclear and mitochondrial DNA sequenc-
es.”  Heredity 89 (4):266-72. doi: 10.1038/
sj.hdy.6800128.

Miller, C. 2000. “Animal Diversity Web.” accessed 
12/04/19. https://animaldiversity.org/accounts/
Drosophila_melanogaster/.

Palmer, P. E. S., M. M. Reeder, and I. J. Dunn. 
2000. “The Imaging of Tropical Diseases, 
Chapter 12 - Ancylostomiasis (Hookworm Dis-
ease) and Chapter 17 - Trichuriasis (Whipworm 
Infection).” accessed 12/04/2019. http://www.
isradiology.org/tropical_deseases/tmcr/toc.
htm.

Peter, J., M. De Chiara, A. Friedrich, J. X. Yue, 
D. Pflieger, A. Bergstrom, A. Sigwalt, B. Barre, 
K. Freel, A. Llored, C. Cruaud, K. Labadie, J. 
M. Aury, B. Istace, K. Lebrigand, P. Barbry, S. 
Engelen, A. Lemainque, P. Wincker, G. Liti, and 
J. Schacherer. 2018. “Genome evolution across 
1,011 Saccharomyces cerevisiae isolates.”  Na-
ture 556 (7701):339-344. doi: 10.1038/s41586-
018-0030-5.

Polo, N., M. Lopes-da-Silva, R Sivori, and S. Dos 
Santos. 2016. Potential spread and economic 
impact of invasive Drosophila suzukii in Brazil. 
Vol. 51.

Samy, A. M., A. H. Elaagip, M. A. Kenawy, C. 
F. Ayres, A. T. Peterson, and D. E. Soliman. 
2016. “Climate Change Influences on the 
Global Potential Distribution of the Mosqui-



Chapter 2: Potential applications and risks 143

to Culex quinquefasciatus, Vector of West 
Nile Virus and Lymphatic Filariasis.”  PLoS 
One 11 (10):e0163863. doi: 10.1371/journal.
pone.0163863.

Sosa-Estani, S., and E. Leonor Segura. 2015. Inte-
grated control of Chagas disease for its elim-
ination as public health problem - A Review. 
Vol. 110.

Sudhaus, W., and K. Kiontke. 2007. “Comparison 
of the cryptic nematode species Caenorhabdi-
tis brennen sp. n. and C. remanei (Nematoda: 
Rhabditidae) with the stem species pattern of 
the Caenorhabditis Elegans group.”  Zootaxa 
1456:45-62. doi: 10.11646/zootaxa.1456.1.2.

Varatharajalu, R., and R. Kakuturu. 2016. “Stron-
gyloides stercoralis: current perspectives.”  
Reports in Parasitology 5:23-33. doi: 10.2147/
RIP.S75839.

Weerakoon, K., G. N. Gobert, P. Cai, and D. 
McManus. 2015. “Advances in the Diagnosis 
of Human Schistosomiasis.”  Clinical Micro-
biology Reviews 28:939-967. doi: 10.1128/
CMR.00137-14.

Wiebe, A., J. Longbottom, K. Gleave, F. M. 
Shearer, M. E. Sinka, N. C. Massey, E. Cam-
eron, S. Bhatt, P. W. Gething, J. Hemingway, 
D. L. Smith, M. Coleman, and C. L. Moyes. 
2017. “Geographical distributions of African 
malaria vector sibling species and evidence for 
insecticide resistance.”  Malar J 16 (1):85. doi: 
10.1186/s12936-017-1734-y.

Where no source is specified information and 
maps are from Wikipedia or Wikimedia Com-
mons. Sources for the maps are as follows:

Felis silvestris 
Darekk2, using the IUCN Red List spatial data: 

IUCN (International Union for Conservation of 
Nature) 2015. Felis silvestris. In: IUCN 2015. 
The IUCN Red List of Threatened Species. 
Version 2015.2. http://www.iucnredlist.org. 
Downloaded on 01 September 2015. 

https://commons.wikimedia.org/wiki/File:Wild_
Cat_Felis_silvestris_distribution_map.png

Mus musculus
Osado, (corresponds to IUCN Red List data though 

source not cited) https://commons.wikimedia.
org/w/index.php?curid=9482429

Peromyscus leucopus 
Izvora, corresponds to IUCN Red List data though 

source not cited https://commons.wikimedia.
org/wiki/File:Peromyscus_leucopus_range_
map.png

Rattus norvegicus,
Oknazevad, does not correspond well to IUCN 

data, source not cited 
https://upload.wikimedia.org/wikipedia/ 
commons/archive/2/20/20190402152405%21 
Brown_rat_distribution.png

Rattus rattus
Rikimaru123, corresponds to IUCN Red List data 

though source not cited https://commons. 
wikimedia.org/wiki/File:Rattus_rattus.jpg

Sturnus vulgaris
MPF using: Snow & Perrins BWP Concise, del Hoyo 

et al. Handbook of the Birds of the World 14: 
724, and Harrison, Atlas of the Birds of the 
Western Palaearctic; introduced range, Sib-
ley North American Bird Guide, Australia, South 
Africa https://commons.wikimedia.org/wiki/
File:Sturnus_vulgaris_map.png

Trichosurus vulpecula,
Chermundy using the IUCN Red List spatial data: 

IUCN Red List of Threatened Species, species 
assessors and the authors of the spatial data. 
https://commons.wikimedia.org/wiki/File:Com-
mon_Brushtail_Possum_area.png

Mustela ermine,
Chermundy using UCN Red List spatial data - IUCN 

Red List of Threatened Species, species asses-
sors and the authors of the spatial data 
https://commons.wikimedia.org/wiki/
File:Stoat_area.png



144 Chapter 2: Potential applications and risks

Case study references

References case study 1: Mosquitoes

Albeny, Daniel, Gustavo Martins, Mateus An-
drade, Rodrigo Kruger, and Evaldo Vilela. 
2011. “Aedes aegypti survival in the presence 
of Toxorhynchites violaceus (Diptera: Culici-
dae) fourth instar larvae.” Zoologia (Curitiba 
Impresso) 28:538-540. doi: 10.1590/S1984-
46702011000400017.

Andow, D. A. 2012. Ecological Risk Assessment 
(ERA) for LM Mosquitoes. Biosafety Clearing 
House, Convention on Biodiversity.

Bar-On, Y. M., R. Phillips, and R. Milo. 2018. “The 
biomass distribution on Earth.” Proc Natl Acad 
Sci U S A 115 (25):6506-6511. doi: 10.1073/
pnas.1711842115.

Barreaux, P., A. M. G. Barreaux, E. D. Sternberg, 
E. Suh, J. L. Waite, S. A. Whitehead, and M. 
B. Thomas. 2017. “Priorities for Broadening 
the Malaria Vector Control Tool Kit.” Trends 
Parasitol 33 (10):763-774. doi: 10.1016/j.
pt.2017.06.003.

Braks, M. A. H., N. A. Honório, L. P. Lounibos, 
R. Lourenço-De-Oliveira, and S. A. Juliano. 
2004. “Interspecific Competition Between Two 
Invasive Species of Container Mosquitoes, 
Aedes aegypti and Aedes albopictus (Diptera: 
Culicidae), in Brazil.” Annals of the Entomo-
logical Society of America 97 (1):130-139. doi: 
0.1603/0013-8746(2004)097[0130:ICBTIS]2.0.
CO;2.

Buchman, A., S. Gamez, M. Li, I. Antoshechkin, H. 
H. Li, H. W. Wang, C. H. Chen, M. J. Klein, J. 
B. Duchemin, P. N. Paradkar, and O. S. Akbari. 
2019. “Engineered resistance to Zika virus in 
transgenic Aedes aegypti expressing a polycis-
tronic cluster of synthetic small RNAs.” Proc 
Natl Acad Sci U S A 116 (9):3656-3661. doi: 
10.1073/pnas.1810771116.

Bull, J. J., C. H. Remien, and S. M. Krone. 2019. 
“Gene-drive-mediated extinction is thwarted 
by evolution of sib mating.” Bio-R-xiv pre-print. 
doi: https://doi.org/10.1101/558924.

Chiang, G. L. 1993. “Update on the bionomics of 
Mansonia vectors of brugian filariasis.” South-
east Asian J Trop Med Public Health 24 Suppl 
2:69-75.

Collins, C. M., J. A. S. Bonds, M. M. Quinlan, and 
J. D. Mumford. 2019. “Effects of the removal 
or reduction in density of the malaria mosquito, 
Anopheles gambiae s.l., on interacting pred-
ators and competitors in local ecosystems.” 
Med Vet Entomol 33 (1):1-15. doi: 10.1111/
mve.12327.

Coluzzi, M., A. Sabatini, V. Petrarca, and M. A. 
Di Deco. 1979. “Chromosomal differentiation 
and adaptation to human environments in the 
Anopheles gambiae complex.” Trans R Soc Trop 
Med Hyg 73 (5):483-97.

DARPA. 2017. “Building the Safe Genes Toolkit.” 
accessed 08/04/2019. https://www.darpa.mil/
news-events/2017-07-19.

Darrow, M. , E. Gastfriend, J. Min, and A. Sakatos. 
2016. Gene Drive Research Funding Recom-
mendation Report For the Philanthropy Adviso-
ry Fellowship.

Daugherty, M. P., B. W. Alto, and S. A. Juliano. 
2000. “Invertebrate carcasses as a resource for 
competing Aedes albopictus and Aedes ae-
gypti (Diptera: Culicidae).” J Med Entomol 37 
(3):364-72.

Daugherty, M. P., and S. A. Juliano. 2003. “Leaf 
Scraping Beetle Feces are a Food Resource for 
Tree Hole Mosquito Larvae.” The American 
Midland Naturalist 150 (1):181-184.

Dhole, S., M. R. Vella, A. L. Lloyd, and F. Gould. 
2018. “Invasion and migration of spatially 
self-limiting gene drives: A comparative anal-

https://doi.org/10.1101/558924
https://www.darpa.mil/news-events/2017-07-19
https://www.darpa.mil/news-events/2017-07-19


Chapter 2: Potential applications and risks 145

ysis.” Evol Appl 11 (5):794-808. doi: 10.1111/
eva.12583.

Doolan, D. L., C. Dobaño, and J. K. Baird. 2009. 
“Acquired Immunity to Malaria.” Clin Microbiol 
Rev 22 (1):13-36. doi: 10.1128/cmr.00025-08.

Draper, S. J., B. K. Sack, C. R. King, C. M. Niels-
en, J. C. Rayner, M. K. Higgins, C. A. Long, 
and R. A. Seder. 2018. “Malaria Vaccines: 
Recent Advances and New Horizons.” Cell 
Host Microbe 24 (1):43-56. doi: 10.1016/j.
chom.2018.06.008.

Duguma, Dagne, Michael W. Hall, Paul Rug-
man-Jones, Richard Stouthamer, Josh D. 
Neufeld, and William E. Walton. 2015. “Mi-
crobial communities and nutrient dynamics in 
experimental microcosms are altered after the 
application of a high dose of Bti.”  52 (3):763-
773. doi: doi:10.1111/1365-2664.12422.

ECDC. 2019. “European Centre for Disease Pre-
vention and Control: Factsheet about Dengue 
Fever.” accessed 30/01/2019. https://ecdc.
europa.eu/en/dengue-fever/facts/factsheet.

Facchinelli, Luca, Ace R. North, C. Matilda Collins, 
Miriam Menichelli, Tania Persampieri, Alessan-
dro Bucci, Roberta Spaccapelo, Andrea Crisan-
ti, and Mark Q. Benedict. 2019. “Large-cage 
assessment of a transgenic sex-ratio distortion 
strain on populations of an African malaria 
vector.” Parasites & Vectors 12 (1):70. doi: 
10.1186/s13071-019-3289-y.

Fang, J. 2010. “Ecology: A world without mos-
quitoes.” Nature 466 (7305):432-4. doi: 
10.1038/466432a.

Fayolle, S, C. Bertrand, M. Logez, and E. Fran-
quet. 2016. “(PDF) Corrigendum: Does mosqui-
to control by Bti spraying affect the phytoplank-
ton community? A 5-year study in Camargue 
temporary wetlands (France).”  Annales de 
Limnologie - International Journal of Limnology 
52:1-11. doi: 10.1051/limn/2015027.

Foley, D. H., L. M. Rueda, and R. C. Wilkerson. 
2007. “Insight into global mosquito biogeog-
raphy from country species records.” J Med 
Entomol 44 (4):554-67.

Fontaine, M. C., J. B. Pease, A. Steele, R. M. 
Waterhouse, D. E. Neafsey, I. V. Sharakhov, X. 
Jiang, A. B. Hall, F. Catteruccia, E. Kakani, S. 
N. Mitchell, Y. C. Wu, H. A. Smith, R. R. Love, 
M. K. Lawniczak, M. A. Slotman, S. J. Em-
rich, M. W. Hahn, and N. J. Besansky. 2015. 
“Extensive introgression in a malaria vector 
species complex revealed by phylogenomics.” 
Science 347 (6217):1258524. doi: 10.1126/sci-
ence.1258524.

Foster, W. A. 1995. “Mosquito sugar feeding 
and reproductive energetics.” Annu Rev En-
tomol 40:443-74. doi: 10.1146/annurev.
en.40.010195.002303.

Frierson, J. G. 2010. “The Yellow Fever Vaccine: A 
History.” Yale J Biol Med 83 (2):77-85.

Galizi, R., L. A. Doyle, M. Menichelli, F. Bernardini, 
A. Deredec, A. Burt, B. L. Stoddard, N. Wind-
bichler, and A. Crisanti. 2014. “A synthetic sex 
ratio distortion system for the control of the hu-
man malaria mosquito.” Nat Commun 5:3977. 
doi: 10.1038/ncomms4977.

Galizi, R., A. Hammond, K. Kyrou, C. Taxiarchi, 
F. Bernardini, S. M. O’Loughlin, P. A. Papath-
anos, T. Nolan, N. Windbichler, and A. Crisanti. 
2016. “A CRISPR-Cas9 sex-ratio distortion 
system for genetic control.” Sci Rep 6:31139. 
doi: 10.1038/srep31139.

Gantz, V. M., N. Jasinskiene, O. Tatarenkova, 
A. Fazekas, V. M. Macias, E. Bier, and A. A. 
James. 2015. “Highly efficient Cas9-mediated 
gene drive for population modification of the 
malaria vector mosquito Anopheles stephensi.” 
Proc Natl Acad Sci U S A 112 (49):E6736-43. 
doi: 10.1073/pnas.1521077112.

https://ecdc.europa.eu/en/dengue-fever/facts/factsheet
https://ecdc.europa.eu/en/dengue-fever/facts/factsheet


146 Chapter 2: Potential applications and risks

Goldberg, L. J., and J. Margalit. 1977. “A bacterial 
spore demonstrating rapid larvicidal activity 
against Anopheles sergentii, Uranotaenia un-
guiculata, Culex univitattus, Aedes aegypti and 
Culex pipiens.” Mosquito News 37 (3):355-358.

Gomes, B., J. Alves, C. A. Sousa, M. Santa-Ana, I. 
Vieira, T. L. Silva, A. P. Almeida, M. J. Don-
nelly, and J. Pinto. 2012. “Hybridisation and 
population structure of the Culex pipiens com-
plex in the islands of Macaronesia.” Ecol Evol 2 
(8):1889-902. doi: 10.1002/ece3.307.

Gorham, J. Richard. 1976. “Orchid Pollination 
by Aedes Mosquitoes in Alaska.” The Ameri-
can Midland Naturalist 95 (1):208-210. doi: 
10.2307/2424249.

Graz, B., A. Y. Kitua, and H. M. Malebo. 2011. “To 
what extent can traditional medicine contribute 
a complementary or alternative solution to ma-
laria control programmes?” Malar J 10 Suppl 
1:S6. doi: 10.1186/1475-2875-10-s1-s6.

Guerbois, M., I. Fernandez-Salas, S. R. Azar, R. 
Danis-Lozano, C. M. Alpuche-Aranda, G. Leal, 
I. R. Garcia-Malo, E. E. Diaz-Gonzalez, M. 
Casas-Martinez, S. L. Rossi, S. L. Del Rio-Gal-
van, R. M. Sanchez-Casas, C. M. Roundy, T. 
G. Wood, S. G. Widen, N. Vasilakis, and S. C. 
Weaver. 2016. “Outbreak of Zika Virus Infec-
tion, Chiapas State, Mexico, 2015, and First 
Confirmed Transmission by Aedes aegypti 
Mosquitoes in the Americas.” J Infect Dis 214 
(9):1349-1356. doi: 10.1093/infdis/jiw302.

Gulland, A. 2015. “Annual malaria deaths have 
halved since 2000.” BMJ 351:h4998. doi: 
10.1136/bmj.h4998.

Habtewold, T., Z. Groom, and G. K. Christophides. 
2017. “Immune resistance and tolerance strat-
egies in malaria vector and non-vector mosqui-
toes.” Parasit Vectors 10 (1):186. doi: 10.1186/
s13071-017-2109-5.

Habtewold, T., M. Povelones, A. M. Blagborough, 
and G. K. Christophides. 2008. “Transmission 

blocking immunity in the malaria non-vector 
mosquito Anopheles quadriannulatus species 
A.” PLoS Pathog 4 (5):e1000070. doi: 10.1371/
journal.ppat.1000070.

Harbach, R.E. 2013. “Mosquito Taxonomic Inven-
tory.” accessed 12/20/2018. http://mosqui-
to-taxonomic-inventory.info/.

Hedrick, P. W. 2011. “Population genetics of 
malaria resistance in humans.” Heredity 107 
(4):283-304. doi: 10.1038/hdy.2011.16.

Hurd, H., P. J. Taylor, D. Adams, A. Underhill, 
and P. Eggleston. 2005. “Evaluating the costs 
of mosquito resistance to malaria parasites.” 
Evolution 59 (12):2560-72.

IPBES. 2016. “Summary for policymakers of the 
assessment report of the Intergovernmental

Science-Policy Platform on Biodiversity and 
Ecosystem Services on pollinators, pollination 
and food production. S.G. Potts, V. L. Impera-
triz-Fonseca, H. T. Ngo, J. C. Biesmeijer, T. D. 
Breeze, L. V.

Dicks, L. A. Garibaldi, R. Hill, J. Settele, A. J. Van-
bergen, M. A. Aizen, S. A. Cunningham, C.

Eardley, B. M. Freitas, N. Gallai, P. G. Kevan, A. 
Kovács-Hostyánszki, P. K. Kwapong, J. Li, X. Li,

D. J. Martins, G. Nates-Parra, J. S. Pettis, R. Rad-
er, and B. F. Viana (eds.).”.

Jakob, C., and B. Poulin. 2016. “Indirect effects of 
mosquito control using Bti on dragonflies and 
damselflies (Odonata) in the Camargue - Jakob - 
2016 - Insect Conservation and Diversity - Wiley 
Online Library.” Insect Conservation and Biodi-
versity 9 (2):161-169. doi: 10.1111/icad.12155.

Kelland, K. 2017. “WHO fears complacency as 
progress against malaria stalls.” Reuters UK, 
2017-11-29. https://uk.reuters.com/article/
uk-health-malaria-who-idUKKBN1DT0YW.

http://mosquito-taxonomic-inventory.info/
http://mosquito-taxonomic-inventory.info/
https://uk.reuters.com/article/uk-health-malaria-who-idUKKBN1DT0YW
https://uk.reuters.com/article/uk-health-malaria-who-idUKKBN1DT0YW


Chapter 2: Potential applications and risks 147

Killeen, Gerry F, Allison Tatarsky, Abdoulaye 
Diabate, Carlos J Chaccour, John M Mar-
shall, Fredros O Okumu, Shannon Brunner, 
Gretchen Newby, Yasmin A Williams, David 
Malone, Lucy S Tusting, and Roland D Gos-
ling. 2017. “Developing an expanded vector 
control toolbox for malaria elimination.” BMJ 
Global Health 2 (2):e000211. doi: 10.1136/bm-
jgh-2016-000211.

Kraemer, M. U., M. E. Sinka, K. A. Duda, A. Q. 
Mylne, F. M. Shearer, C. M. Barker, C. G. 
Moore, R. G. Carvalho, G. E. Coelho, W. 
Van Bortel, G. Hendrickx, F. Schaffner, I. R. 
Elyazar, H. J. Teng, O. J. Brady, J. P. Messi-
na, D. M. Pigott, T. W. Scott, D. L. Smith, G. 
W. Wint, N. Golding, and S. I. Hay. 2015. “The 
global distribution of the arbovirus vectors 
Aedes aegypti and Ae. albopictus.” eLife 
4:e08347. doi: 10.7554/eLife.08347.

Kyrou, K., A. M. Hammond, R. Galizi, N. Kranjc, A. 
Burt, A. K. Beaghton, T. Nolan, and A. Crisan-
ti. 2018. “A CRISPR-Cas9 gene drive targeting 
doublesex causes complete population sup-
pression in caged Anopheles gambiae mosqui-
toes.” Nat Biotechnol 36 (11):1062-1066. doi: 
10.1038/nbt.4245.

Lacey, L.A., and D.L. Merritt. 2004. “ The safety of 
bacterial microbial agents used for black fly and 
mosquito control in aquatic environments. .” 
In Environmental Impacts of Microbial Insecti-
cides: Need and Methods for Risk Assessment, 
edited by eds H.M.T. Hokkanen & A.E. Hajek, 
151–168. Kluwer Academic Publishers, Dordre-
cht.

Laporta, G. Z., P. I. Lopez de Prado, R. A. Kraen-
kel, R. M. Coutinho, and M. A. Sallum. 2013. 
“Biodiversity can help prevent malaria out-
breaks in tropical forests.” PLoS Negl Trop Dis 7 
(3):e2139. doi: 10.1371/journal.pntd.0002139.

Loy, D. E., W. Liu, Y. Li, G. H. Learn, L. J. Plen-
derleith, S. A. Sundararaman, P. M. Sharp, and 
B. H. Hahn. 2017. “Out of Africa: origins and 
evolution of the human malaria parasites Plas-

modium falciparum and Plasmodium vivax.” 
Int J Parasitol 47 (2-3):87-97. doi: 10.1016/j.
ijpara.2016.05.008.

Manguin, S., M. J. Bangs, J. Pothikasikorn, and T. 
Chareonviriyaphap. 2010. “Review on global 
co-transmission of human Plasmodium species 
and Wuchereria bancrofti by Anopheles mos-
quitoes.” Infect Genet Evol 10 (2):159-77. doi: 
10.1016/j.meegid.2009.11.014.

MAP. 2019. “Malaria Atlas Project: Mosquito Ma-
laria Vectors.” accessed 09/04/2019. https://
map.ox.ac.uk/mosquito-malaria-vectors/.

Marshall, J. M., and O. S. Akbari. 2018. “Can 
CRISPR-Based Gene Drive Be Confined in the 
Wild? A Question for Molecular and Population 
Biology.” ACS Chem Biol 13 (2):424-430. doi: 
10.1021/acschembio.7b00923.

McBride, C. S. 2016. “Genes and odors under-
lying the recent evolution of mosquito prefer-
ence for humans.” Curr Biol 26 (1):R41-6. doi: 
10.1016/j.cub.2015.11.032.

McManus, K. F., A. M. Taravella, B. M. Henn, C. 
D. Bustamante, M. Sikora, and O. E. Cornejo. 
2017. “Population genetic analysis of the DARC 
locus (Duffy) reveals adaptation from standing 
variation associated with malaria resistance in 
humans.” PLoS Genet 13 (3):e1006560. doi: 
10.1371/journal.pgen.1006560.

Mendes, C., F. Dias, J. Figueiredo, V. G. Mora, 
J. Cano, B. de Sousa, V. E. do Rosario, A. 
Benito, P. Berzosa, and A. P. Arez. 2011. 
“Duffy negative antigen is no longer a barrier to 
 Plasmodium vivax--molecular evidences from 
the African West Coast (Angola and Equatorial 
Guinea).” PLoS Negl Trop Dis 5 (6):e1192. doi: 
10.1371/journal.pntd.0001192.

Molteni, M. 2018. “HERE’S THE PLAN TO END 
MALARIA WITH CRISPR-EDITED MOSQUI-
TOES.” Wired, 09/24/18. https://www.wired.
com/story/heres-the-plan-to-end-malaria-
with-crispr-edited-mosquitoes/

https://map.ox.ac.uk/mosquito-malaria-vectors/
https://map.ox.ac.uk/mosquito-malaria-vectors/
https://www.wired.com/story/heres-the-plan-to-end-malaria-with-crispr-edited-mosquitoes/
https://www.wired.com/story/heres-the-plan-to-end-malaria-with-crispr-edited-mosquitoes/
https://www.wired.com/story/heres-the-plan-to-end-malaria-with-crispr-edited-mosquitoes/


148 Chapter 2: Potential applications and risks

Motara, M. A., and K. S. Rai. 1977. “Chromosom-
al differentiation in two species of Aedes and 
their hybrids revealed by giemsa C-banding.” 
Chromosoma 64 (2):125-132. doi: 10.1007/
BF00327052.

Mulla, Mir S., and Tianyun Su. 1999. “Microbial 
Agents Bacillus thuringiensis ssp. israelensis 
and Bacillus sphaericus Suppress Eutrophi-
cation, Enhance Water Quality, and Control 
Mosquitoes in Microcosms.” Environmental 
Entomology 28 (4):761-767. doi: 10.1093/
ee/28.4.761 %J Environmental Entomology.

Muturi, E. J., J. Shililu, B. Jacob, W. Gu, J. Gi-
thure, and R. Novak. 2006. “Mosquito species 
diversity and abundance in relation to land use 
in a riceland agroecosystem in Mwea, Kenya.” J 
Vector Ecol 31 (1):129-37.

Neafsey, D. E., R. M. Waterhouse, M. R. Abai, S. 
S. Aganezov, M. A. Alekseyev, J. E. Allen, J. 
Amon, B. Arca, P. Arensburger, G. Artemov, L. 
A. Assour, H. Basseri, A. Berlin, B. W. Birren, 
S. A. Blandin, A. I. Brockman, T. R. Burkot, A. 
Burt, C. S. Chan, C. Chauve, J. C. Chiu, M. 
Christensen, C. Costantini, V. L. M. Davidson, 
E. Deligianni, T. Dottorini, V. Dritsou, S. B. Ga-
briel, W. M. Guelbeogo, A. B. Hall, M. V. Han, 
T. Hlaing, D. S. T. Hughes, A. M. Jenkins, X. F. 
Jiang, I. Jungreis, E. G. Kakani, M. Kamali, P. 
Kemppainen, R. C. Kennedy, I. K. Kirmitzoglou, 
L. L. Koekemoer, N. Laban, N. Langridge, M. K. 
N. Lawniczak, M. Lirakis, N. F. Lobo, E. Lowy, 
R. M. MacCallum, C. H. Mao, G. Maslen, C. 
Mbogo, J. McCarthy, K. Michel, S. N. Mitchell, 
W. Moore, K. A. Murphy, A. N. Naumenko, T. 
Nolan, E. M. Novoa, S. O’Loughlin, C. Orin-
ganje, M. A. Oshaghi, N. Pakpour, P. A. Papa-
thanos, A. N. Peery, M. Povelones, A. Prakash, 
D. P. Price, A. Rajaraman, L. J. Reimer, D. C. 
Rinker, A. Rokas, T. L. Russell, N. Sagnon, M. 
V. Sharakhova, T. Shea, F. A. Simao, F. Si-
mard, M. A. Slotman, P. Somboon, V. Stegniy, 
C. J. Struchiner, G. W. C. Thomas, M. Tojo, P. 
Topalis, J. M. C. Tubio, M. F. Unger, J. Vontas, 
C. Walton, C. S. Wilding, J. H. Willis, Y. C. 
Wu, G. Y. Yan, E. M. Zdobnov, X. F. Zhou, F. 

Catteruccia, G. K. Christophides, F. H. Collins, 
R. S. Cornman, A. Crisanti, M. J. Donnelly, S. 
J. Emrich, M. C. Fontaine, W. Gelbart, M. W. 
Hahn, I. A. Hansen, P. I. Howell, F. C. Kafatos, 
M. Kellis, D. Lawson, C. Louis, S. Luckhart, M. 
A. T. Muskavitch, J. M. Ribeiro, M. A. Riehle, 
I. V. Sharakhov, Z. J. Tu, L. J. Zwiebel, and N. 
J. Besansky. 2015. “Highly evolvable malaria 
vectors: The genomes of 16 Anopheles mos-
quitoes.” Science 347 (6217):9. doi: 10.1126/
science.1258522.

Noble, C., B. Adlam, G. M. Church, K. M. Esvelt, 
and M. A. Nowak. 2018. “Current CRISPR gene 
drive systems are likely to be highly invasive 
in wild populations.” Elife 7. doi: 10.7554/
eLife.33423.

Ollerton, Jeff, Rachael Winfree, and Sam Tarrant. 
2011. “How many flowering plants are pollinat-
ed by animals? .” Oikos 120 (3):321-326. doi: 
10.1111/j.1600-0706.2010.18644.x.

Östman, Ö., J. O. Lundström, and T. Z. P. Vinner-
sten. 2008. “Effects of mosquito larvae removal 
with Bacillus thuringiensis israelensis (Bti) on 
natural protozoan communities | SpringerLink.” 
Hydrobiologia 607 (1):231-235. doi: 10.1007/
s10750-008-9387-z.

Palma, L., D. Muñoz, C. Berry, J. Murillo, and P. 
Caballero. 2014. “Bacillus thuringiensis Toxins: 
An Overview of Their Biocidal Activity.” Toxins 
(Basel) 6 (12):3296-325. doi: 10.3390/tox-
ins6123296.

Pates, H. V., C. F. Curtis, and W. Takken. 2014. 
“Hybridisation studies to modify the host 
preference of Anopheles gambiae.” Med Vet 
Entomol 28 Suppl 1:68-74. doi: 10.1111/
mve.12070.

Pates, H. V., W. Takken, C. F. Curtis, P. W. Huis-
man, O. Akinpelu, and G. S. Gill. 2001. “Unex-
pected anthropophagic behaviour in Anopheles 
quadriannulatus.” Med Vet Entomol 15 (3):293-
8.



Chapter 2: Potential applications and risks 149

Peterson, Celeste N., Stephanie Day, Benjamin 
E. Wolfe, Aaron M. Ellison, Roberto Kolter, 
and Anne Pringle. 2008. “A keystone predator 
controls bacterial diversity in the pitcher-plant 
(Sarracenia purpurea) microecosystem.”  10 
(9):2257-2266. doi: doi:10.1111/j.1462-
2920.2008.01648.x.

Ponlawat, A., and L. C. Harrington. 2005. “Blood 
feeding patterns of Aedes aegypti and Aedes 
albopictus in Thailand.” J Med Entomol 42 
(5):844-9.

Poulin, B., G. Lefebvre, and L. Paz. 2010. “Red 
flag for green spray: adverse trophic effects of 
Bti on breeding birds - Poulin - 2010 - Journal 
of Applied Ecology - Wiley Online Library.” 
Journal of Applied Ecology 47 (4):884-889. doi: 
10.1111/j.1365-2664.2010.01821.x.

Powell, J. R., and W. J. Tabachnick. 2013. “His-
tory of domestication and spread of Aedes 
aegypti - A Review.” Mem Inst Oswaldo Cruz 
108 (Suppl 1):11-7. doi: 10.1590/0074-
0276130395.

Price, M. 2017. “Dramatic evolution within human 
genome may have been caused by malaria 
parasite.” Science. doi: doi:10.1126/science.
aal0950.

Reeves, R. G., J. Bryk, P. M. Altrock, J. A. Den-
ton, and F. A. Reed. 2014. “First steps towards 
underdominant genetic transformation of insect 
populations.” PLoS One 9 (5):e97557. doi: 
10.1371/journal.pone.0097557.

Reidenbach, K. R., S. Cook, M. A. Bertone, R. E. 
Harbach, B. M. Wiegmann, and N. J. Besansky. 
2009. “Phylogenetic analysis and temporal di-
versification of mosquitoes (Diptera: Culicidae) 
based on nuclear genes and morphology.” BMC 
Evol Biol 9:298. doi: 10.1186/1471-2148-9-
298.

Rinker, D. C., X. Zhou, R. J. Pitts, A. Rokas, and 
L. J. Zwiebel. 2013. “Antennal transcrip-
tome profiles of anopheline mosquitoes reveal 

human host olfactory specialization in Anoph-
eles gambiae.” BMC Genomics 14:749. doi: 
10.1186/1471-2164-14-749.

Romi, R., M. C. Razaiarimanga, R. Raharimanga, E. 
M. Rakotondraibe, L. H. Ranaivo, V. Pietra, A. 
Raveloson, and G. Majori. 2002. “Impact of the 
malaria control campaign (1993-1998) in the 
highlands of Madagascar: parasitological and 
entomological data.” Am J Trop Med Hyg 66 
(1):2-6.

Rozendaal, J. A. . 1997. “Mosquitos and other 
biting Diptera.” In Vector Control: Methods for 
Use by Individuals and Communities, 7-28. 
World Health Organization.

Samanmali, C., L. Udayanga, T. Ranathunge, 
S. J. Perera, M. Hapugoda, and C. Weliwi-
tiya. 2018. “Larvicidal Potential of Five Se-
lected Dragonfly Nymphs in Sri Lanka over 
Aedes aegypti (Linnaeus) Larvae under Lab-
oratory Settings.” Biomed Res Int 2018. doi: 
10.1155/2018/8759459.

Samy, A. M., A. H. Elaagip, M. A. Kenawy, C. 
F. Ayres, A. T. Peterson, and D. E. Soliman. 
2016. “Climate Change Influences on the 
Global Potential Distribution of the Mosqui-
to Culex quinquefasciatus, Vector of West 
Nile Virus and Lymphatic Filariasis.” PLoS 
One 11 (10):e0163863. doi: 10.1371/journal.
pone.0163863.

Sarkar, S. 2018. “Researchers Hit Roadblocks with 
Gene Drives.” Bioscience 68 (7):474-480.

Sim, S., N. Jupatanakul, and G. Dimopoulos. 2014. 
“Mosquito Immunity against Arboviruses.” Vi-
ruses 6 (11):4479-504. doi: 10.3390/v6114479.

Suswardany, D. L., D. W. Sibbritt, S. Supardi, S. 
Chang, and J. Adams. 2015. “A critical review 
of traditional medicine and traditional healer 
use for malaria and among people in malar-
ia-endemic areas: contemporary research in 
low to middle-income Asia-Pacific countries.” 



150 Chapter 2: Potential applications and risks

Malar J 14:98. doi: 10.1186/s12936-015-
0593-7.

Tang, C., K. E. Davis, C. Delmer, D. Yang, and M. 
A. Wills. 2018. “Elevated atmospheric CO2 
promoted speciation in mosquitoes (Diptera, 
Culicidae).” Commun Biol 1:182. doi: 10.1038/
s42003-018-0191-7.

Thien, L. B., and F. Utech. 1970. “The Mode of 
Pollination in Habenaria Obtusata (Orchidace-
ae).”  57:1031-1035. doi: 10.1002/j.1537-
2197.1970.tb09905.x.

Thongsripong, P., A. Green, P. Kittayapong, 
D. Kapan, B. Wilcox, and S. Bennett. 2013. 
“Mosquito Vector Diversity across Habitats 
in Central Thailand Endemic for Dengue and 
Other Arthropod-Borne Diseases.” PLoS Negl 
Trop Dis 7 (10):e2507. doi: 10.1371/journal.
pntd.0002507.

Ughasi, J., H. E. Bekard, M. Coulibaly, D. Ada-
bie-Gomez, J. Gyapong, M. Appawu, M. D. 
Wilson, and D. A. Boakye. 2012. “Mansonia 
africana and Mansonia uniformis are Vectors in 
the transmission of Wuchereria bancrofti lym-
phatic filariasis in Ghana.” Parasit Vectors 5:89. 
doi: 10.1186/1756-3305-5-89.

Wesolowska, W., and R.R. Jackson. 2003. “Evar-
cha culicivora sp. nov., a mosquito-eating 
jumping spider from East Africa (Araneae: Salti-
cidae).” Annales Zoologici 53 (2):336-338.

White, B. J., F. H. Collins, and N. J. Besansky. 
2011. “Evolution of Anopheles gambiae in Rela-
tion to Humans and Malaria.” In Annual Review 
of Ecology, Evolution, and Systematics, Vol 42, 
edited by D. J. Futuyma, H. B. Shaffer and D. 
Simberloff, 111-132. Palo Alto: Annual Reviews.

WHO. 2015. “Annex 2: Malaria transmission and 
antimalarial medicines.” In Guidelines for the 
Treatment of Malaria, 129-132. World Health 
Organization.

WHO. 2016. “World Malaria Report 2016.” 
https://www.who.int/malaria/publications/
world-malaria-report-2016/report/en/.

WHO. 2017. “Dengue vaccine research.” accessed 
09/04/19. https://www.who.int/immunization/
research/development/dengue_vaccines/en/.

WHO. 2018. “World malaria report 2018.” https://
www.who.int/malaria/publications/world-ma-
laria-report-2018/report/en/.

WHO. 2019. “Malaria vaccines.” accessed 
09/04/2019. https://www.who.int/immuniza-
tion/research/development/malaria/en/

Wilkerson, R. C., Y. M. Linton, D. M. Fonseca, T. 
R. Schultz, D. C. Price, and D. A. Strickman. 
2015. “Making Mosquito Taxonomy Useful: A 
Stable Classification of Tribe Aedini that Balanc-
es Utility with Current Knowledge of Evolution-
ary Relationships.” PLoS One 10 (7):e0133602. 
doi: 10.1371/journal.pone.0133602.

Yurchenko, Y.A., and O.E. Belevich. 2016. 
“Quantitative assessment of emergence of 
blood-sucking mosquitoes (Diptera, Culici-
dae) by the hydrobiological method and by 
cone-shaped traps | SpringerLink.” Contempo-
rary Problems of Ecology 9 (4):437-445. doi: 
10.1134/S1995425516040119.

References case study 2: Mice

Alberto, Meriggi, Paola Rosa, Anna Brangi, and 
Carlo Matteucci. 1991. “Habitat use and diet 
of the wolf in northern Italy.” Acta Theriologica 
36:141-151. doi: 10.4098/AT.arch.91-11.

Auffray, J.-C., E. Tchernov, and E. Nevo. 1988. 
“Origine du commensalisme de la souris do-
mestique Mus musculus domesticus vis-à-vis de 
l’homme.” Comptes Rendus de l’Académie des 
Sciences de Paris 307:517–522.

AWC. 2018. “Feral cats kill over 2,000 native 
animals every minute.” accessed 25/02/2019. 

https://www.who.int/malaria/publications/world-malaria-report-2016/report/en/
https://www.who.int/malaria/publications/world-malaria-report-2016/report/en/
https://www.who.int/immunization/research/development/dengue_vaccines/en/
https://www.who.int/immunization/research/development/dengue_vaccines/en/
https://www.who.int/malaria/publications/world-malaria-report-2018/report/en/
https://www.who.int/malaria/publications/world-malaria-report-2018/report/en/
https://www.who.int/malaria/publications/world-malaria-report-2018/report/en/
https://www.who.int/immunization/research/development/malaria/en/
https://www.who.int/immunization/research/development/malaria/en/


Chapter 2: Potential applications and risks 151

http://www.australianwildlife.org/field-up-
dates/2018/feral-cats-kill-over-2-000-native-
animals-every-minute.aspx.

Baker, A. E. M. 1994. “STOWAWAY TRANSPORT 
RATES OF HOUSE MICE (MUS DOMESTICUS) 
AND DEERMICE (PEROMYSCUS MANICULA-
TUS)*.” Proceedings of the 16th vertebrate pest 
conference., David, CA: University of California, 
February 1994.

Ballenger, L. . 1999. “”Mus musculus” (On-line), 
Animal Diversity Web. .” accessed 20/02/2019. 
https://animaldiversity.org/accounts/Mus_mus-
culus/.

Bar-On, Y. M., R. Phillips, and R. Milo. 2018. “The 
biomass distribution on Earth.” Proc Natl Acad 
Sci U S A 115 (25):6506-6511. doi: 10.1073/
pnas.1711842115.

Bissattini, Alessandra, Vincenzo Buono, and Leon-
ardo Vignoli. 2018. “Field data and worldwide 
literature review reveal that alien crayfish 
mitigate the predation impact of the American 
bullfrog on native amphibians.” Aquatic Con-
servation: Marine and Freshwater Ecosystems 
28 (6):1465-1475. doi: https://doi.org/10.1002/
aqc.2978.

Boursot, P., J. -C. Auffray, J. Britton-Davidian, 
and F. Bonhomme. 1993. “The Evolution of 
House Mice.”  24 (1):119-152. doi: 10.1146/
annurev.es.24.110193.001003.

Brown, P. R. , and G. R. Singleton. 2000. “IM-
PACTS OF HOUSE MICE ON CROPS IN 
AUSTRALIA - COSTS AND DAMAGE.” USDA 
National Wildlife Research Center Symposia: 
Human Conflicts with Wildlife: Economic Con-
siderations.

Campbell, K., J. Beek, C. Eason, A. Glen, J. 
Godwin, F. Gould, N. Holmes, et al. 2015. “The 
next generation of rodent eradications: Innova-
tive technologies and tools to improve species 
specificity and increase their feasibility on is-

lands.” Biological Conservation 185:47–58. doi: 
https://doi.org/10.1016/j.biocon.2014.10.016.

Carter, A., S. Barr, C. Bond, G. Paske, D. Peters, 
and R. van Dam. 2016. “Controlling sympatric 
pest mammal populations in New Zealand with 
self-resetting, toxicant-free traps: a promising 
tool for invasive species management.” Biolog-
ical Invasions 18 (6):1723–1736. doi: 10.1007/
s10530-016-1115-4.

Carter, A., and D. Peters. 2016. “Self-resetting 
traps provide sustained, landscape-scale 
control of a rat plague in New Zealand.” 28th 
Vertebrate Pest Conference.

Caut, S., J. Casanovas, E. Virgós, J. Lozano, G. 
Witmer, and F. Courchamp. 2007. “Rats dying 
for mice: Modeling the competitor release 
effect.” Austral Ecology 32:858-868. doi: 
10.1111/j.1442-9993.2007.01770.x.

Charter, Motti, Ido Izhaki, Lev Shapira, and Yossi 
Leshem. 2007. “Diets of Urban Breeding Barn 
Owls (Tyto alba) in Tel Aviv, Israel.” The Wil-
son Journal of Ornithology 119:484-485. doi: 
10.1676/06-109.1.

Chevret, P., F. Veyrunes, and J. Britton-Davidi-
an. 2005. “Molecular phylogeny of the genus 
Mus (Rodentia: Murinae) based on mitochon-
drial and nuclear data.” Biological Journal 
of the Linnean Society 84 (3):417-427. doi: 
doi:10.1111/j.1095-8312.2005.00444.x.

Collins, P. W., B. C. Latta, and G. W. Roemer. 
2009. “Does the order of invasive species 
removal matter? The case of the eagle and the 
pig.” PLoS One 4 (9):e7005. doi: 10.1371/jour-
nal.pone.0007005.

Conklin, B. R. 2019. “On the road to a gene drive 
in mammals.” Nature 566 (7742):43-45. doi: 
10.1038/d41586-019-00185-y.

http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
http://www.australianwildlife.org/field-updates/2018/feral-cats-kill-over-2-000-native-animals-every-minute.aspx
https://animaldiversity.org/accounts/Mus_musculus/
https://animaldiversity.org/accounts/Mus_musculus/
https://doi.org/10.1002/aqc.2978
https://doi.org/10.1002/aqc.2978
https://doi.org/10.1016/j.biocon.2014.10.016


152 Chapter 2: Potential applications and risks

Corlett, R. 2017. “Frugivory and seed dispersal 
by vertebrates in tropical and subtropical Asia: 
An update.” Global Ecology and Conservation 
11:1-22. doi: 10.1016/j.gecco.2017.04.007.

Courchamp, F., R. Woodroffe, and G. Roemer. 
2003. “Removing protected populations to save 
endangered species.” Science 302 (5650):1532. 
doi: 10.1126/science.1089492.

Cucchi, T., J.-D. Vigne, and J.-C. Auffray. 
2005. “First occurrence of the house mouse 
(Mus musculus domesticus Schwarz &amp; 
Schwarz, 1943) in the Western Mediterrane-
an: a zooarchaeological revision of subfossil 
occurrences.” Biological Journal of the Linnean 
Society 84 (3):429-445. doi: 10.1111/j.1095-
8312.2005.00445.x %J Biological Journal of 
the Linnean Society.

Cuthbert, Richard J., Ross M. Wanless, Andrea 
Angel, Marie-Helene Burle, Geoff M. Hilton, 
Henk Louw, Paul Visser, John W. Wilson, and 
Peter G. Ryan. 2016. “Drivers of predatory 
behavior and extreme size in house mice Mus 
musculus on Gough Island.” Journal of Mam-
malogy 97 (2):533-544. doi: 10.1093/jmammal/
gyv199.

Dearden, P., N. Gemmell, O. R. Mercier, P. 
Lester, M. J. Scott, R. Newcomb, T. Buck-
ley, J. Jacobs, S. Goldson, and D. R. Pen-
man. 2018. “The potential for the use of 
gene drives for pest control in New Zealand: 
a perspective.” Journal of the Royal Soci-
ety of New Zealand 48 (4):225-244. doi: 
10.1080/03036758.2017.1385030.

DIISE. 2018. The Database of Island Invasive Spe-
cies Eradications, developed by Island Conser-
vation, Coastal Conservation Action Laboratory 
UCSC, IUCN SSC Invasive Species Specialist 
Group, University of Auckland and Landcare 
Research New Zealand.

Duron, Q., O. Garcia Iriarte, F. Brescia, and E. 
Vidal. 2016. “Comparative effects of native 
frugivores and introduced rodents on seed 

germination in New-Caledonian rainforest 
plants.” Biological Invasions 19 (1):351–363. 
doi: 10.1007/s10530-016-1284-1.

Gene Drive Files. 2017a. “Memorandum of Un-
derstanding, obtained by Edward Hammond / 
Third World Network from North Carolina State 
University by North Carolina Public Records 
Law request of 7 August 2017.”, accessed 
07/03/2019. http://genedrivefiles.synbiowatch.
org/wp-content/uploads/special/Edward%20
Hammond/GBIRd%20MoU%202017%20
FINAL%2020170419%20.pdf

Gene Drive Files. 2017b. “20170726-Re_Two 
Action Items_Decisions Needed from GBIRd 
Steering Committee-42, obtained by Edward 
Hammond / Third World Network from North 
Carolina State University by North Carolina 
Public Records Law request of 7 August 2017.”, 
accessed 07/03/2019. http://genedrivefiles.
synbiowatch.org/20170726-re_two-action-
items_decisions-needed-from-gbird-steer-
ing-committee-42/.

Geraldes, A., P. Basset, B. Gibson, K. L. Smith, 
B. Harr, H. T. Yu, N. Bulatova, Y. Ziv, and 
M. W. Nachman. 2008. “Inferring the history 
of speciation in house mice from autosomal, 
X-linked, Y-linked and mitochondrial genes.” 
Mol Ecol 17 (24):5349-63. doi: 10.1111/j.1365-
294X.2008.04005.x.

GISD. 2019. “Global Invasive Species Database 
(2019) Species profile: Mus musculus. .” Last 
Modified 08-03-2019, accessed 09/04/2019. 
http://www.iucngisd.org/gisd/species.
php?sc=97

Gleeson, J. P., and P. J. J. Van Rensburg. 1982. 
“Feeding ecology of the house mouse Mus mus-
culus on Marion Island.” S. Afr. J. Antarct. Res. 
12:34-39.

Grunwald, H. A., V. M. Gantz, G. Poplawski, X. 
S. Xu, E. Bier, and K. L. Cooper. 2019. “Su-
per-Mendelian inheritance mediated by CRIS-
PR-Cas9 in the female mouse germline.” Nature 

http://genedrivefiles.synbiowatch.org/20170726-re_two-action-items_decisions-needed-from-gbird-steering-committee-42/
http://genedrivefiles.synbiowatch.org/20170726-re_two-action-items_decisions-needed-from-gbird-steering-committee-42/
http://genedrivefiles.synbiowatch.org/20170726-re_two-action-items_decisions-needed-from-gbird-steering-committee-42/
http://genedrivefiles.synbiowatch.org/20170726-re_two-action-items_decisions-needed-from-gbird-steering-committee-42/
http://www.iucngisd.org/gisd/species.php?sc=97
http://www.iucngisd.org/gisd/species.php?sc=97


Chapter 2: Potential applications and risks 153

566 (7742):105-109. doi: 10.1038/s41586-
019-0875-2.

Harvey, F. 2018. “South Georgia declared rat-free 
after centuries of rodent devastation.” The 
Guardian, 9 May. https://www.theguardian.
com/environment/2018/may/09/south-geor-
gia-declared-rat-free-centuries-rodent-devas-
tation.

Howald, G., C. Josh Donlan, J. P. Galvan, J. C 
Russell, J. Parkes, A. Samaniego-Herrera, 
Y. Wang, D. Veitch, P. Genovesi, M. Pascal, 
A. Saunders, and B. Tershy. 2007. “Invasive 
Rodent Eradication on Islands.” Conser-
vation biology : the journal of the Society 
for Conservation Biology 21:1258-68. doi: 
10.1111/j.1523-1739.2007.00755.x.

Kečkéšová, Lucia, and Michal Noga. 2008. “The 
diet of the Common Kestrel in the urban en-
vironment of the city of Nitra.” Slovak Raptor 
Journal 2 (1):81-85. doi: 10.2478/v10262-012-
0021-7.

Kross, S., R. Bourbour, and B. Martinico. 2016. 
“Agricultural land use, barn owl diet, and ver-
tebrate pest control implications.” Agriculture, 
Ecosystems & Environment 223:167-174. doi: 
10.1016/j.agee.2016.03.002.

Laiu, L. , and D. (1998) Murariu. 1998. “The food 
of the long-eared owl (Asio otus otus L.)(Aves: 
Strigiformes) in wintering conditions of the ur-
ban environment in Romania.” Trav. Mus. null. 
Hist. nut, XL,:pp. 413–430.

Leitschuh, Caroline M., Dona Kanavy, Grego-
ry A. Backus, Rene X. Valdez, Megan Serr, 
Elizabeth A. Pitts, David Threadgill, and 
John Godwin. 2018. “Developing gene 
drive technologies to eradicate invasive ro-
dents from islands.” Journal of Respon-
sible Innovation 5 (sup1):S121-S138. doi: 
10.1080/23299460.2017.1365232.

Liu, K. J., E. Steinberg, A. Yozzo, Y. Song, M. H. 
Kohn, and L. Nakhleh. 2015. “Interspecific 

introgressive origin of genomic diversity in the 
house mouse.” Proc Natl Acad Sci U S A 112 
(1):196-201. doi: 10.1073/pnas.1406298111.

McFarlane, G. R., C. B. A. Whitelaw, and S. G. Lil-
lico. 2018. “CRISPR-Based Gene Drives for Pest 
Control.” Trends Biotechnol 36 (2):130-133. 
doi: 10.1016/j.tibtech.2017.10.001.

Meek, W., P. J. Burman, M. Nowakowski, T. 
Sparks, and N. J. Burman. 2003. “Barn owl 
release in lowland southern England - A 
twenty-one year study.” Biological Conser-
vation 109:271-282. doi: 10.1016/S0006-
3207(02)00155-6.

Miller, A. P., and P. I. Webb. 2001. “Diet of 
house mice (Mus musculus L.) on coast-
al sand dunes, Otago, New Zealand.” New 
Zealand Journal of Zoology 28:49-55. doi: 
10.1080/03014223.2001.9518256.

Moro, Dorian, Margaret Byrne, Malcolm Kennedy, 
Susan Campbell, and Mark Tizard. 2018. “Iden-
tifying knowledge gaps for gene drive research 
to control invasive animal species: The next 
CRISPR step.” Global Ecology and Conserva-
tion 13:e00363. doi: 10.1016/j.gecco.2017.
e00363.

Muñoz, A., and R. Bonal. 2007. “Rodents change 
acorn dispersal behaviour in response to un-
gulate presence.” Oikos 116:1631-1638. doi: 
10.1111/j.0030-1299.2007.15710.x.

Musser, G., Hutterer, R., Kryštufek, B., Yigit, 
N. & Mitsain, G. . 2016. “Mus musculus (er-
rata version published in 2017). The IUCN 
Red List of Threatened Species 2016: e.
T13972A115117618.” Last Modified 14 -01-
2019, accessed 09/04/2019. https://www.
iucnredlist.org/species/13972/115117618

Nghiem le, T. P., T. Soliman, D. C. Yeo, H. T. Tan, 
T. A. Evans, J. D. Mumford, R. P. Keller, R. H. 
Baker, R. T. Corlett, and L. R. Carrasco. 2013. 
“Economic and environmental impacts of harm-
ful non-indigenous species in southeast Asia.” 

https://www.theguardian.com/environment/2018/may/09/south-georgia-declared-rat-free-centuries-rodent-devastation
https://www.theguardian.com/environment/2018/may/09/south-georgia-declared-rat-free-centuries-rodent-devastation
https://www.theguardian.com/environment/2018/may/09/south-georgia-declared-rat-free-centuries-rodent-devastation
https://www.theguardian.com/environment/2018/may/09/south-georgia-declared-rat-free-centuries-rodent-devastation
https://www.iucnredlist.org/species/13972/115117618
https://www.iucnredlist.org/species/13972/115117618


154 Chapter 2: Potential applications and risks

PLoS One 8 (8):e71255. doi: 10.1371/journal.
pone.0071255.

Orth, A., K. Belkhir, J. Britton-Davidian, P. Bour-
sot, T. Benazzou, and F. Bonhomme. 2002. 
“Natural hybridisation between 2 sympatric 
species of mice, Mus musculus domesticus L. 
and Mus spretus Lataste.” C R Biol 325 (2):89-
97.

Payseur, B. A., J. G. Krenz, and M. W. Nachman. 
2004. “Differential patterns of introgression 
across the X chromosome in a hybrid zone 
between two species of house mice.” Evolution 
58 (9):2064-78.

Phifer-Rixey, M., and M. W. Nachman. 2015. 
“Insights into mammalian biology from the 
wild house mouse Mus musculus.” eLife 4. doi: 
10.7554/eLife.05959.

Pimental, D. 2007. “ENVIRONMENTAL AND 
ECONOMIC COSTS OF VERTEBRATE SPECIES 
INVASIONS INTO THE UNITED STATES.” USDA 
National Wildlife Research Center Symposia: 
Managing Vertebrate Invasive Species, August 
2007.

Roslin Institute. 2017. “Gene experts set to tackle 
pest control.” Last Modified 06/12/17, ac-
cessed 09/04/2019. https://www.ed.ac.uk/
roslin/news-events/archive/2017/gene-experts-
tackle-pest-control.

Sheffer, E. 2012. “A review of the development of 
Mediterranean pine-oak ecosystems after land 
abandonment and afforestation: Are they novel 
ecosystems?” Annals of Forest Science 69 (4): 
429–443. doi: 10.1007/s13595-011-0181-0.

Shiels, Aaron, Caitlin A. Flores, Arthur Khamsing, 
Paul D. Krushelnycky, Stephen Mosher, and 
Donald Drake. 2012a. “Dietary niche differen-
tiation among three species of invasive rodents 
(Rattus rattus, R. exulans, Mus musculus).” 
Biological Invasions 15 (5):1037–1048. doi: 
10.1007/s10530-012-0348-0.

Shiels, Aaron, Caitlin A. Flores, Arthur Khamsing, 
Paul D. Krushelnycky, Stephen Mosher, and 
Donald Drake. 2012b. “Dietary niche differen-
tiation among three species of invasive rodents 
(Rattus rattus, R. exulans, Mus musculus).” Bio-
logical Invasions 15:1037–1048. doi: 10.1007/
s10530-012-0348-0.

Singleton, G. , P. Brown, and J. Jacob. 2004. 
“Ecologically-based rodent management: Its 
effectiveness in cropping systems in South-
East Asia.” Wageningen Journal of Life Sci-
ences 52 (2):163-171. doi: 10.1016/S1573-
5214(04)80011-3.

Singleton, G. R., H. Leirs, L. A. Hinds, and Z. 
Zhang. 1999. “Ecologically-based Management 
of Rodent Pests-Re-evaluating Our Approach 
to an Old Problem.” In Ecologically-based 
Management of Rodent Pests, edited by Herwig 
Leirs Grant R. Singleton, Lyn A. Hinds and Zhib-
in Zhang, 17-30. Canberra: Australian Centre 
for International Agricultural Research

SouthEastFarallonIslandsEIS. 2013. “South East 
Farallon Islands Invasive House Mouse Erad-
ication Project: EIS. .” accessed 09/04/2019. 
http://www.regulations.gov docket #: FWS-R8-
NWRS-2013-0036. .

Tann, CR, GR Singleton, and BJ Coman. 1991. 
“Diet of the House Mouse, Mus domesticus, 
in the Mallee Wheatlands of North-Western 
Victoria.” J Wildlife Research 18 (1):1-12. doi: 
https://doi.org/10.1071/WR9910001.

Taylor, P., S. Downs, A. Monadjem, S. Eiseb, L. 
Mulungu, A. Massawe, T.’A. Mahlaba, F. Kirst-
en, E. von Maltitz, P. Malebane, R. Makundi, 
J. Lamb, and S. Belmain. 2012. “Experimen-
tal treatment-control studies of ecologically 
based rodent management in Africa: Balancing 
conservation and pest management.” Wildlife 
Research 39:51-61. doi: 10.1071/WR11111.

Teunkens, B. 2016. “The role of small rodents in 
ecosystem assembly. Do mice stimulate soil 

https://www.ed.ac.uk/roslin/news-events/archive/2017/gene-experts-tackle-pest-control
https://www.ed.ac.uk/roslin/news-events/archive/2017/gene-experts-tackle-pest-control
https://www.ed.ac.uk/roslin/news-events/archive/2017/gene-experts-tackle-pest-control
http://www
https://doi.org/10.1071/WR9910001


Chapter 2: Potential applications and risks 155

development by transporting soil mesofauna to 
restored sites?”, University of Antwerp.

Toms, M. P., H. Q. P. Crick, and C. R. Shaw-
yer. 2001. “The status of breeding Barn 
Owls Tyto alba in the United Kingdom 
1995–97.” Bird Study 48 (1):23-37. doi: 
10.1080/00063650109461200.

Weissbrod, L., F. B. Marshall, F. R. Valla, H. 
Khalaily, G. Bar-Oz, J. C. Auffray, J. D. Vigne, 
and T. Cucchi. 2017. “Origins of house mice 
in ecological niches created by settled hunt-
er-gatherers in the Levant 15,000 y ago.” Proc 
Natl Acad Sci U S A 114 (16):4099-4104. doi: 
10.1073/pnas.1619137114.

Wilson, Deborah, Gary J Mcelrea, Lisa M Mcel-
rea, Richard Heyward, Rachel M E Peach, and 
Caroline Thomson. 2006. Potential conserva-
tion impacts of high-altitude small mammals: a 
field study and literature review. New Zealand 
Department of Conservation

Yang, H., J. R. Wang, J. P. Didion, R. J. Buus, T. 
A. Bell, C. E. Welsh, F. Bonhomme, A. H. T. 
Yu, M. W. Nachman, J. Pialek, P. Tucker, P. 
Boursot, L. McMillan, G. A. Churchill, and F. 
Pardo-Manuel de Villena. 2011. “Subspecific 
origin and haplotype diversity in the labora-
tory mouse.” Nat Genet 43 (7):648-55. doi: 
10.1038/ng.847.

Zavaleta, Erika S., Richard J. Hobbs, and Har-
old A. Mooney. 2001. “Viewing invasive spe-
cies removal in a whole-ecosystem context.” 
Trends in Ecology & Evolution 16 (8):454-
459. doi: https://doi.org/10.1016/S0169-
5347(01)02194-2.

Zechner, U., M. Reule, A. Orth, F. Bonhomme, B. 
Strack, Guenet, H. Hameister, and R. Fundele. 
1996. “An X-chromosome linked locus con-
tributes to abnormal placental development 
in mouse interspecific hybrid.” Nat Genet 12 
(4):398-403. doi: 10.1038/ng0496-398.

References case study 3: Plants in agricul-
ture – Palmer amaranth

 Abate, T., J. Albergel, O. Avato, S. Bajaj, N. Be-
intema, et al. 2008. Executive Summary of the 
Synthesis Report of the International Assess-
ment of Agricultural Knowledge, Science and 
Technology for Development (IAASTD). At: 
http://www.sdi.com.my/IAASTD/IAASTD_Exec-
Summary.pdf

Altieri, M. A. 1995. Agroecology: The Science of 
Sustainable Development. WestviewPress, 
Boulder, Colorado.

Altieri, M. A. 1999. “Applying agroecology to 
enhance the productivity of peasant farming 
systems in Latin America.” Environment, Devel-
opment and Sustainability, 1(3-4): 197-217.

Aulakh, J.S., A.J. Price, S.F. Enloe, E. Van Santen, 
G. Wehtje and M.G Patterson. 2012. “Integrat-
ed palmer amaranth management in glufosi-
nate-resistant cotton: I. soil-inversion, high-res-
idue cover crops and herbicide regimes.” 
Agronomy 2: 295-311.

Aulakh, J.S., A.J. Price, S.F. Enloe, E. Van Santen, 
G. Wehtje and M.G Patterson. 2013. “Integrat-
ed palmer amaranth management in glufosi-
nate-resistant cotton: II. primary, secondary 
and conservation tillage.” Agronomy 3: 28-42.

Baack,E.J. and L.H. Rieseberg. 2007. “A genomic 
view of introgression and hybrid speciation.”_
Curr Opin Genet Devel, 17: 513-518.

Breitburg, D., L.A. Levin, A. Oschlies, M. Grégoire, 
F.P. Chavez, D.J. Conley and V. Garçon et al. 
2018. “Declining oxygen in the global ocean 
and coastal waters.” Science DOI: http://dx.doi.
org/10.1126/science.aam7240.

Davis, A.S., J.D. Hill, C.A. Chase, A.M. Johanns 
and M. Liebman. 2012. “Increasing crop-
ping system diversity balances productivity, 
profitability and environmental health.” PLoS 

https://doi.org/10.1016/S0169-5347(01)02194-2
https://doi.org/10.1016/S0169-5347(01)02194-2
http://www.sdi.com.my/IAASTD/IAASTD_ExecSummary.pdf
http://www.sdi.com.my/IAASTD/IAASTD_ExecSummary.pdf


156 Chapter 2: Potential applications and risks

ONE 7(10): e47149. doi:10.1371/journal.
pone.0047149.

DeLonge, M.S., A. Miles and L. Carlisle. 2016. 
“Investing in the transition to sustainable agri-
culture.” Environmental Science & Policy, 55(1): 
266-273.

Dooley, K., D. Stabinsky, K. Stone, S. Sharma, T. 
Anderson, D. Gurian-Sherman and P. Riggs. 
2018. Missing Pathways to 1.5°C: The role of 
the land sector in ambitious climate action. 
Climate Land Ambition and Rights Alliance. 
Available from: climatelandambitionrightsalli-
ance.org/report.

Dudley, N., S.J. Atwood, D. Goulson, D. Jar-
vis, C.P. Bharucha and J. Pretty. 2017. “How 
should conservationists respond to pesticides 
as a driver of biodiversity loss in agroecosys-
tems?” Biological Conservation 209: 449-453.

Ellstrand, N.C. 2003. Dangerous Liaisons: When 
Cultivated Plants Mate with their Wild Rela-
tives. Johns Hopkins University Press, Baltimore 
and London.

Farmer, J.A., E.B. Webb, R.A. Pierce II and K.W. 
Bradley. 2017. ”Evaluating the potential for 
weed seed dispersal based on water fowl con-
sumption and seed viability.” Pest Manage. Sci. 
73(12): 2592- 2603.

Francis, C., G. Lieblein, S. Gliessman, T. A. Bre-
land, N. Creamer, R. Harwood, L. Salomonsson 
et al. 2003. “Agroecology: the ecology of food 
systems.” Journal of sustainable agricul-
ture 22(3): 99- 118. 

Gaines, T.A., W. Zhang, D. Wang, B. Bukun, S.T. 
Chisholm et al. 2010. “Gene amplification 
confers glyphosate resistance in Amaranthus 
palmeri.” Proc. Natl. Acad. Sci. USA. 107(3: 
1029-1034.

Gaines, T. A., S.M. Ward, B. Bekun, C. Preston, 
J.E. Leach and P. Westra. 2012. “Interspecific 
hybridisation transfers a previously unknown 

glyphosate resistance mechanism in Amaran-
thus species.” Evol. Applic. 5: 29–38.

Garnett, T. 2011. “Where are the best oppor-
tunities for reducing greenhouse gas emis-
sions in the food system (including the food 
chain)?” Food Policy 36: S23-S32.

Gaudin, A.C.M., T.N. Tolhurst, A.P Ker, K. Jano-
vicek, C. Tortora, R.C. Martin and W.Deen. 
2015. “Increasing crop diversity mitigates 
weather variations and improves yield stability.” 
PLoS ONE 10 (2): e0113261. doi:10.1371/jour-
nal.pone.0113261.

Gliessman, S. R. 2014. Agroecology: the Ecology of 
Sustainable Food Systems. CRC Press.

Han, M.T. Walter and L.E. Drinkwater. 2017. “N 
2 O emissions from grain cropping systems: a 
meta- analysis of the impacts of fertilizer-based 
and ecologically-based nutrient management 
strategies.” Nutrient cycling in agroecosys-
tems 107(3): 335-355. 

Hernández-Ledesma, P., W. G. Berendsohn, T. 
Borsch, S. Von Mering, H. Akhani et al. 2015. 
“A taxonomic backbone for the global synthesis 
of species diversity in the angiosperm order 
Caryophyllales,” Willdenowia, 45(3):281-383.

International Agency for Research on Cancer. 
2015. Glyphosate: IARC Mongraphs – 112.

Isbell, F., P.R. Adler, N. Eisenhauer, D. Fornara, 
K. Kimmel et al. 2017. “Benefits of increasing 
plant diversity in sustainable Agroecosystems.” 
Journal of Ecology 105: 871–879.

Jha, P., J.K. Norsworthy and J. Garcia. 2014. 
“Depletion of an artificial seed bank of palmer 
amaranth (Amaranthus palmeri) over four years 
of burial.” American Journal of Plant Sciences, 
5: 1599- 1606.

Kremen, and Miles, A. 2012. “Ecosystem services 
in biologically diversified versus conventional 
farming systems: benefits, externalities, and 



Chapter 2: Potential applications and risks 157

trade-offs.” Ecology and Society DOI: http://
dx.doi.org/10.5751/ES-05035-170440.

Kremen, and A.M. Merenlender. 2018. “Land-
scapes that work for biodiversity and peo-
ple.} Science, 362(6412), eaau6020. DOI: 
10.1126/science.aau6020

Lark, T.J., J.M. Salmon and H.K. Gibbs .2015. 
“Cropland expansion outpaces agricultural and 
biofuel policies in the United States.” Environ-
mental Research Letters, 10(4), id. 044003

Lechenet, M., V. Bretagnolle, C. Bockstaller, F. 
Boissinot, F., M-S. Petit et al. 2014. “Recon-
ciling pesticide reduction with economic and 
environmental sustainability in arable farming.” 
PLoS ONE 9(6): e97922. doi:10.1371/journal.
pone.0097922.

Levin, S. and P. Greenfield. 2018. “Monsanto 
ordered to pay $289m as jury rules weedkiller 
caused man’s cancer.” The Guardian, August 
11, 2018 https://www.theguardian.com/busi-
ness/2018/aug/10/monsanto-trial-cancer-de-
wayne-  johnson-ruling

Liebman, M., L. Bastiaans and D.T Baumann. 
2004. “Weed management in low-external-in-
put and organic farming systems.” In Weed 
Biology and Management, Edited by Inderjit, 
p. 285- 315, SPRINGER-SCIENCE+BUSINESS 
MEDIA, B.V  

Liebman, M and L. Schulte. 2015. “Enhancing 
agroecosystem performance and resilience 
through increased diversification of landscapes 
and cropping systems.” Elementa: Science of 
the Anthropocene 3: 000041, doi: 10.12952/
journal.elementa.000041.

Maxwell, S., R.A. Fuller, T.M. Brooks, and J.E.M. 
Watson. 2016. “The ravages of guns, nets and 
bulldozers.” Nature, 536: 143-145.

Moerman, D.E. 1998. Native American Ethnobota-
ny. Portland, OR: Timber Press.

Mortensen, D.A, F. Egan, B.D. Maxwell, M.R. Ryan 
and R.G. Smith. 2012. “Navigating a critical 
juncture for sustainable weed management.” 
BioScience, 62(1): 75-84.

National Academies of Sciences, Engineering and 
Medicine. 2006. Lost Crops of Africa: Volume 
II: Vegetables. The National Academies Press.

National Academies of Sciences, Engineering and 
Medicine. 2016. Genetically Engineered Crops: 
Experiences and Prospects. The National Acad-
emies Press. doi: 10.17226/23395.

Neve, P. 2018. “Gene drive systems: do they have 
a place in agricultural weed management?” Pest 
Manag Sci 74: 2671–2679.

Pleasants, J.M., M.P. Zalucki, K.S. Oberhauser, 
L.P. Brower, O.R. Taylor and W.E. Thogmartin. 
2017. “Interpreting surveys to estimate the size 
of the monarch butterfly population: Pitfalls 
and prospects.” PLoS ONE DOI: https://doi.
org/10.1371/journal.pone.0181245

Plourde, J.D., B.C. Pijanowski and B.K Pekin. 
2013. “Evidence for increased monoculture 
cropping in the Central United States.” Agro. 
Ecosyst. Env. 165: 50– 59.

Price, A.J., C.D. Monks, A.S. Culpepper, L.M. 
Duzy, J.A. Kelton, M.W. Marshall, L.E. Steck-
el, L.M. Sosnoskie, and R.L. Nichols. 2016. 
“High-residue cover crops alone or with stra-
tegic tillage to manage glyphosate-resistant 
Palmer amaranth (Amaranthus palmeri) in 
southeastern cotton (Gossypium hirsutum).” J. 
Soil Water Conserv. 71(1): 1-11.

Proctor, V. W. 1968. “Long-distance dispersal of 
seeds by retention in digestive tract of birds.” 
Science 160: 321–322.

Ramankutty, N., Z. Mehrabi, K. Waha, L. Jarvis, 
C. Kremen, M. Herrero and L.H. Rieseberg. 
2018. “Trends in global agricultural land use: 
implications for environmental health and food 

https://www.theguardian.com/business/2018/aug/10/monsanto-trial-cancer-dewayne-%2520%2520%2509johnson-ruling
https://www.theguardian.com/business/2018/aug/10/monsanto-trial-cancer-dewayne-%2520%2520%2509johnson-ruling
https://www.theguardian.com/business/2018/aug/10/monsanto-trial-cancer-dewayne-%2520%2520%2509johnson-ruling


158 Chapter 2: Potential applications and risks

security.” Annual Review of Plant Biology, 69, 
789-815. 

Roesch-McNally, G.E., J.G. Arbuckle and J.C. 
Tyndall. 2017. “Barriers to implementing cli-
mate resilient agricultural strategies: The case 
of crop diversification in the U.S. Corn Belt.” 
Global Environmental Change, 48: 206–215.

Sauer, J.D. 1957. Recent migration and evolu-
tion of the dioecious amaranths. Evolution 11: 
11–31.

Scavia, D., J. D. Allan, K.K. Arend, S. Bartell, D. 
Beletsky, N.S. Bosch, S.B. Brandt et al. 2014. 
“Assessing and addressing the re-eutrophica-
tion of Lake Erie: Central basin hypoxia.” Jour-
nal of Great Lakes Research 40(2): 226-246.

Smith, P.M., H. Bustamante, H. Ahammad et al. 
2014. “Agriculture, Forestry and Other Land 
Use (AFOLU). In Climate Change 2014. Mitiga-
tion of Climate Change. Contribution of Work-
ing Group III to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate 
Change Edited by O. Edenhofer, R. Pichs-Mad-
ruga, Y. Sokano et al., Cambridge University 
Press. 

Stern, A. J., P.C. Doraiswamy and R.J. Hunt. 
2012. “Changes of crop rotation in Iowa deter-
mined from the United States department of ag-
riculture, national agricultural statistics service 
cropland data layer product.” J. Appl. Remote 
Sens 6(1): 063590.

United Nations Food and Agriculture Organ-
ization. 2011. “UN expert makes case 
for ecological farming practices to boost 
food production.” https://news.un.org/
en/story/2011/03/368352-un-expert- 
makes-case-ecological-farming- 
practices-boost-food-production

Unckless, R.L., A.G. Clark and P.W. Messer. 2017. 
“Evolution of resistance against CRISPR/Cas9 
gene drive.” Genetics 205: 827–841

Vanloqueren, G., and P. Baret. 2009. “How agri-
cultural research systems shape a technological 
regime that develops genetic engineering but 
locks out agroecological innovations.” Research 
Policy 38: 971–983.

Wang, J. L., D.F Klessig and J.O Berry. 1992. 
“Regulation of C4 gene expression in develop-
ing amaranth leaves.” Plant Cell, 4, 173–184.

Ward, S.M., T.M. Webster, and L.E. Steckle. 2012. 
“Palmer amaranth (Amaranthus palmeri):  
A review.” Weed Technology, 27(1), 12-27.

Webster, T. M. and R.L. Nichols. 2012. “Changes 
in the prevalence of weed species in the major 
agronomic crops of the Southern United States: 
1994/1995 to 2008/2009.” Weed Sci. 60: 145– 
157.

Wetzel, D. K., M.J. Horak, D.Z. Skinner, and P.A. 
Kulakow. 1999. “Transferal of herbicide resist-
ance traits from Amaranthus palmeri to Ama-
ranthus rudis.” Weed Sci., 4, 538–543.

Worthinton, M. and C. Reberg-Horton. 2013. 
“Breeding cereal crops for enhanced weed sup-
pression: Optimizing allelopathy and competi-
tive ability.” J. Chem Ecol. 39(2): 213–231.

https://news.un.org/en/story/2011/03/368352-un-
https://news.un.org/en/story/2011/03/368352-un-


Chapter 3: Social issues 159

Social issues Tamara Lebrecht, Helen Wallace, Irina Castro

1 Introduction

1 The term ‘knowledge-based economy’ (KBE) was first coined by the Organisation of Economic Co-operation and Development (OECD) in a 1996 
report which argued that the OECD economies were increasingly based on knowledge, information and technological innovations, underpinned by 
scientific research and development and patents (OECD, 1996).

Gene drive organisms (GDOs) are a new biotech-
nological development that currently has no final 
product available to be assessed for its risks and 
benefits to society. In the first part of this chapter, 
we look at where investment in gene drive R&D is 
coming from, along with how conflicts of interest 
may arise. We examine the promises made about 
what products we can expect from this technology, 
especially in terms of claims about how they would 
benefit society and the economy. We also discuss 
how such promises influence public understanding 

of the technology and help to secure research fund-
ing. We then examine gene drive patent applica-
tions. In the second part of this chapter, we exam-
ine how issues such as consent and risk assessment 
have been tackled by existing projects using genet-
ically modified (GM) mosquitoes (currently without 
gene drive, but with some plans to include it in the 
future) and discuss liability and the Precautionary 
Principle. Finally, we discuss what more meaning-
ful public engagement about these issues would re-
quire. 

2  Gene Drive science in context: science in 
society

Research and development of gene drive organ-
isms (GDOs) is taking place in different social and 
economic contexts across the globe. For gene drive 
organisms (GDOs), the initial investment in R&D oc-
curs mainly in rich economies (notably in the USA, 
Australia, the UK and some other European coun-
tries). In contrast, some of the first open releases 
of GDOs are planned in resource-poor countries, 
with the claim that they will tackle diseases of pov-
erty such as malaria. For example, Beisel and Boëte 
note that the transfer of genetically modified (GM) 
mosquitoes from lab to field, potentially including 
GDOs in future, “also involves a transfer from North 
to South, from laboratories in high-tech knowledge 
economies to (often) resource-poor developing 
countries” (Beisel and Boëte 2013, 47).

In wealthy OECD countries, the idea of the 
knowledge-based economy1 has become a key 
driver of research investment. The ‘knowledge’ 
embedded in a product is seen as adding value to 
it. Compared to physical goods, knowledge is less 
tangible and hence more difficult to value, trade and 
control. Thus, industries depending on knowledge 
want to pin it down and build walls around their own 
knowledge, in order to control and protect it from 
competitors. Intellectual property rights became 
these walls. They give value to this knowledge and 
allow it to be traded rather than freely used (Gold et 
al. 2008, 17).

With the general decline in public structural 
funding during the last decades, universities have 
experienced increasing pressure to diversify their 
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financial sources and to rely more on competitive 
funds (Geuna and Nesta 2006, 791). In theory, pat-
ents act as a reward for invention that is supposed 
to stimulate investment, creativity and economic 
growth. While originally inventions made with pub-
lic funding in the USA belonged to the federal gov-
ernment, the adoption of the Bayh-Dole Act in 1980 
made it possible for universities to own and com-
mercialise publicly-funded, in-house inventions, 
and to license their intellectual property to private 
firms (see Section 6.1, Box 2) (Tofano, Wiechers, 
and Cook-Deegan 2006, 54). With this change in 
policy, which has since been copied elsewhere in 
the world, huge amounts of private capital have 
been invested in certain types of R&D. As a result, 
researchers started to think about commercial uses 
of their work and pressure to file patents rose, with 
some researchers even being bound by contract to 
tell their funders about any invention that could be 
patented and commercialised (Tofano, Wiechers, 
and Cook-Deegan 2006, 57).

In this context, it is not surprising that ‘hype’, or 
exaggerated promises about valuable future com-
mercial applications and social benefits, started to 
appear in scientific research studies, in an effort 
to help secure research funding. Additional issues 
arising from this development relate to conflicts 
of interest and transparency; for example, ties to 
industry and the incentive to patent may be prob-
lematic for the independence and autonomy of re-
searchers (Geuna and Nesta 2006, 796). Patent ap-
plications are often not declared in scientific papers 
(Mayer 2006). Scientists who are named as inven-
tors on patents will in some cases have a direct fi-
nancial interest in promoting the claims of ‘industri-
al applicability’ made in the patent. In other cases, 
the patent may not confer a direct financial reward, 
but defending the claims made in it may still be im-
portant for the scientist’s career and future funding. 

Biotechnology is an important part of this funda-
mental change to science. For example, Joly notes 

that the privatisation of agricultural research and 
development is related to economic policies and to 
reductionism in science, i.e. to “the promises asso-
ciated with the biotechnology revolution, and spe-
cifically the ‘molecularisation’ of life sciences, which 
prompted major changes in research and develop-
ment (from the experimental field to the research 
laboratory, increasingly disciplinary and reduction-
ist research and development, concentration of re-
search in a small number of institutions), and the 
patentability of life forms…” (Joly 2005, 619).

Commercial biotechnology emerged at the same 
time as the above-mentioned change to US and in-
ternational patent policy (Tofano, Wiechers, and 
Cook-Deegan 2006, 54). Biotechnology became a 
business when the knowledge emerging from scien-
tific research became classified as intellectual prop-
erty (IP) that was valued and could be bought and 
sold (Pisano 2006). Many countries followed suit 
and brought their IP laws in line with those of the 
US, in order to benefit from the biotechnology boom 
(Gold et al. 2008). A watershed moment was when 
venture capitalists learned that IP could be bought 
and sold independently of the final product (Pisa-
no 2006, 142). This has allowed hype around new 
technologies to influence both public and private 
R&D investments, and allowed money to be made 
from simple promises, even when useful final prod-
ucts are often not delivered and when there is no net 
benefit to society or the economy.

More recently, philanthropic donations have be-
gun to play an increasing role in the research and 
development of new technologies, for example in 
the case of GM mosquitoes, including those with 
gene drive. Thus, Beisel and Boëte argue that “GM 
mosquitoes render the mosquitoes themselves as a 
commercial product; a commercial product in a po-
litical economy funded by philanthropic initiatives, 
shaped by private university spin-offs and charac-
terized through economic inequalities” (Beisel and 
Boëte 2013, 54).
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3  Funding for Gene Drive research and  
development

The biggest investments into gene drive research 
and development (R&D) come from the US military, 
large philanthropic donors and government-funded 
research agencies. In the following sections, we will 
look at who the main gene drive funders are, what 
they are funding and how this may be relevant for 
public engagement exercises.

3.1 Military and intelligence agencies

The U.S. Defence Advanced Research Projects 
Agency (DARPA) announced in 2017 that it will invest 
$65 million over four years in the ‘Safe Genes’ pro-
gramme that funds seven major research projects 
focusing on gene drive and genome editing R&D. 
(DARPA 2017). The Gene Drive Files, a trove of doc-
uments and emails obtained by civil society investi-
gators through a Freedom of Information request, 
reveal that the total amount DARPA invests into 
the ‘Safe Genes’ programme is $100 million, likely 
making them the largest single funder of gene drive 
R&D (Gene Drive Files 2017a, 1). One of the ‘Safe 
Genes’ projects, led by Keith Joung at the Massa-
chusetts General Hospital, receives $11 million 
from DARPA, and part of the project funding goes 
to Target Malaria investigators, at Imperial College 
in London. The team at Imperial College for the first 
time achieved complete population suppression of 
caged mosquitoes using gene drives (Kyrou et al. 
2018). That research was funded not just by DARPA, 
but by the Bill & Melinda Gates Foundation and the 
UK Biotechnology and Biological Sciences Research 
Council (BBSRC) as well (Kyrou et al. 2018, 1066).

Other military and intelligence organisations in-
volved in gene drive R&D are the Intelligence Ad-
vanced Research Projects Activity (IARPA) and the 
US Army Corps of Engineers (ACE) (Gene Drive 
Files 2017b). 

3.2 Philanthropic foundations

The Bill and Melinda Gates Foundation (BMGF), 
the largest philanthropic foundation in the world 
(Belluz 2015), has long had a leading role in fund-
ing GM mosquito research (Enserink 2010). Beisel 
and Boëte (2013, 47) note that: “Before the es-
tablishment of the Gates Foundation, research on 
genetic manipulation of insects was a small niche 
field…” They also highlight how one of the founda-
tion’s strategic aims now focuses explicitly on de-
veloping insect technologies, thus accelerating the 
development and testing of GM mosquitoes. BMGF 
provides the core funding, $75 million so far, for 
the Target Malaria project (Regalado 2016a). Target 
Malaria is a research consortium that aims to con-
trol the spread of malaria by releasing genetically 
modified gene drive mosquitoes. Target Malaria has 
progressed R&D on gene drive mosquitoes further 
than other groups and is currently operating in Bur-
kina Faso, Mali and Uganda (Target Malaria n.d.a).

The Open Philanthropy Project (OPP), whose 
major funders are the couple Cari Tuna and Dustin 
Moskovitz (co-founder of Facebook and Asana), is 
another major philanthropic donor that has awarded 
an additional $17.5 million to Target Malaria (Dun-
ning 2017). OPP has also awarded $1.2 million to 
the Foundation of the National Institutes of Health 
(FNIH) to form a working group of approximately 
twenty experts tasked with developing a consen-
sus pathway for field-testing gene drive mosquitoes 
(Open Philanthropy Project 2016). 

The FNIH itself is another key actor supporting 
the development of gene drives. In collaboration, 
again with the Bill and Melinda Gates Foundation, 
along with numerous research institutions around 
the world, the FNIH managed the Vector-based 
Control of Transmission: Discovery Research 
(VCTR) programme (Foundation for the National In-
stitutes of Health n.d.). The VCTR programme sup-
ported Target Malaria‘s R&D on gene drive mosqui-
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tos (see for example Eckhoff et al. 2017, E264 and 
Hammond et al. 2016, 82). 

In addition to the funding from such philanthrop-
ic organisations, Target Malaria has also received 
direct governmental funding from the European 
Commission, the UK Department of Environment, 
Food and Rural Affairs (DEFRA) and the Ugandan 
Ministry of Health (Target Malaria n.d.b). 

Tata Trusts are among the top philanthropic or-
ganisations in India and have awarded $70 million 
to create the Tata Institute for Active Genetics and 
Society (TIAGS), in collaboration with the University 
of California, San Diego (UCSD). UCSD announced 
they would match the trust’s award with a further 
$70 million. The institute aims to develop mosqui-
toes that are unable to propagate malarial parasites 
using gene drives (Philanthropy News Digest 2016).

Other philanthropic organisations that fund gene 
drive R&D include, among others, the Wellcome 
Trust (UK), the Burroughs Wellcome Fund (US), the 
Rainwater Foundation (US), the Greenwall Founda-
tion (US), the Alfred P Sloan Foundation (US), the 
WM Keck Foundation (US), the Kinship Foundation 
(US), the Pew Charitable Trusts (US), the David and 
Lucile Packard Foundation (US) and the Paul G. Al-
len Frontiers Group (US) (Esvelt 2018a, 8; Gantz et 
al. 2015, E6742; Grunwald et al. 2019, 109; Sculpt-
ing Evolution n.d.a; Target Malaria n.d.b).

3.3 Governmental science and research 
agencies

The Australian Commonwealth Scientific and In-
dustrial Research Organisation (CSIRO) is a partner 
in the DARPA-funded ’Safe Genes’ project that aims 
to develop and test a mammalian gene drive system 
in rodents (Godwin 2017). According to the Sydney 
Morning Herald, CSIRO has allocated $3.5 million 
for “community research related to synthetic biolo-
gy” to secure “social licence” for its gene drive ambi-
tions (Wilson 2018). The goal of this social engage-
ment seems be securing social acceptance, rather 
than fostering true democratic decision-making 
(see Section 10). According to an email obtained by 

a Freedom of Information request, CSIRO has also 
been promoting the rodent gene drive technology to 
various government agencies and other stakehold-
ers (Wilson 2018).

Furthermore, the UK Biotechnology and Biolog-
ical Sciences Research Council (BBSRC) is funding 
mouse and rat gene drive research at the Roslin 
Institute at the University of Edinburgh as well as 
mosquito gene drive research at Imperial College 
(BBSRC 2017; Kyrou et al. 2018, 1066).

The US National Institutes of Health (NIH) award-
ed $1.5 million to Kevin Esvelt for the development 
of ‘daisy’ gene drives (National Institutes of Health 
2017; Sculpting Evolution n.d.a). With support from 
DARPA and the Bill & Melinda Gates Foundation, 
NIH and FNIH sponsored the National Academies of 
Sciences, Engineering, and Medicine (NASEM) gene 
drive report “Gene Drives on the Horizon: Advanc-
ing Science, Navigating Uncertainty, and Aligning 
Research with Public Values“ (2016), that intended 
to “...create a consensus committee to summarize 
current understanding of the scientific discover-
ies related to gene drives and their accompanying 
ethical, legal, and social implications” (National 
Academies of Sciences, Engineering, and Medicine 
[NASEM] 2016, viii & 1). NIH further support Tar-
get Malaria (Target Malaria n.d.b) and various gene 
drive studies (see for example DiCarlo et al. 2015, 
12; Gantz et al. 2015, E6742; Gantz and Bier 2015, 
444; Grunwald et al. 2019, 109).

Other governmental science and research agen-
cies involved in gene drive funding include the 
Uganda National Council for Science and Technolo-
gy (UNCST) (Target Malaria n.d.b) and the National 
Science Foundation (NSC) (see for example DiCarlo 
et al. 2015, 12; Dhole et al. 2017, 806; Min et al. 
2018, S60).

3.4 Guiding principles for the sponsors 
and supporters of Gene Drive research

As a response to the US National Academies of 
Science, Engineering and Medicine Report that pro-
vided recommendations directed at researchers,  
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funders and policy-makers (NASEM 2016, 106, 
128, 142, 170-172, 177-178), Emerson et al. (2017, 
1136) published five guiding principles for sponsors 
and supporters of gene drive research: 

1.) advance quality science to promote the public 
good; 

2.) promote stewardship, safety and good governance; 

3.) demonstrate transparency and accountability; 

4.) engage thoughtfully with affected communities, 
stakeholders and publics; 

5.) foster opportunities to strengthen capacity and 
education.

These guiding principles have been endorsed by 
prominent gene drive funders, including the Bill & 
Melinda Gates Foundation, Tata Trusts and the US 
FNIH. Such a pledge to ensure safe and responsible 
gene drive research is laudable; but can we con-
clude that further development of the technology 
will always follow these guidelines and be in the 
best public interest? Boëte (2018) argues that the 
list of Guiding Principles is a “voluntary undertaken 
code of ethical and scientific conduct“ (Boëte 2018, 
18), which is not legally binding. This means that the 
signatories cannot be held accountable for actions 
that do not honour the code. 

While governmental funding is, at least formal-
ly, accountable to the public, philanthropy is still 
largely free from public accountability mechanisms 
and democratic control. The Bill and Melinda Gates 
Foundation, for example, is only accountable to its 
three main trustees, that is, Bill and Melinda Gates, 
alongside Warren Buffet. Although philanthropic 
and charitable organisations, by definition, aim to 
serve the public interest, foundation trustees are the 
ones to decide a.) what the public interest is (e.g. 
global health), b.) what a problem is (e.g. malaria), 
and c.) how they want to fix it (e.g. with gene drives) 
(Barkan 2013). 

Today, more and more funders have precon-
ceived notions about social problems and their 

solutions. In an approach called “strategic philan-
thropy”, they develop specific policy or outcome 
agendas to be fulfilled by their grantees; thereaf-
ter, the grantees seem to take on the role of con-
tractors (Rourke 2014, 2). Academic experts have 
questioned the Bill and Melinda Gates Foundation’s 
global health research priorities. Some in particu-
lar critique the emphasis on technology and tech-
nological fixes (Belluz 2015). The growing influence 
wealthy philanthropic organisations, such as the Bill 
and Melinda Gates Foundation, have on funding 
for global health (Belluz 2015) and the lack of real 
public accountability, raises the question of wheth-
er, and how, the public can be truly involved in the 
discourse on gene drive R&D.

As the Gene Drive Files have revealed, the prin-
ciple on transparency, which is key to the guiding 
principles, has already been violated by important 
signatories. They have been officially named as hav-
ing engaged in coordinated “closed door” efforts to 
influence UN agencies’ support of gene drives, and 
also in avoiding media engagement (Boëte 2018; 
Gene Drive Files 2017c). This gives the impression 
that instead of genuine stakeholder engagement, 
which could theoretically result in the rejection of 
the gene drive approach, the aim of these signato-
ries is simply to gain acceptance for their agenda.

Another issue is that DARPA, as probably the 
largest funder of gene drive R&D, is missing from 
the list of signatories. There seems little interest on 
the part of DARPA to engage thoughtfully with stake-
holders and the public in discourse on gene drive 
R&D. At the first public meeting of the Committee 
on Gene Drive Research in Non-Human Organisms, 
Col. Daniel Wattendorf stated: “...we may not have 
the time in this case to actually wait for, and make 
calls for, certain scientific actions and communities 
to deliberate. We actually may need to be working 
on technology solutions right now. And the alacrity 
of our [DARPA] institution to be able to do that is at 
hand” (Wattendorf 2015). 

Lastly, while the five guiding principles could 
become very important for responsible R&D, they 
currently do not allow for discussion about how a 
problem should be tackled and what research is 
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being done in the first place. As we discuss under 
consideration of the Precautionary Principle (PP) 
later (Section 8), and as the European Environ-
ment Agency has noted, thorough practice of the PP 
would always include inter alia assessment of what 
may be the multiple alternative trajectories which 

could meet the same social goals and needs as the 
prevailing trajectory. Thus, even a thorough enact-
ment of the five guiding principles would fail to meet 
the internationally established Precautionary Princi-
ple requirements. 

4  Conflicts of interest in science
Conflicts of interest may play a major role in 

what is communicated about a technology, what re-
search is conducted, and how the results of scien-
tific studies are communicated and used in practical 
investment and regulatory decisions.

It is well established that commercial conflicts of 
interest in science can jeopardise the independence 
of research. The discussions in this area have fo-
cused on the field of medicine, where compromises 
have repeatedly occurred in research participants’ 
well-being, research initiatives, publication of re-
sults, interpretation of research data, and scientific 
advancement, all because of industry funding for 
research (Tereskerz et al. 2009). Industry funding 
can also skew the research agenda, with major im-
plications for what kind of research gets funded and 
how this is communicated and used (Wallace 2009). 
Adverse effects, among many others, may include 
biasing the research and associated policy agendas 
towards false or ineffective solutions to a problem, 
potentially leading to major negative impacts on 
public health (Wallace 2009; Kearns 2016).

Conflicts of interest are not limited to scientists 
working in the commercial sector. Krimsky (2003) 
describes how university science is now entangled 
with entrepreneurship, and investigates the effects 
of modern, commercialised academic science. 
Vallas and Kleinman describe how “the structural 
reconfiguration of academic science generates an 

increasing tension between the ‘ideal’ culture of ac-
ademic science and the ‘real’ culture of market-ori-
ented logics governing the pursuit of capital in one 
or another form” (Vallas and Kleinman 2008, 306). 
Patents held by academic scientists are also a rec-
ognised source of conflicts of interest (Mayer 2006). 
In relation to GDOs, Brossard et al. note that “rele-
vant conflicts of interest can go beyond the financial 
ones and can include how the topic at hand relates 
to our worldviews, the success of our next grant 
proposal, or the positive views of our administrators 
and colleagues” (Brossard et al. 2019, 5).

In addition, bias is not limited to commercial in-
terests. Scientific bias has been well studied in the 
medical research literature, where several types 
of interpretative bias (bias in the analysis of data, 
rather than in the measurements themselves) have 
been identified (Kaptchuk 2003). These also in-
clude “confirmation bias” – evaluating evidence that 
supports the scientist’s preconceptions differently 
from any evidence that challenges these convictions 
(Kaptchuk 2003, 1454).

A major problem is scientists ‘over-promising’ in 
order to secure research funding, which is now al-
most routine (Gannon 2007). Hype and ‘over-prom-
ising’ are discussed further below. Other impacts of 
conflicts of interest in GM insect research are dis-
cussed further in Section 7.
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5  The role of hype in the Gene Drive  
discussion

5.1 The role of hype in securing research 
funding (for Gene Drive research)

Hyperbole or “hype”, in terms of scientific re-
search, means “extravagant or exaggerated pro-
motion” of whatever one protagonist is attempting 
to sell to another. Promises about future benefits 
play an important role in securing (competitive) in-
vestments in R&D. In some cases, the grant being 
sought is corporate or venture capital investment, 
underpinned by intellectual property (IP). In other 
cases, funding for research, whether academic or 
private, may be coming from governments, philan-
thropic organisations or a combination of the above.

Writing more than a decade ago, Gannon (2007) 
argues that “hype” in science is spreading for sev-
eral reasons, including: the increasing pressure on 
institutions and researchers to secure funding from 
diverse sources; the requirement that scientists ex-
plain the relevance of their work to the general pub-
lic; and the fact that many grant applications require 
the applicant to explain the impact of their work 
on society. Scientists are in a fierce competition 
to maintain and increase public as well as private 
support and funding, and therefore, “…scientists 
over-promise by sending messages of being close 
to their goals, even if this is not true” (Gannon 2007, 
1087). Gannon notes that the promise that a cure 
is just around the corner, if only a few million more 
in funding is forthcoming, more often than not is an 
exaggeration. However, when it comes to scientific 
publications and grant applications, reviewers do 
not usually comment on the credibility of the claims 
made for future benefits that might arise from the 
research. Furthermore, they do not ask for the same 
level of proof for these speculations as they do, for 
example, for speculations on a step in scientific 
methods. This has led to overstretched expecta-
tions of what science and technology can achieve, 
both among the public and among funders. 

Future releases of GDOs have been claimed to 
bring tremendous benefits to society, for example 
the end of malaria or Lyme disease. Even though 
R&D is still in its infancy and far from any field tri-
als, gene drive researchers have informed potential 
philanthropic funders that “gene drive research has 
the potential to make enormous positive impacts on 
global human health” (Darrow et al. 2016, 3). Whilst 
this recommendation comes with extensive caveats 
about the need to also fund “gene drive safety and 
control”, little doubt is expressed about the ability 
of open releases of GDOs soon being able to play a 
major future role in tackling serious infectious dis-
eases. In some academic journals, in contrast, nu-
merous doubts are expressed about the potential of 
GDOs to deliver on any of these promises. 

One issue is the likely evolution of resistance to 
the introduced trait. For example, Brossard et al. 
note that most of the public discussions of gene 
drives relate to one type of gene drive, where the 
release of a small number of individuals could, in 
theory, cause the spread of the gene drive through 
entire populations of the engineered species world-
wide. They state that “It is important to recognize 
that this is only one type of gene drive and that it 
will be very difficult to develop such a gene drive 
to function indefinitely without pests evolving resist-
ance to it” (Brossard 2019, 2). They also note that 
an alternative approach involves the use of a GDO 
which produces many unviable offspring; but this 
would theoretically require enough individuals to 
be released so that the engineered individuals are 
initially more than 25% of the total population. In 
practice, there might be significant practical difficul-
ties in achieving this, in addition to the complexities 
of how ecosystems might respond.

In relation to GM mosquitoes, including those 
incorporating gene drive mechanisms, Beisel and 
Boëte ask “How might a control strategy that is 
embodied in the mosquito genome play out in the 
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face of ecological complexity, adaptability and re-
sistance? Which risks might the strategy entail and 
how are risks and benefits distributed?” (Beisel and 
Boëte 2013, 40). They also raise the question of 
“how to think about biological adaptability of GM 
mosquitoes in relation to the coexistence of mos-
quitoes, parasites and humans over time?” (Beisel 
and Boëte 2013, 42). The same authors also note 
that the basic relationship between the density of 
mosquitoes, human infection and disease is poorly 
understood. More than 450 species of Anopheles 
mosquitoes are known worldwide; around 70 are 
malaria vectors (of which 41 are thought to be dom-
inant vector species or species complexes), and the 
rapid reproduction and evolution of mosquito pop-
ulations makes them dynamic and adaptable (Beisel 
and Boëte 2013, 46; Sinka et al. 2012, 1). Moreover, 
new species continue to be identified with the aid of 
molecular techniques (Coetzee et al. 2013). Hybrid-
isation occurs between major vector species, with 
hybrids typically occurring at rates of about 1% in 
most areas, but up to 24% in others, for reasons that 
are not fully understood (Lee et al. 2013; Mancini 
et al. 2015). This poses a risk of gene flow between 
species, if gene drive Anopheles mosquitoes were 
to be released. However, the fact that hybridisation 
is limited also implies that releasing one species 
of gene drive mosquito is unlikely to suppress the 
population of another species, which may therefore 
expand its range and continue to transmit malaria. 
This multi-species challenge is rarely discussed in 
public.

5.2 The role of hype in framing the public 
discourse

Public support is a very important factor contrib-
uting to the success of a technology and its capacity 
to become economically viable (Esvelt 2018a, 5). 
Since the 1990s, when there were major concerns 
amongst policy, commercial and scientific elites 
about indiscriminate public mistrust in science, 
cultivation of public acceptance of science-based 
innovation of almost any kind has become a policy 
and industrial mantra. For example, the perceived 
worth and benefit of potential applications have al-
ways played an important role in public acceptance 

of biotechnology. “The relatively low levels of pub-
lic support for a variety of gene transfers change 
dramatically when a gene transfer is tied to achiev-
ing a specific goal that is deemed worthy” (Amin et 
al. 2007, 42). 

Media, including scientific media, often over-
emphasise the potential future benefits of any giv-
en technology while downplaying the risks. While 
the media’s desire to tell an interesting story may 
be partially responsible for reporting exaggerat-
ed promises, journalists are not always the source 
of such exaggerated claims. Bubela and Caulfield 
(2004, 1399) found that the majority of 627 analysed 
newspaper articles accurately reflected the claims 
made in scientific and medical journals. Although 
media sources can be at fault as well, pressure by 
industry and funding entities may lead researchers 
to make claims about future benefits of gene drives 
in order to secure research funding. Picked up by 
media journalists, these claims may then also frame 
public understanding of the technology and what it 
might do long before it is ready to be applied. In the 
end, it is important to note that researchers, media 
and industry all play a role in framing the public dis-
course of gene drives.

In the following sections, we will have a closer 
look at some examples of exaggerated and overly 
optimistic promises made about this technology in 
newspaper articles, as well as in scientific journal 
articles and patent applications; and we will discuss 
how erroneous descriptions and perceptions con-
tribute to framing the public discourse.

5.2.1 Headlines

Headlines are a source of information for the 
many people who do not have the time to read full 
articles. Of course, headlines tend to exaggerate 
and use catch-phrases in order to gain the reader’s 
attention. Gene drive-related headlines often in-
clude exaggerated and sometimes quite unsubstan-
tiated promises, for example making claims about 
being able to offer public health or conservation 
benefits:
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•  The CRISPR machines that can wipe out entire 
species (Ryan 2019).

•  Argument builds around a genetic tool that can 
erase an annoying species (Meador 2016).

•  Genetically modifying Zika virus out of exist-
ence (Flam 2016).

•  Powerful ‘Gene Drive’ Can Quickly Change an 
Entire Species (Stein 2015).

Since to date no open releases of gene drive 
organisms have taken place (nor are such releases 
planned), it is too early to say what GDOs “can” do, 
or that they will be able to predictably wipe out a 
species. The gene drive research currently being 
done is lab and modelling work. As Oxitec’s failed 
open release experiments with GM mosquitoes in 
the Cayman Islands have shown (GeneWatch UK 
2018), results from the lab or models can be insuffi-
cient predictors what will happen in the field. How-
ever, much confidence was invested by the scien-
tists in those partial methods. Using a headline that 
strongly implies what the technology can do once 
ready to be applied may be less of an informative 
description and more of a mechanism for influenc-
ing public understanding of the technology. 

5.2.2 Terminology

In a subtler way, the language and terms used to 
describe gene drives can themselves convey promis-
es which influence how the technology is perceived. 
Different terms are being used to portray what gene 
drives are supposed to be able to do: modification 
drive, suppression drive, sensitising drive, global 
drive, local drive or daisy chain gene drive, reverse 
drive or daisy restoration drives, etc. Some of these 
terms, especially “local drive” or “reverse drive”, 
intentionally convey a promise of safety, contain-
ment, control, reversibility and redress, even though 
none of these concepts has ever been proven. Kevin 
Esvelt has often publicly stated that he opposes 
closed-door science and that gene drive research 
must be open and transparent (see for example Es-
velt 2016; 2018b). Therefore, he wants to inform the 

public about the experiments his research group is 
planning to do before they are actually conducted. 
As a result, before actually successfully developing 
them, Esvelt’s ‘Sculpting Evolution’ research group 
has presented its concept of so-called ‘daisy chain 
gene drives’ and what different versions could do. 
By doing so, they helped to establish many of the 
above-named terms, although all are hypothetical. 
Not only do we not know whether these theoretical 
concepts will behave as intended and promised in 
the field, they have not even been demonstrated in 
a lab. 

Nevertheless, many speculations have already 
been made, for example: that the daisy drive sys-
tem will “return power to the hands of local commu-
nities” (Sculpting Evolution n.d.b), who, once (and 
if) it is operational, will be able to decide whether 
or not to use gene drives to solve local ecological 
problems; or that they could be used to restore a 
population to its original genetic state (Sculpting 
Evolution n.d.c). While these researchers find it 
problematic to release GDOs that are designed to 
“spread indefinitely” (Sculpting Evolution n.d.b.), 
they see no problem in releasing daisy drives, which 
are intended to have a limit to their spread. In their 
patent application on daisy chain gene drives (see 
Section 6.2) they promise: “Daisy chain gene drives 
designed using methods provided herein can be 
used to address otherwise intractable ecological 
problems, with a level of safety inherent in their 
design, that reduces or eliminates a likelihood of 
global effects as occurs for conventional gene drive 
organisms that are released into the wild“, and: 
“Unlike previous global gene drive system, methods 
of the invention provide designs for daisy chain gene 
drives that can be safely tested in field trials” (Es-
velt, Min, and Noble 2017, 55-56). 

A side-effect of this supposed open and trans-
parent approach to research is that a.) promises 
about future benefits of a hypothetical, untested 
concept are made very early in development; b.) 
the language and terms conveying these promises, 
as if they were already-proven reality, are already 
established in society well before a technology ac-
tually exists.
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5.2.3 Application promises

As discussed above, a specific goal or applica-
tion perceived perhaps as dangerous but also as 
worthy, for example in saving human lives, can in-
crease public support for that technology. There-
fore, it is important to show the public how they 
personally, or the world as a whole, can directly 
benefit from this technology: “Although many ques-
tions about this technology remain unanswered, we 
are optimistic about the potential of gene drives in 
strengthening the public health arsenal and reducing 
worldwide human suffering“ (Darrow et al. 2016, 2).

Although any form of gene drive technology is far 
from being tested in the field and further yet from its 
promises of beneficial applications becoming real-
ity, a lot of emphasis has already been placed on 
future beneficial applications being delivered once 
the technology is made available. For example, the 
following quotes paint an overoptimistic picture of 
the potential health, environmental and agricultur-
al applications of gene drives: “The ability to edit 
populations of sexual species would offer substan-
tial benefits to humanity and the environment. For 
example, RNA-guided gene drives could potentially 
prevent the spread of disease, support agriculture 
by reversing pesticide and herbicide resistance in 
insects and weeds, and control damaging invasive 
species“ (Esvelt et al. 2014, 1); “…it could be used to 
conserve threatened or endangered species, com-
bat invasive species, or control agricultural pests. 
It is particularly tantalizing as a potential weapon 
against vector-borne infectious disease“ (Abbasi 
2016, 483); “Effective gene drives may enable us 
to control invasive species, re-sensitize organisms 
that have developed resistance to insecticides and 
herbicides, and reduce or eliminate many types of 
vector-borne diseases, all at a low cost“ (Champer, 
Buchman, and Akbari 2016, 147).

As the examples above show, three areas of ap-
plications of gene drives are most prominent: public 
health, conservation and agricultural applications, 
with hoped-for eradication of vector-borne diseas-
es currently being the most commonly hyped poten-
tial application of gene drives. In addition to these 
direct benefits promises about the results of gene 

drive R&D, it is sometimes argued that the gene 
drive approach might actually be the more sustain-
able alternative for other already applied technical 
solutions, for example by decreasing the numbers 
of GM mosquito releases: “To date, trials [with GM 
mosquitoes] have used a self-limiting approach, 
requiring repeated mass release of GM males. But 
a self-sustaining control would be possible using a 
gene drive system, eliminating the need for ongo-
ing releases…” (Piaggio et al. 2017, 102); or by de-
creasing the use of toxic pesticides: “For example, 
a gene drive to suppress non-native rodent popula-
tions on remote islands could reduce the need for 
alternative forms of control such as the use of ro-
denticides. The cost of administering rodenticides is 
estimated to be in the millions of dollars and roden-
ticides may also harm non-target species” (NASEM 
2016, 5). Not mentioned is the question of whether 
gene drives will work in mammals at all, and what 
practical and social implications the release of gene 
drive rodents on these islands might have: for ex-
ample, how many GDOs would have to be released 
to efficiently control the island population, how long 
would that take and what damage could the GDOs 
cause in the meantime? 

Furthermore, it has even been argued that Gene 
Drives “could make the world a more just place”, 
thereby adding a moral, ethical component. Accord-
ing to the MIT technology review, Esvelt considers 
evolution a blind, amoral process, whose only goal 
is to survive, comparing it to a “larger failing of the 
universe”. This should be rectified with gene drives 
and the ability of experts like himself to “fine-tune 
the battle for survival” (Regalado, 2016b). This 
shows the immense confidence of some gene drive 
researchers that they are not only able to alter or-
ganisms and eventually populations, but the evolu-
tionary process itself. Fittingly, Esvelt called his re-
search group at the MIT media lab in Massachusetts 
“Sculpting Evolution”.

Below we will take a closer look at the specific 
promises made in these three sectors.
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Public health promises

Where biotechnology is concerned, human 
medical and health applications are generally bet-
ter accepted by the public than are agricultural ap-
plications (Amin et al. 2007, 40). In the gene drive 
discourse, a great deal of emphasis is being put on 
potential public health benefits. The most common 
promise is that gene drives, once applied, will have 
the potential to eradicate vector-borne diseases 
such as malaria, dengue fever or Zika, either by 
suppression of the vector population or by render-
ing the vector population resistant to the parasite, 
virus or bacteria. This is illustrated with the follow-
ing quotes: “With gene drives, it may be possible to 
kill off a mosquito population or make the popula-
tion resistant to malaria parasites” (Wade 2015a); 
“Gene Drive mosquitoes have tremendous potential 
to help eliminate malaria, and multiple gene drive 
approaches have recently shown promise in labo-
ratory settings” (Eckhoff et al. 2016, E255); “These 
findings could expedite the development of gene 
drives to suppress mosquito populations to levels 
that do not support malaria transmission” (Ham-
mond et al. 2016, 78); “In the U.S., scientists are 
racing to develop similar genetic suicide vests for 
mosquitoes that spread Zika and dengue fever” (Re-
galado 2016b).

When gene drives are proposed as potential 
solutions for public health concerns, the proponents 
build their narrative by citing the large numbers of 
people suffering and dying each year from specific 
illnesses: “Malaria alone kills over 650,0002 people 
each year, most of them children, while afflicting 
200 million more with debilitating fevers that eco-
nomically devastate their societies. Dengue, yellow 
fever, trypanosomiasis, leishmaniasis, Chagas dis-
ease, and Lyme disease are caused by other path-
ogens that spread using vectors. All of these can 
potentially be reduced or even eliminated by driv-
ing changes in the vector that prevent transmission” 
(Esvelt and Smidler 2015, 28-29); “A large region, 
at least in principle, could be freed from malaria, 
which kills almost 600,000 people a year” (Wade 
2015b).

2 The World Health Organisation’s World Malaria Report 2018 speaks of 435,000 deaths in 2017.

Sometimes the promises are highly specific and 
ambitious: “Such genes, if successfully propelled 
throughout a wild mosquito population, would ren-
der a region free of the malarial parasite, which 
could no longer spread via mosquito bites” (Wade 
2015a); “the inserted genes are expected to spread 
rapidly and take over a wild population in as few as 
10 generations, or a single season” (Wade 2015b, 
emphasis added). Another, equally optimistic one 
states: “Although all vector species must be target-
ed in a given area in order to stop transmission, the 
disease will be permanently eradicated if the newly 
vacated ecological niches are filled by competing 
non-vector species. Significantly, this strategy re-
quires little or no understanding of the vector’s mo-
lecular biology, but unavoidably entails the local 
or possibly global extinction of the vector species“ 
(Esvelt and Smidler 2015, 29, emphasis added).

Such statements convey the impression that once 
this technology is applied, it will work predictably, 
as intended, and also that it will work rapidly, there-
by being a sensible or the only solution to combat 
vector-borne diseases. Missing are all the varied 
caveats about what might go wrong if the technolo-
gy doesn’t work as intended; for example, when the 
mosquitoes develop resistance to the gene drive. 
Anyone conversant with biology knows that there is 
no guarantee that the vacated ecological niche will 
be filled with a non-vector species, as Esvelt and 
Smidler (2015) suggest, and not by another mos-
quito species (Wilke et al. 2018, 5-7). Furthermore, 
potential ecological problems arising if an ecolog-
ical niche is filled with a species that previously 
played a minor role in that particular ecosystem are 
not brought up. In the case of genetically modified 
Bt crops, we have seen that reducing the numbers 
of a specific pest in an area often leads to the es-
tablishment of secondary pests that may be just as 
destructive (Lu et al. 2010; Wang et al. 2008; Wu 
et al. 2002; Zhao 2011). In the case of mosquitoes 
which transmit dengue, the former Chief Scientific 
Officer of GM insect company Oxitec, Luke Alphey, 
has stated: “Since Ae. aegypti and Aedes albopictus 
are known to compete…it is possible that the suc-
cessful implementation of…gene drives could lead 
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an existing Ae. aegypti population to be displaced 
by Ae. albopictus where it would not otherwise have 
been. This would likely hamper efforts to eliminate 
viruses such as dengue since Ae. albopictus are also 
competent vectors...” (Edgington & Alphey 2018, 
21-22).

Conservation promises

It is often promised that synthetic biology and 
especially gene drives could make a significant con-
tribution to conservation efforts. In 2017, Piaggio et 
al. published a paper called “Is it Time for Synthetic 
Biodiversity Conservation?” in which they claim that 
synthetic biology might be the long-desired solution 
for many conservation problems. They state: “The 
field of synthetic biology, which is capable of alter-
ing natural genomes with extremely precise editing, 
might offer the potential to resolve some intractable 
conservation problems…”, adding: “It has become 
apparent that synthetic biology holds tremendous 
potential across numerous fields, including conser-
vation biology” (Piaggio et al. 2017, 97).

One promise often mentioned is that gene drives 
could help control invasive alien species, such as ro-
dents on islands, resulting in protection for the en-
dangered species threatened by them. Although this 
is highly theoretical and far from any experimental 
validation, gene drives are already being treated by 
some science reporters and gene drive researchers 
as known working tools in the conservation toolbox: 
“What’s more, the technology also offers a new way 
to delete invasive species from islands like Hawaii, 
something that could rescue native birds at the edge 
of extinction” (Regalado 2016b). As seen above with 
promises about public health, proposals to use gene 
drives as solutions often portray the severity of the 
situation and then propose gene drives as potential 
technical fixes, without appropriate time or research 
going into whether they will work as intended, what 
could go wrong on the ground, how we would deal 
with that and especially, what the alternatives are: 
“One of the most environmentally damaging conse-
quences of global economic activity is the transport 
of invasive species, which often causes ecological 
disruption and the extinction of native species. Iso-
lated ecosystems such as those on small islands 

are especially vulnerable. Cas9 Y-drives have tre-
mendous potential to promote biodiversity by con-
trolling or even eradicating these species from indi-
vidual islands or possibly entire continents” (Esvelt 
and Smidler 2015, 29).  

Another promise is that gene drives could im-
munise endangered species, such as amphibians, 
against pathogens: “Although not yet developed, 
other payload genes of great practical importance 
may immunize threatened or agriculturally impor-
tant organisms against pathogens, such as...genes 
that render amphibians immune to the killer Chytrid 
fungus, which is responsible for the decline of am-
phibian species all over the world” (Champer, Bu-
chman, and Akbari 2016, 147) or “Such RNA guid-
ed Cas9 gene drives may be used to quickly spread 
protective alleles through threatened or soon-to-
be-threatened species such as amphibians“ (Esvelt 
and Smidler 2015, 28). 

The extremely speculative nature of such state-
ments is rarely highlighted, and readers (the public 
and the funding bodies) are likely to infer the sci-
entists’ excitement and confidence reflects immi-
nent breakthroughs, rather than what is more likely, 
a desire for public approval and further funding. 
Statements about the practical implementation of 
these approaches are mostly lacking. Grunwald et 
al. (2019), for example, indicate that there might be 
additional technical hurdles to develop efficient gene 
drives in mammals, compared to insects, stating “…
it appears that both the optimism and concerns [that 
gene drives could be used to reduce invasive rodent 
populations] are likely to be premature” (Grunwald 
et al. 2019, 108). Moreover, alternative methods 
to control invasive species that are, or with better 
understanding, could be available to society, may 
be equally cost-effective and much more within the 
realm of predictability and control than these as yet 
non-existent technical fixes. But this basic dimen-
sion of responsible democratic social appraisal and 
choice seems largely ignored. Gene drives are por-
trayed as an added or even only possible solution 
to different conservational issues in the above men-
tioned statements, although many of the species 
mentioned have never even been tested in the lab.  
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Agricultural promises

Gene drive patent applications also include 
many potential agricultural applications. In his 2003 
patent application, Burt already stipulated that gene 
drives could be used to control pest populations or 
to render pest and weeds that have developed re-
sistances to certain pesticides susceptible again, 
stating: “The method may also be used to inter-
rupt other, non-lethal genes, e.g. a gene that con-
fers a pesticide resistance onto a crop, thus making 
the pest susceptible to the pesticide again“ (Burt 
2003, 31). Nevertheless, agricultural applications, 
such as gene-drive mediated pest control, are less 
widely discussed in the media than potential health 
or conservation related applications (Courtier-Or-
gogozo et al. 2017, 878). As stated above, human 
medical and health applications are generally bet-
ter accepted by the public than agricultural biotech 
applications. Potential agricultural applications be-
ing mentioned – mostly gene drive-mediated pest 
control, or the reversal of pesticide resistance, 
using so-called “sensitising drives”- are portrayed 
as sensible or sustainable solutions to current ag-
ricultural problems: “Additionally, the versatility 
of RNA-guided endonucleases may allow for other 
suppression approaches, such as the reversal of re-
sistance to pesticides or herbicides by specifically 
targeting resistance alleles and replacing them with 
sensitive ones — a process that could be repeated if 
resistance is reacquired“ (Champer, Buchman, and 
Akbari 2016, 147), or: “Compared to other pest 
management techniques, it [gene drive-mediated 
pest control] is cheaper, more precise, and, so far, 
less controversial as, say, the use of pesticides”, 
adding that gene drive-mediated pest control may 
“easily eradicate a species” (Courtier-Orgogozo et 
al. 2017, 878). However, these are still approaches 
within the prevalent industrial agricultural system, 
likely to be attractive to major agrochemical com-
panies (further discussed in Section 6.2). Moreover, 
gene drives so far have not been tested and might 
not work in plants. For example, the cell repair 
mechanism predominant in plants3 might prevent 
the gene drive element to be copied to the damaged 
chromosome (see Chapter 1 for more details). As 

3 Called Non-Homologuous End Joining (NHEJ)

for other GDOs, ecosystem responses may also be 
complex and unpredictable.

5.3 Implications of hype for alternatives

Hype about new technologies can undermine ex-
isting or more practicable alternatives, by diverting 
resources from promising approaches. For example, 
Beisel and Boëte note that “beyond the question of 
whether or not GM mosquitoes can work, we should 
be asking what other kinds of techniques they re-
place or marginalize by directing resources away. As 
a tool of transfer and an instrument of eradication, 
they entangle malaria in institutional and econom-
ic calculations—between companies, philanthro-
capitalist endeavours, macroeconomic models and 
global health agendas. At the same time, GM mos-
quitoes disentangle malaria from more local forms 
of control—the low-tech labour-intensive forms 
of management that belong to place” (Beisel and 
Boëte 2013, 47).

However, the body organising public engage-
ment in new technologies is often the same one that 
has developed and/or invested in the technological 
fix being promoted. As such, it does not have prop-
er incentives to explore alternatives as part of any 
public engagement exercise. Although alternatives 
are often mentioned, this is usually in a way which 
highlights their limitations and diminishes or dis-
misses the role that they can play. In the agricultural 
GM crops domain, Vanloqueren and Baret (2009) 
have explained in detail how this anti-scientific 
lock-in to a particular technology occurs, and how 
it correspondingly locks out what may well be more 
sustainable, more ethical, and more acceptable, al-
ternative technical, scientific and social trajectories.

For example, for dengue control, the GM mos-
quito company Oxitec restricts discussion of alter-
natives to GM mosquitoes to the use of larvicides 
and adult spraying, with most focus on adult spray-
ing (which is widely recognised to be ineffective), 
although they do mention wearing a long-sleeved 
shirt and using mosquito repellent (Parry 2012). 
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They do not discuss existing methods of control, 
such as destruction of breeding sites by govern-
ment-employed inspectors or local communities; 
or social and environmental measures, such as im-
proving water and sewage systems and shredding 
waste tyres (which provide potential breeding sites). 
Absence of a tap water supply is correlated with an 
increased incidence of dengue, because water stor-
age containers used by households without tap wa-
ter supply provide mosquito breeding sites (Schmidt 
2011, 6), and the presence of a good primary health 
care system can significantly reduce the incidence 
of dengue (Roriz-Cruz et al. 2010). World Health 
Organization research has also focused on utilising 
new non-insecticidal intervention tools (such as rec-
tangular water container covers in India, sweeping 
nets or dragon fly nymphs in Myanmar, and cope-
pods and screen covers for earthen jars in Thai-
land), and on engaging local communities in these 
methods (TDR 2013).

Reis de Castro and Hendrickx (2013, 121) use 
the concept of ‘ordinary treasure’ to describe how 
releases of Oxitec’s GM mosquitoes in Brazil were 
characterised as both ordinary (and hence unprob-
lematic) on the one hand, and as valuable treas-
ures (embedding hopes and expectations of tack-
ling disease). Reis de Castro and Hendrickx (2013, 
123-124) describe a ‘rhetoric of hope’, in which 
arguments about the possible negative effects of re-
leasing GM mosquitoes in Brazil are perceived as a 
threat to the economy, and moreover, in the case 
of new technologies designed to tackle disease, as 
equivalent to not caring for people who are suffer-
ing. Reis de Castro and Hendrickx note (2013, 123) 
how the GM insect technique “follows a deep-root-
ed logic that focuses on the mosquito, rather than 
analyzing and improving social conditions, health 
care or medical interventions” and conclude (2013, 
124) that “In this sense, the case of the transgenic 
mosquitoes in Brazil evidences a technological fix 
that proposes to overcome not only a problem in 
the individual attitude [to mosquito control] or the 
government’s actions, but an entire deficient infra-
structure”. This analysis raises questions about the 
wisdom of spending time and money on unproven 
technology, rather than fixing the social structures 
that caused the problems in the first place.

The same rhetoric is now evident in claims about 
GDOs, including the potential use of gene drive in 
mosquitoes to tackle diseases such as malaria, as 
detailed above.

Failure to properly include alternatives can lead 
to significant opportunity costs, especially if large 
sums of money - and other resources, as well as time 
- are wasted on unrealistic future promises rather 
than implementing existing interventions effective-
ly and conducting more cost-effective, diverse, and 
appropriate R&D. For example, Beisel and Boëte 
argue that “Funding silver bullet solutions such as 
GM mosquitoes diverts resources away from more 
low-cost and local measures in malaria control like 
mosquito nets, larviciding, or increasing health sys-
tems capacities in order to improve access to malar-
ia treatment” (Beisel and Boëte 2013, 54).

5.4 Implications of hype in current public 
engagement exercises 

There are no current open releases of gene drive 
organisms. However, there have been open releases 
of genetically modified (GM) insects on an exper-
imental scale, conducted by the commercial com-
pany Oxitec, which is now owned by the US com-
pany Intrexon (Intrexon n.d.). In Burkina Faso, the 
research consortium Target Malaria aims to begin 
experimental open releases of GM mosquitoes over 
the next year, with a view to beginning open releases 
of gene drive mosquitoes in five to ten years’ time. 
In the US, MIT researchers are proposing releasing 
hundreds of thousands of GM mice into the environ-
ment of Nantucket Island. This project is also seen 
as a possible step towards releasing gene drive mice 
in the future: however, the researchers say they do 
not intend to build gene drives in this organism until 
field trials of non-drive mice are completed and lo-
cal communities request a drive system (Esvelt n.d.). 
Genetic Biocontrol of Invasive Rodents (GBIRd) is 
another research consortium, focused on develop-
ing gene drive organisms in rodents, with a view to 
releasing them into the environment to attempt to 
eradicate pests (GBIRd n.d.). 
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Since no GDOs have yet been released into the 
environment, it is worth examining some of the pro-
posals to release GM insects – which have taken 
place, or are imminent – in order to compare the 
rhetoric of the relevant institutions with what hap-
pens in reality. This is particularly important in the 
case of Target Malaria, which plans to release GM 
mosquitoes in the next year, followed by gene drive 
mosquitoes in 5 to 10 years’ time.

On its website, Oxitec describes its GM Aedes 
aegypti mosquitoes as “the solution” to the diseases 
spread by this species of mosquito (including den-
gue, Zika, chikungunya and yellow fever) (Oxitec 
n.d.a). In contrast, Wilke et al (2018, 5) note that 
the ecology of GM mosquitoes is not completely 
understood, and their supposed interaction with 
particular biomes and non-target species is mostly 
theoretical. That’s just one of the reasons why en-
vironmental and ecological variations may alter the 
expected outcome of suppression strategies based 
on GM mosquito releases, which will possibly result 
in failure to suppress targeted mosquito vector pop-
ulations, or in other surprises. Reis de Castro and 
Hendrickx state, “Even from a ‘technical’ viewpoint 
it is by no means clear when the mosquito technol-
ogy can be said to work: does it mean diminishing 
the prevalence of dengue? To what extent? Does 
“working” mean suppressing the population of wild 
mosquitoes – if so, by how much, for how long? 
Further research will be necessary to see how the 
mosquitoes are made to work, under what sort of 
geographical and economic conditions, and with 
what types of political alliances” (Reis de Castro 
and Hendrickx 2013, 127).

To date, all Oxitec’s open releases of GM mos-
quitoes have been experimental; there is no evi-
dence of any reduction in the target diseases; and 
claims for successful suppression of mosquito pop-
ulations have been highly exaggerated (GeneWatch 
UK 2018). Nevertheless, public engagement exer-
cises undertaken by Oxitec take the claimed ben-
efits of open releases of their GM mosquitoes as 
fully established and undisputed. For example, in 
Brazil, Oxitec’s public engagement included a jin-
gle claiming that Oxitec’s GM mosquitoes are “the 
solution” to dengue, “Let him into your house, He’s 

the solution, He fights dengue and won’t bite any-
one, Protect your health, He’s the good mosquito” 
(Bevins 2012).

In 2018, the Environmental Health Minister in 
the Cayman Islands confirmed that trials of Oxitec’s 
GM mosquitoes there did not work and would be 
abandoned (Cayman News Service 2018). Trials in 
Panama and Malaysia had already been abandoned 
by this time, and in Brazil, a totally new version of 
the technology was undergoing early trials. Thus, 
this claim that the GM mosquitoes that had already 
been released were a “solution” was not supported 
by any evidence.

Similarly, Oxitec’s website describes its GM crop 
pests as “the solution” to pest control problems in-
volving four different pest species affecting crops 
such as brassicas, soft and stone fruits, maize, rice, 
sugarcane, cotton and more than 250 kinds of fruits, 
nuts and vegetables (Oxitec n.d.b). However, Oxitec 
has not yet demonstrated that any of their Genet-
ically Modified pests could suppress a wild pest 
population in the field. Further, the trait engineered 
into these GM pests is female-killing “late acting le-
thality”, i.e. the female offspring of the release GM 
males die mainly at the late-larval or pupal stage 
(Fu et al. 2007, 354). This raises concerns about the 
damage they would do to crops during the repeat-
ed mass releases that would be needed to attempt 
to suppress a wild population (Benedict et al. 2010, 
26); and about the contamination of crops with 
GM larvae (many of which may die inside the crop) 
(Reeves and Phillipson 2017). These issues are likely 
to limit the practical application of this technology in 
real-world situations, but are not mentioned in the 
company’s publicity material.

Target Malaria’s website does not claim it has 
an existing “solution”, but does say it is aiming to 
develop one. It states: “Target Malaria is an inno-
vative project aiming to reduce the population of 
malaria-transmitting mosquitoes in sub-Saharan 
Africa. By reducing the population of malaria mos-
quitoes, we aim to reduce the transmission of the 
disease” (Target Malaria, n.d.c) and “We aim to 
develop a technology that can be complementary 
to other mosquito control methods and which of-
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fers a solution that is long term, cost-effective and 
sustainable as it tackles the problem at the source” 
(Target Malaria n.d.d). Nevertheless, Target Malar-
ia’s technology is excessively promoted considering 
it is something which does not yet exist in a form 
even close to being ready for experimental release, 
even in the lab. On the BBC in October 2018, one 
of the project’s researchers stated that “The bene-
fits that this technology can have in terms of human 
lives is massive” (BBC 2018), although the proposed 
open release of GM mosquitoes he is discussing is a 
small-scale release of a different technology, which 
the researchers expect to have no impact on malaria 
at all (ACB et al. 2018). A report published by the 
New Partnership for Africa’s Development (NEPAD) 
of the African Union expresses near certainty about 
future benefits when it states “It will certainly take 
many years before actual outcomes are ready for 
field deployment, but potential benefits for African 
countries against malaria will almost certainly be 
extensive” (NEPAD 2018, 2). Even though they may 
include caveats about the technology, press arti-
cles include headlines such as “Here’s the plan to 
end Malaria…” (Molteni 2018); “A swarm of mutant 
mosquitoes is out to eradicate malaria” (O’Mahoney 
2018); and “A genetically modified organism could 
end malaria and save millions of lives — if we decide 
to use it” (Matthews 2018).

Target Malaria’s proposal to release up to 
10,000 GM mosquitoes over the coming year is a 
training exercise for the researchers; Target Malar-
ia says that these GM mosquitoes will not be used 
for malaria control. This is because repeated large 
releases would be needed to seek to suppress the 
wild population of mosquitoes, which, even if suc-
cessful, would be prohibitively expensive (Hayes et 
al. 2015, 7). Thus, there is no justification for mak-
ing these releases in terms of “anticipated benefit” 
to public health. It is clear that the only benefit is to 
the researchers themselves.

A news report on the proposal to release GM 
mice on Nantucket describes the idea of genetically 
engineering mice that are immune to tick-borne dis-
eases, such as Lyme disease, called “Mice against 
Ticks”, and states: “the hope is to flood Nantucket 
with enough of these genetically engineered mice, 

that they would pass the immunity gene down to 
their offspring for multiple generations” (Boston 25 
News 2017). However, the article also states that 
the researchers have only “identified the genes nec-
essary” and does not mention if they actually have 
any evidence that the plan would work. A year later, 
another article asks “Will Nantucket vote to allow 
genetically altered mice to control Lyme disease?” 
(Mullin 2018). This could be taken to imply that 
mice containing traits that can control Lyme disease 
actually exist, and also suggests that their future 
ability to control disease is not in any doubt.

The GBIRd website asks: “Could we create a 
self-limiting gene-drive modified mouse that bias-
es future generations to be male (or female) only, 
thereby achieving eradication by attrition? If so, 
should we do it? Under what conditions?” (GBIRd 
n.d.). Whilst GBIRd appears somewhat more cau-
tious about making claims of benefit than the oth-
er projects discussed here, it nevertheless implies 
that once the technical challenges are overcome 
(the creation of the genetically engineered mice) this 
will inevitably lead to eradication of the population. 
Elsewhere on the same website a similar implica-
tion is made by stating “Researchers are exploring 
a technique of editing rodent genes in order to pro-
duce either all-male or all-female offspring, which, 
once released onto an island, would effectively 
self-eliminate the rodent population” (GBIRd 2018). 
Basic practicalities, such as how many GM mice 
would need to be released (perhaps many times the 
existing mouse population, in order to successfully 
mate with all the mice already there) and the dam-
age the released GM mice would do on the island 
during the releases, are not discussed at all.

To date, public engagement exercises by Ox-
itec, Target Malaria and GBIRd have been led by 
these companies and research programmes, all of 
which have vested interests in promoting high ex-
pectations of future benefits and downplaying any 
risks. It is hard to see such engagement exercises 
as independent or unbiased. For credible public 
engagement to take place, uncertainty about what 
can be delivered needs to be openly acknowledged 
and unrealistic promises should be avoided. These 
issues are discussed further in Section 10.
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5.5 Summary of findings regarding claims 
of benefits

Promises about the future benefits of new bio-
technologies are often unrealistic, due to the un-
acknowledged complexity of real world biological, 
ecological and social systems. As Chapter 4, page 
219 (Ethics and Governance) of this Report notes: 
“these desirable consequences and benefits in 
welfare only obtain if 1.) gene drives can be made 
dependably operational, 2.) they do not come with 
accompanying or hidden costs to human or envi-
ronmental health, and 3.) they offer a real, long-
term solution”. In the case of GM mosquitoes with-
out gene drive mechanisms it has been shown that 
claims of benefit, based on laboratory results and 
computer modelling, were not delivered in the field. 
In the case of gene drives, R&D is still in its infan-
cy and far from any field trials. Many claims about 
future benefits of gene drives portrayed in media, 
scientific publications and patent applications seem 
farfetched. Public discussion is often limited to 
speculative health and conservation applications, 
with the aim of focusing on claimed benefits more 
likely to attract public support.

Framing public engagement exercises in a way 
that implies tremendous benefits are likely (or even 
inevitable), if and when open releases of gene drive 
organisms take place, is clearly problematic. For ex-
ample, it limits the space for discussion of the usu-
ally poor success rates of so many biotechnological 
innovations thus far (Wallace 2010), the complexity 
of the approach and its dependence on numerous 
unverified assumptions. It also does not address 
the issue of the opportunity costs associated in in-
vesting in any approach that might not deliver the 
claimed outcomes. Further, over-hyped claims of 
future benefits may prevent concerns about nega-
tive impacts on human health from being included 

in the framing of the discussion. That is because, by 
definition, the still theoretical success of the gene 
drive organism in achieving its aim of disease re-
duction is assumed. It also prevents concerns about 
other impacts from being taken seriously because 
harm to ecosystems may be seen as less important 
than saving human lives.

Looking at biotechnology in medicine, Martin 
and Morrison (2006, 16) argue that in order for ef-
fective public policy to be developed, two things 
need to change: first, a more realistic set of ex-
pectations about the speed and scale of innova-
tion needs to be adopted; and secondly, a different 
model, which views biomedical innovation as a slow 
and incremental process, should be used to inform 
public discussion and policy-making. 

Similarly, McKelvey and Bohlin point out that 
decision-making in R&D has to be made under con-
ditions of uncertainty about ‘what will work’ as well 
as about ‘what will raise capital and what will sell’.  
If uncertainty is wide-spread, then the best course 
of action may be to invest in a set of diverse possible 
directions of technological development. They note 
that, “Certainly, biotechnology as an area of con-
cern for basic science, small entrepreneurial firms 
and huge pharmaceutical companies has been one 
which holds out enormous promise - yet has also 
absorbed large amounts of resources with appar-
ently few results in terms of direct industrial devel-
opment” (McKelvey and Bohlin 2005, 98). 

There is a danger that investors, policy makers 
and the public are being misled by unrealistic prom-
ises about what will be delivered through gene drive 
research and development. There may be signifi-
cant opportunity costs if investments are diverted 
from more effective existing tools and R&D trajecto-
ries by these unrealistic promises. 
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6  The role of patents 

4 As of January 2019, the average pendency time (the time between filing of a patent application and the grant of the patent or abandonnement of 
the application, respectively) was approximately two years in the US. For individual patent applications, the pendency time might be much longer, 
especially if a an application is being appealed and needs a decision by the Board of Patent Appeals and Interferences (BPAI) (United States Patent and 
Trademark Office n.d.). With a pending patent application, the applicant can, however already begin to exploit their invention (Erickson Law Group 
n.d.).

As discussed above, promises about future ben-
efits are an important means of securing research 
funding. Promises of potential future applications 
of new technological inventions or concepts are of-
ten voiced in intellectual property claims, the most 
stringent of which is the patent.

A patent gives its holder the right to exclude oth-
ers from the reproduction, use, sale and distribu-
tion of his or her invention for a limited amount of 
time, generally 20 years (World Intellectual Prop-
erty Organization [WIPO] n.d.). Requirements for 
patentability usually are: novelty, inventive step 
(‘non-obviousness’ in US patent law) and industri-
al applicability (‘usefulness’ in US patent law) (Art 
52(1) European Patent Convention 2019, 27; 35 
U.S. Code §§ 101-103, 2017). 

The patent system is an artificial legal construct, 
established as a means of compensating inventors 
for their investments in R&D. The idea was that of-
fering the possibility of gaining a reward would act 
as an incentive to create inventions and thereby 
foster innovation, economic growth and ultimately 
benefits to society. Today, however, the role of pat-
ents is controversial (see below).

In the next section, we give an overview of pat-
ents on gene drives and related technologies. We 
discuss what these patents cover, who the patents 
belong to and who they have been licensed to. Fi-
nally, we discuss whether patenting gene drive 
technology could be a means of regulating their use, 
as well as how patents on gene drives may influence 
innovation, research priorities and social benefits.

6.1 CRISPR-based patents

In 2014, Esvelt et al. were first to suggest using 
CRISPR/Cas9, a so-called genome editing tech-

nique, to build gene drive systems. This greatly 
boosted gene drive R&D as previous chapters of 
this Report have demonstrated. The CRISPR/Cas9 
technology, which had been hailed as the “biggest 
biotech discovery of the century” (Regalado 2014), 
had started a flood of patent applications4. Accord-
ing to IPStudies, an IP consulting firm based in Swit-
zerland, more than 2230 families of CRISPR-based 
patent applications had been filed by January 2018, 
60% of which were filed by institutional applicants. 
The rest were filed by industrial applicants, individ-
ual inventors or were co-filings between industrial 
and institutional applicants (IPStudies 2018). The 
number of CRISPR-based patent applications in-
creases monthly, with an average of 3 new patent 
publications per day. 

The foundational CRISPR patents (Charpentier et 
al. 2013 and Zhang et al. 2014) have started a huge 
patent war between the institutional applicants and 
their researchers, Jennifer Doudna of the University 
of California, Berkeley and Emmanuelle Charpentier, 
then of Umeå University, Sweden, on the one hand, 
and Feng Zhang of the Broad Institute (affiliated with 
the Massachusetts Institute of Technology and Har-
vard University) on the other hand (see Box 1). 

Box 1: War over CRISPR patents in the U.S.: UC 
Berkeley vs. Broad Institute 

In 2012, Jennifer Doudna, University of Cali-
fornia Berkeley and Emmanuelle Charpentier, 
then of Umeå University, Sweden, showed that 
CRISPR/Cas9, which is used by prokaryotes (bac-
teria and archae) as defence mechanisms against 
viral infections, can be reprogrammed to cut iso-
lated DNA at a chosen site. On May 25, 2012, 
they filed a patent application for their invention 
in the US. A couple of months later, in December 
2012, Feng Zhang of the Broad Institute and the 
Massachusetts Institute of Technology (MIT) in 
Cambridge also filed a patent application for the 
CRISPR/Cas9 technique in the US. Zhang’s team 
reported that CRISPR/Cas9 also works in more 
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complex living eukaryotic cells, including plant, 
mice and human cells that do not have an endoge-
nous CRISPR system. Although filed later, Zhang’s 
patent was granted in 2014, while the Doud-
na-Charpentier patent application remained un-
der review. This led the UC Berkeley group to re-
quest an interference procedure with the US Patent 
and Trademark Office (USPTO). This procedure, 
unique to US patent law, is a means of examining 
whether the claims of two patents overlap and, if 
this is the case, who was the first to invent a com-
monly claimed invention. During the interference 
procedure, which started in January 2016, both 
parties filed hundreds of pages of documents with 
the court. The procedure moved beyond scientific 
argumentation and became unusually hostile, with 
allegations of impropriety and accusations of bias. 
The UC Berkeley team argued that Zhang’s appli-
cation to eukaryotic cells was obvious to a “person 
of ordinary skills” and hence lacks ‘non-obvious-
ness’, a condition for a patentable invention. (Led-
ford 2016 a, b, c; Reardon, 2016; Sherkow 2017a)

The hearing, which received a lot of internation-
al attention, took place on 6 December 2016 at the 
USPTO. In February 2017, the US Patent Trial and 
Appeal Board (PTAB) ruled that there was no inter-
ference between the two inventions, which means 
that the Broad Institute will be able to keep its US 
patents. This ruling, which would give the Broad 
Institute control over the potentially most lucrative 
applications of CRISPR/Cas9 in plants, animals 
and humans, led to a rapid increase in  the stock 
price of Editas Medicines, which has an exclusive 
licence from the Broad Institute to develop treat-
ments for rare diseases using CRISPR, while the 
stock prices of its direct competitors Intellia Ther-
apeutics and CRISPR Therapeutics, which have 
exclusive licence agreements to use UC Berkeley’s 
patent application, fell by 10 and 15 percent, re-
spectively (Regalado 2017; Ledford 2017).

UC Berkeley subsequently filed an appeal to 
the US Court of Appeals for the Federal Circuit, 
claiming “fundamental errors of law”; but on 10 
September 2018 the US Court of Appeals upheld 
the previous decision by the USPTO. UC Berkeley 
could now still decide to appeal the decision to the 
US Supreme Court (Ledford 2018).

Although some were surprised about the hostile 
turn this patent fight has taken, a settlement was 
not to be expected, due to the huge commercial in-
terests involved on both sides. The institutions be-

hind the patents had already entered into a series 
of exclusive licence agreements with commercial 
companies founded by the institutions and one of 
their respective researchers. Zhang and Doudna 
founded Editas Medicine. Doudna, who has since 
cut ties with Editas Medicine, is involved with Car-
ibou Bioscience and Intellia Therapeutics, while 
Charpentier has co-founded CRISPR Therapeutics 
with Rodger Novak and Shaun Foy (Ledford 2016a). 
These spinout companies had already further li-
cenced the respective patents to other companies, 
including Bayer-Monsanto, DowDuPont and Novar-
tis (Contreras and Sherkow 2017, 699) and invest-
ed millions of US Dollars in the patent fight. This 
system of surrogate licensing (see Box 2) of course 
may not be in the public interest. Editas Medicine, 
Intellia Therapeutics and CRISPR Therapeutics are 
publicly traded companies. Their duty is to max-
imise the profits of their shareholders and not to 
advance scientific knowledge in the public inter-
est. Moreover, patent fights, where university turns 
against university, can complicate interinstitutional 
research agreements and impair the culture of sci-
entific collaboration (Sherkow 2017b).

Box 2 University Intellectual Property Transfer 
The 1980 adoption of the Bayh-Dole Act in the 

US allowed universities to own and commercial-
ise patents arising from in-house inventions. Many 
other countries followed suit. This shift in policy 
reflected the growing acceptance of patenting ac-
ademic research, along with the idea that social 
benefit could be created by licensing university 
patents to private firms, which would then develop 
commercially valuable products and services. It is 
now common for universities to seek to commer-
cialise intellectual property by transferring their 
patent rights to private companies (sometimes 
co-founded by the inventors themselves), which 
then take on the role of further sublicensing and 
commercialising the invention. Contreras and 
Sherkow (2017) call these companies “surrogates 
for the institutions“. They take on the role and re-
sponsibility of the patent owner, keeping a major 
share of the profits. The universities, often having 
a substantial equity interest in the surrogate com-
pany, still receive a substantial share of the prof-
its, while minimising their risk. In 1988, Oxford 
University, for example, formed Isis Innovation 
(now called Oxford University Innovation), a whol-
ly-owned subsidiary designed to help the universi-
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ty exploit intellectual property. Intellectual prop-
erty created at Oxford became generally assigned 
to Isis, which transferred the technology to indus-
try through licensing agreements. In this “surro-
gate licensing model”, research tools developed 
with public funding, instead of being licensed as 
widely as possible by universities operating in the 
public interest (as recommended inter alia by the 
US National Institutes of Health - NIH), are exclu-
sively licensed to a number of “surrogate compa-
nies” that then control their further use. In addition 
to contradicting the conventional understanding of 
science as universally shared knowledge, this can 
have a negative impact on innovation, by decreas-
ing competition (and information-sharing) in the 
respective fields (Contreras and Sherkow 2017; 
Tofano, Wiechers, and Cook-Deegan 2006, 54). 
This also gives a university a vested interest in pro-
moting the technology, which might further under-
mine the supposed impartiality of science.

6.2 Gene Drive patents

In 2003, the first patent application describing 
a gene drive was published internationally (Burt 
2003) The difference between national and inter-
national patent applications is described in Box 3. 
Therein, a method is described that has the inten-
tion of transforming a population or entire species, 
either for population suppression or for establishing 
a desired characteristic in that population. This is 
to be achieved by introducing a sequence-specific 
drive element, such as a gene with an increased in-
heritance ratio, e.g. a homing endonuclease gene 
(HEG), into the germline of an organism, thereby 
disrupting or knocking out a selected gene and sub-
sequently introducing the then modified organism 
into the whole target population. 

Box 3: National and international patent applica-
tions

The first step to secure a patent is to file a pat-
ent application. This can be done at the national 
patent offices in the respective countries where an 
inventor seeks a patent. If an inventor seeks pro-
tection in several countries, it may be more con-
venient to simultaneously request patent protec-
tion in multiple countries by filing the application 
at regional or international patent offices (WIPO 
n.d.). This way, filing several separate patent ap-

plications can be avoided. The European Patent 
Office (EPO) is a regional patent office with 38 
member states. Once the patent has been grant-
ed by the EPO, it still has to be individually vali-
dated in the designated states. The new Unitary 
Patent system, which has yet to come into effect, 
would avoid individual validations (European Pat-
ent Office 2018). The Word Intellectual Property 
Organisation’s (WIPO) Patent Cooperation Treaty 
(PCT), is an international patent treaty with more 
than 150 contracting states. The WIPO does not 
grant any patents, but rather forwards them to the 
competent patent office in the respective countries 
where a patent application is filed. Each state still 
autonomously decides whether or not to grant the 
patent within its borders. This is called the “na-
tional phase” (WIPO n.d.). 

The first two letters of a patent publication 
number indicate the country or organisation in 
which the patent application was filed or granted. 
The prefix WO, for example, is short for WIPO and 
the prefix EP, for European Patent Office.

Long before the invention of CRISPR/Cas9 for 
genome editing, this patent application already de-
scribed the idea of a two-component system to cut 
DNA at a specific target sequence and introduce the 
HEG at the cleavage site.

It also already described the various potential 
applications of gene drives, still being promised 
today: malaria control (either by mosquito popula-
tion control or by conferring resistance to the ma-
larial parasite); eradication or control of unwanted 
or colonising species which are detrimental to a 
previously-established ecosystem (for example ro-
dents or goats); altering the balance of insects or 
microorganisms (for example those associated with 
food crops or livestock); or rendering pests suscep-
tible to appropriate pesticides (for example insects, 
nematodes or fungi).  

Its inventor, Professor Austin Burt, is now a 
member of the ‘Gene Drives for Vector Control’ 
group at Imperial College, which is one of the part-
ner institutions of Target Malaria, and is Target Ma-
laria’s Principal Investigator. As well as patents on 
CRISPR technology or gene drives, academic insti-
tutions may also hold related patents on particular 
applications. Other members of the ‘Gene Drives 
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for Vector Control’ group at Imperial College, for 
example, have applied for patents to genetically 
modify insects, particularly malaria-transmitting 
anopheline mosquitoes (see Box 4). These are rela-
tively old patent applications that may not apply to 
gene drive organisms, but they illustrate how GDOs 
developed in the future might also be patented, 
along with how academic scientists and institutions 
may already have (or may develop) commercial in-
terests in particular technologies. 

Box 4. Related patent applications from the ‘Gene 
Drive for Vector Control’ Group

In 2000, Crisanti et al. applied for a patent to 
genetically modify insects, particularly anopheline 
mosquitoes, by introducing foreign genes in the 
Anopheles genome. Therein, they provided a.) a 
method to delay the hardening process of the cho-
rion, the rigid structure around the insect embryo, 
after oviposition so as to facilitate DNA injection; 
and b.) a DNA delivery vector capable of success-
ful transposition in anopheline mosquitoes. They 
suggest either introducing a gene to control the 
transmission of malaria-causing parasites or pro-
ducing sterile males intended to be released as a 
means of genetic control.

In 2004, Kafatos et al. applied to patent a meth-
od to render anopheline mosquitoes, in particular 
Anopheles gambiae, resistant to malaria-causing 
parasites.The method describes how to enhance 
or suppress mosquito proteins, that are either 
hostile or beneficial for parasite development, 
by application (feeding, spraying or injection) of 
a compound that interferes with the expression 
or activity of the protein. It further describes how 
to identify compounds that trigger an immune 
response in a mosquito of the genus Anopheles 
against Plasmodium (the parasite). For suppres-
sion of the protein expression, their suggestion is 
to use antisense-technology, or RNA interference 
(RNAi) in order to knock out the described genes.

With the discovery of the CRISPR/Cas9 technol-
ogy, a dozen gene drive patent applications have 
followed, most of which either belong to Harvard 
University or the University of California (Table 1). 

A key gene drive patent application, called 
“RNA-Guided Gene Drives” and filed by Harvard 
University (Esvelt and Smidler 2015), claims the 
ability to develop a method for targeted popula-

tion suppression or extinction via the release of an 
RNA-guided genetic load drive into the targeted 
population, thus biasing the sex ratio of the popula-
tion. The patent application describes the utility of 
this gene drive in the eradication of infectious dis-
eases, the control of invasive species and the pro-
tection of threatened species, such as amphibians. 
However, the major part of the patent description is 
dedicated to “Agricultural Safety and Sustainability” 
and what they call “sensitising drives”. Sensitising 
drives are gene drives meant to render the progeny 
sensitive to an external stimulus. This means that 
exposure of a weed or pest to a compound, for ex-
ample a specific chemical, should result in a harm-
ful reaction. The idea is to make pesticide-resistant 
weeds or pests susceptible to the original pesticide 
again - a major commercial ‘rescue operation’ for 
what have been failing markets for chemicals like 
glyphosate, due to the pests developing resistance. 
Subsequently, hundreds of weeds, crop pests and 
pesticides became covered by the patent, including 
glyphosate, 2,4-D and Bt toxins produced by Cry-
lA.105, CrylAb, CrylF, Cry2Ab, Cry3Bbl, Cry34A-
bl, Cry35Abl, mCry3A, or VIP (Esvelt and Smidler 
2015, 34-51). The same weeds, crop pests and 
pesticides are covered in a 2017 patent application, 
also by Harvard University (Esvelt and Min 2017, 
42-60). In these ways, using and adapting the pat-
enting system, academic science has been further 
integrated into the global agrichemical and GM in-
dustries. Along with other important domains, and 
with little democratic attention, gene drives have 
also become a driver of this transnational social and 
political change.

This shows that gene drives may be able to attract 
lucrative investors in the agricultural field of genet-
ically modified (GM) crops. The most widely com-
mercialised GM crops engineered to be resistant to 
herbicides, such as glyphosate and different insecti-
cidal toxins derived from Bacillus thuringiensis (Bt), 
have suffered major setbacks with the development 
of glyphosate-resistant weeds and insect pests that 
are now resistant to Bt toxins (Bohnenblust 2016; 
Peralta and Palma 2017), something long predicted 
by those opposing this technology. Alternative GM 
crops, such as those resistant to the herbicides dic-
amba and 2,4-D, have led to huge problems with 
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herbicide drift when these crops are treated with 
their very toxic corresponding products, resulting 
in millions of acres of incidental crop and non-
crop injuries in the US (Bohnenblust 2016; Bradley 
2017; 2018). Moreover, multiple weed resistances 
to glyphosate, dicamba and 2,4-D are already seen 
today (Dellaferrera et al. 2018). Recently, hybridi-
sation between two major agricultural pest insects 
(H. armigera and H. zea) has been confirmed, rais-

ing additional concerns about increased insecticide 
resistance problems in the future (Anderson et al. 
2018).

Any technology that claims to be able to reverse 
these resistances is likely to attract the attention of 
the major biotech companies, many of which already 
have license agreements for using CRISPR/Cas9 
(see above). In 1993, when applying for non-regula-

WIPO Number Publication 
Date

Applicants Inventors Title State Also published as

WO/2003/038104 5/8/03 Imperial College Burt, A. Methods for genetically modi-
fying a target population of an 
organism 

International publication: A1
National phase entry: US, Canada, Australia, Japan 
Withdrawn: Japan (25.05.2006)

AU2002339086 (B2)   
CA2466129 (A1)   
US2005120395 (A1)   

WO/2015/105928 7/16/15 Harvard College Esvelt, K.M., 
Smidler, A.L.

RNA-Guided Gene Drives International publication: A1
National phase entry: Japan, Canada, EPO
Published: EPO (16.11.2016)

EP3092310 (A4)    AU2015204784 (A1)
CA2936312 (A1)    CN106133141 (A)
JP2017511685 (A) SG10201805815Y (A)
SG11201605550Q (A) US2016333376 (A1)
WO2015105928 (A1) WO2015105928 (A9)

WO/2016/073559 5/12/16 The Regents of 
the University of 
California

Bier, E., Gantz, V., 
Warren, W.L.

Method for Autocatalytic Ge-
nome Editing and Neutralizing 
Autocatalytic Genome Editing

International publication: A1 US2018291382 (A1)  

WO/2017/049266 3/23/17 The Regents of 
the University of 
California

Bier, E., Gantz, 
V., Hedrick, S., 
Warren, W.L.

Method for Autocatalytic Ge-
nome Editing and Neutralizing 
Autocatalytic Genome Editing 
And Compositions Thereof

International publication: A2
National phase entry: EPO
Published: EPO (25.07.2018)

WO2017049266 (A3)   
CA2998894 (A1)   
EP3350315 (A2)   

WO/2017/058839 4/6/17 Harvard College Esvelt, K.M., Min, 
J.

Dependent Component Genome 
Editing Gene Drives

International publication: A1 N/A

WO/2017/132207 8/3/17 University of 
California

Akbari, O.S. Use of Medea Elements for Bio-
control of D. suzukii Populations

International publication: A1 N/A

WO/2017/160689 9/21/17 University of 
Massachusetts

Sontheimer, E.J. Anti-CRISPR Compounds and 
Methods of use

International publication: A1 N/A

WO/2017/196858 11/16/17 MIT, Havard 
College

Esvelt, K.M., Min, 
J., Noble, C.

Methods to Design and use 
Gene Drives

International publication: A1 N/A

WO/2018/035300 2/22/18 University of 
California

Bier, E., Gantz, V., 
James, A.A.

Split Trans-Complementing 
Gene-Drive System For Sup-
pressing Aedes Aegypti

International publication: A1 N/A

WO/2018/049287 3/15/18 MIT, Harvard 
College

Esvelt, K.M., Min, 
J., Noble, C.

Methods and Compounds for 
Gene Insertion into Repeat-
ed Chromosome Regions for 
Multi-Locus Assortment and 
Daisyfield Drives

International publication: A2 WO2018049287 (A3)  

WO/2018/053457 3/22/18 Joung, J.K. Joung, J.K. Methods of genetically alterning 
yeast to produce yeast variants

International publication: A1 WO2018053457 (A9)  

WO/2018/071892 4/19/18 Joung, J.K., 
Gehrke, J.M.

Joung, J.K., 
Gehrke, J.M.

Epigenetically Regulated 
Site-Specific Nucleases

International publication: A1 N/A

Table 1: Gene Drive patent applications



Chapter 3: Social issues 181

WIPO Number Publication 
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International publication: A1
National phase entry: US, Canada, Australia, Japan 
Withdrawn: Japan (25.05.2006)
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CA2466129 (A1)   
US2005120395 (A1)   

WO/2015/105928 7/16/15 Harvard College Esvelt, K.M., 
Smidler, A.L.

RNA-Guided Gene Drives International publication: A1
National phase entry: Japan, Canada, EPO
Published: EPO (16.11.2016)

EP3092310 (A4)    AU2015204784 (A1)
CA2936312 (A1)    CN106133141 (A)
JP2017511685 (A) SG10201805815Y (A)
SG11201605550Q (A) US2016333376 (A1)
WO2015105928 (A1) WO2015105928 (A9)

WO/2016/073559 5/12/16 The Regents of 
the University of 
California

Bier, E., Gantz, V., 
Warren, W.L.

Method for Autocatalytic Ge-
nome Editing and Neutralizing 
Autocatalytic Genome Editing

International publication: A1 US2018291382 (A1)  

WO/2017/049266 3/23/17 The Regents of 
the University of 
California

Bier, E., Gantz, 
V., Hedrick, S., 
Warren, W.L.

Method for Autocatalytic Ge-
nome Editing and Neutralizing 
Autocatalytic Genome Editing 
And Compositions Thereof

International publication: A2
National phase entry: EPO
Published: EPO (25.07.2018)

WO2017049266 (A3)   
CA2998894 (A1)   
EP3350315 (A2)   

WO/2017/058839 4/6/17 Harvard College Esvelt, K.M., Min, 
J.

Dependent Component Genome 
Editing Gene Drives

International publication: A1 N/A

WO/2017/132207 8/3/17 University of 
California

Akbari, O.S. Use of Medea Elements for Bio-
control of D. suzukii Populations

International publication: A1 N/A

WO/2017/160689 9/21/17 University of 
Massachusetts

Sontheimer, E.J. Anti-CRISPR Compounds and 
Methods of use

International publication: A1 N/A

WO/2017/196858 11/16/17 MIT, Havard 
College

Esvelt, K.M., Min, 
J., Noble, C.

Methods to Design and use 
Gene Drives

International publication: A1 N/A

WO/2018/035300 2/22/18 University of 
California

Bier, E., Gantz, V., 
James, A.A.

Split Trans-Complementing 
Gene-Drive System For Sup-
pressing Aedes Aegypti

International publication: A1 N/A

WO/2018/049287 3/15/18 MIT, Harvard 
College

Esvelt, K.M., Min, 
J., Noble, C.

Methods and Compounds for 
Gene Insertion into Repeat-
ed Chromosome Regions for 
Multi-Locus Assortment and 
Daisyfield Drives

International publication: A2 WO2018049287 (A3)  

WO/2018/053457 3/22/18 Joung, J.K. Joung, J.K. Methods of genetically alterning 
yeast to produce yeast variants

International publication: A1 WO2018053457 (A9)  

WO/2018/071892 4/19/18 Joung, J.K., 
Gehrke, J.M.

Joung, J.K., 
Gehrke, J.M.

Epigenetically Regulated 
Site-Specific Nucleases

International publication: A1 N/A

tion status of the first genetically modified Roundup 
Ready (glyphosate tolerant) soybeans, Monsanto 
claimed incorrectly that it was “highly unlikely that 
weed resistance to glyphosate will become a prob-
lem as a result of the commercialization of glypho-
sate-tolerant soybeans” (Monsanto 1993, 56). With 
the development of yet more genetically modified 
crops, allowing spraying of more and higher levels 
of herbicides, we face a form of herbicide intensi-

fication termed ‘the transgenic treadmill’ (Binime-
lis, Pengue, and Monterroso 2009, 9; Schütte et al. 
2017, 7). In the case of gene drives, scientists now 
agree that resistance could eventually evolve again, 
but discard the whole problem by saying this tech-
nology could be used repeatedly to make weeds 
and pests susceptible again and again (Champer, 
Buchman, and Akbari 2016, 147). It seems evident 
that this would lead to a new level of treadmill, 
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whose purpose is not to prevent diseases or pests, 
but to maintain the prevalent chemically-dependent 
industrial agricultural system.

Another fundamental gene drive patent appli-
cation, this one filed by the University of California 
and called “Method for Autocatalytic Genome Edit-
ing and Neutralizing Autocatalytic Genome Editing”, 
mentions applications for combatting malaria, HIV 
and cancer and in reducing or eliminating immuno-
genicity, as well as in controlling agricultural pests 
and invasive species (Bier and Gantz 2016). It fur-
ther includes hundreds of cancer types and model 
organisms, many of which are agricultural pests, 
thereby also covering potential lucrative applica-
tions in the health and agricultural sectors.

In 2017, MIT and Harvard University applied 
for a patent on daisy chain gene drives, a type of 
gene drive that is not yet functional, but would be 
“…designed to permit controlled, local gene drive 
activity.” and claims to have “the ability to confine 
the gene drive organisms, such that they only af-
fect local populations and do not risk global gene 
drive activities” (Esvelt, Min, and Noble 2017, 33). 
According to the patent, daisy chain gene drives 
may be used to reduce vector-borne and parasitic 
diseases, as well as to control or eliminate popu-
lations of agricultural pests or invasive species. 
Non-limiting examples of organisms which a daisy 
chain gene drive may be delivered to, or included in, 
according to the patent, are: “insects, fish, reptiles, 
amphibians, mammals, birds, protozoa, annelids, 
mollusks, echinoderms, flatworms, coelenterates, 
and arthropods, including arachnids, crustaceans, 
insects, and myriapods” In 2018, MIT and Harvard 
University applied for another patent on daisy chain 
gene drives, covering the same non-limiting exam-
ples of organisms (Esvelt, Min, and Noble 2017, 52; 
Esvelt, Min, and Noble 2018, 48). This kind of com-
prehensive patent ownership is not uncommon in 
patenting of genetic research. The fact is that most 
of the domains listed have never been tested even in 
a preliminary way for the effectiveness of the gene-
drive; they have simply been imagined by the re-
searchers as possible domains. This illustrates how 
institutions and academic researchers try to foresee 

and legally cover any potential future commercial 
exploitation of their invention.  

The idea of using locally confined gene drives 
might seem more responsible, reducing ethical con-
cerns about potentially eradicating entire species 
along with safety concerns about unintended and 
unforeseeable consequences. It means the pros-
pect of developing daisy chain gene drives could 
increase public support for the technology. Along 
with funding, public understanding plays an impor-
tant role when it comes to governance and regula-
tion of new technologies (Mitchell et al. 2018, 3), so 
the development of “local gene drives” would also 
likely attract more private investment. A technology 
that potentially spreads to an entire population or 
species after an initial release is not as likely to de-
velop a huge commercial market, hence the return 
on investment might be limited. With the possibility 
of spatially and temporally confining the spread of a 
gene drive organism, however, multiple subsequent 
releases at multiple locations are imaginable (Mitch-
ell et al. 2018, 4). Going back to the theory of “sen-
sitising drives”, as explained above, a private com-
pany might be able to sell a package of a compound 
(such as a pesticide) and a corresponding gene drive 
organism (such as a crop pest) that has been ren-
dered sensitive to said compound, each and every 
year to farmers around the world. These kinds of 
strategic and competitive business models, should 
in principle require democratic appraisal, since they 
have far-reaching and often unpredictable social, 
environmental, and economic consequences.  

6.2.1 Regulation of Gene Drive patents

Esvelt has suggested that the patent system 
could be used to ensure gene drives are used eth-
ically and responsibly. Those wanting to purchase 
a patent license would first have to disclose their 
proposed use to the patent holder before carrying 
out any experiments. The goal would be to ensure 
openness and also to limit licenses only to users 
ensuring ethical use (Regalado 2016c; Sherkow 
2017b). Although this seems like a noble suggestion, 
this would mean that Esvelt himself and Harvard 
University, or any other scientist and their employ-



Chapter 3: Social issues 183

er-institution which had been granted a gene drive 
related patent, would be able to decide how gene 
drives should be used or what constitutes an eth-
ically justifiable purpose. In so doing, they would 
take on the role of gene drive regulators, gaining le-
gal control over not just the technology disclosed in 
their patent, but its distribution and use. 

This would inevitably fragment the larger social 
regulation of the entire technology. A societal re-
sponsibility like gene drives (or any other technol-
ogy) governance should not be placed in the hands 
of a research institution or individuals, most espe-
cially those who have a direct financial interest in 
its promotion. Those with vested interests in the 
technology cannot also be the ones overseeing its 
governance and use. How could it be ensured that 
the foundational gene drive patents, covering many 
potentially lucrative applications in the health and 
agricultural sector (see above), are not licensed to a 
few surrogates that are really part of larger compa-
nies, as has happened to the related CRISPR/Cas9 
patents? In the end, society would have to put its 
trust in the patent holders alone to ensure that the 
technology is used (or not used) in the best public 
interest. 

Instead, Parthasarathy (2018, 488) argues that 
transparency and political legitimacy would in-
crease if government institutions, which are explic-
itly charged to represent the public interest, were to 
use patent systems to help regulate new technolo-
gies such as gene editing. The patent system would 
have to be linked to explicitly relevant laws for the 
purpose of regulation. In the US, this was already 
done in the Atomic Energy Act of 1946/1954, to 
reduce the development and commercialisation of 
atomic weaponry by private actors. This Act, for ex-
ample, prohibits the patenting of any invention or 
discovery that would be “useful solely in the pro-
duction of fissionable material or in the utilization 
of fissionable material or atomic energy for a mili-
tary weapon” (Newman and Miller 1947, 750). If a 
patent for a production device could be obtained, 
the inventor would not be allowed to manufacture 
the device without a license from the Atomic Energy 
Commission, nor could they license its use to any-
one except the government. If an intergovernmental 

regulatory framework for reviewing and awarding 
patents for their ethical and responsible use was 
set up, the patent system might indeed add another 
layer of protection from misuse of the technology. It 
cannot, however, be left to the patent system alone 
to regulate gene drives. 

6.3 Social benefit implications of patents

The intent of the patent system is to increase in-
novation and enable the development of commer-
cially valuable products and services, in order to 
create economic growth and ultimately social ben-
efits. However, today the role patents play in fos-
tering social benefits is ambiguous. As noted by the 
OECD, research and innovation thrive on collabora-
tion and knowledge sharing (Gold et al. 2008, 16). 
Patent holders are required to publicly disclose the 
details of their inventions so that others can build 
on it by undertaking further research and develop-
ment. At the same time, a patent, by definition, is 
the right to exclude others from commercially us-
ing the given invention. It has often been claimed 
that industry manipulates patent law to thwart rivals 
and block research, as well as to direct it away from 
humanitarian goals towards goals that maximise 
profits (Jenkins and Henderson 2008). In the health 
field, for example, despite increasing use of intel-
lectual property patents, a decline in innovation has 
been observed (Gold et al. 2008, 7). As the example 
of CRISPR/Cas9 has shown, the commercial inter-
ests behind patents on biotechnological inventions 
often foster secrecy and hamper transparency and 
collaboration, thus interfering with overall innova-
tion dynamics. 

Kevin Esvelt, who openly opposes closed-door 
science, agrees that the current competitive ap-
proach to scientific enterprise doesn’t promote open 
and transparent science: “It is a prisoner’s dilemma. 
The benefits come from cooperation by everyone. 
But by participating you risk being exploited by peo-
ple who steal your idea, get it working before you do, 
and claim the credit.” (Esvelt 2016, 153). Gene drive 
research, however, would, according to Esvelt, offer 
a way out: “The field is new and small, and many of 
us have already worked together to publish a joint 



184 Chapter 3: Social issues

recommendation calling for future experiments to 
use multiple stringent confinement strategies. Sev-
eral groups already disclose proposed and ongoing 
gene-drive research and invite feedback, and active 
discussions between researchers and funders seek 
ways to ensure that everyone will be similarly forth-
coming.” (Esvelt 2016, 153). In 2016 he and his col-
leagues initiated the project “Responsive Science”, 
intended to further this vision.

While the efforts of Esvelt and colleagues, to 
disclose their research ideas and foster open dis-
cussion (even before the experiments are per-
formed), is very laudable, it is unfortunately ques-
tionable whether all gene drive researchers will 
follow Esvelt‘s call, as all he is doing is appealing 
to the individual scientists’ sense of responsibility. 
He suggests no means of enforcing participation or 
controlling whether or not the rules he discusses are 
being followed. Furthermore; (1.) the appropriate 
rules would need lengthy negotiation amongst rel-
evant parties; and (2.) those relevant parties would 
have to include institutions as well as individual sci-
entists, and it is well-attested that institutions be-
have in ways which cannot be modelled from indi-
vidual behaviour. 

Patent rivalry between universities is not the only 
reason that scientists don’t want to disclose their 
research ideas. Disclosing an idea to the public at 
an early stage may itself affect later patentability of 
related innovations. This in turn may decrease the 
likelihood of finding the funding that can translate 
the idea into reality (Fass et al. 2011, 11). Esvelt 
suggests that gene drives should be a non-profit 
technology (Esvelt 2018b), even if it would mean re-
percussions for his personal benefits from his pat-
ents. The same, however, cannot be expected from 
others, and it is questionable if everyone involved in 
gene drive R&D would agree (and could afford) gene 
drives to be a non-profit venture. Moreover, it has 
to be noted that the motive behind Esvelt’s sugges-
tion is unlikely to be free access to the technology 
(see Section 6.2.1. Regulation of gene drive patents) 
but rather public acceptance and the avoidance of 
a moratorium on gene drives. In a 2018 article ti-
tled “Gene drive should be a non-profit technology” 
Esvelt states: “When people know you will bene-

fit financially from a proposal, they’re less likely 
to trust your judgment”, adding: “Gene drive and 
other ecotechnologies depend on popular support. 
Since they involve the genetic engineering of wild 
populations, that support is by no means guaran-
teed, especially if there is for-profit involvement.” 
(Esvelt 2018b). However sincere his personal beliefs 
might be in terms of this technology bringing social 
benefits, such statements leave the impression that 
Esvelt’s engagement for openness and transparen-
cy in science is as much a strategic choice to gain 
public acceptance, in order to move forward quick-
ly, as it is a willingness to foster true public engage-
ment. A lack of the latter in practice could delay or 
even lead to the rejection of the technology: “The 
primary danger posed by CRISPR-based gene drive 
is social. Given widespread scepticism of genet-
ic engineering, any unauthorized release of a gene 
drive system could lead to a strong social backlash 
and serious damage to public trust in science and 
governance when society can least afford it. In ad-
dition to institutional damage, such backlash would 
almost certainly delay efforts to use gene drive to 
prevent vector-borne and parasitic diseases such 
as malaria and schistosomiasis, possibly resulting 
in millions of otherwise preventable deaths.” (Esvelt 
2018a). Furthermore, the issues described in this 
chapter also apply to non-profit enterprises, which 
have their own in-built social biases and assump-
tions, and which may also wield significant power 
over others.

Another important social issue highlighted by 
the increased use of patented technologies, one 
which has been less widely discussed, is the effect 
that patents have on research priorities. The role of 
patents is not straightforward and is often difficult 
to disentangle from the other factors influencing 
R&D investments and innovation. However, possi-
ble negative impacts of university patenting include 
diverting research resources (researchers’ time and 
equipment) away from research questions that may 
not to be suited to the development of patents, but 
which may well offer potentially greater social ben-
efits (Geuna and Nesta 2006, 799). As numbers of 
patent applications and income from intellectual 
property have become measures of university and 
industry success and funding, patentable inventions 
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will be given a higher priority over other types of 
research that might have greater social benefit. It is 
thus not only access to biological knowledge and 
discoveries that is controlled and shaped by the 
patent system, but also what constitutes scientific 
knowledge itself (Wallace and Mayer 2007). 

With the rise of biotechnology, patents were le-
galised for living organisms for the first time in 1980 
in the US (see Diamond v. Chakrabarty), and glo-
balised in the 1995 Trade-Related Aspects of In-
tellectual Property Rights (TRIPS) Agreement. The 
possibility of patenting genetically modified organ-
isms in turn was a major incentive to further invest 
in genetic engineering, as it allowed patent owners 
to control and exploit genetic material that farmers 
previously freely replanted and exchanged amongst 
themselves5. Although it is clearly not the only fac-

5 The subsequent rise of a few agrochemical companies that today control a major share of the global seed and pesticide markets, and its impact on 
farmers’ and consumers’ choice, is still subject of controversy today. Others critique the patenting of life altogether (see for example the German and 
European initiatives “Kein Patent auf Leben!” and “NO PATENTS ON SEEDS!”, respectively).

tor driving research agendas, the commodification 
of genetic inventions via patent claims therefore 
plays a key role in the ‘geneticisation’ of both health 
and agriculture. 

As mentioned, gene drive R&D is accompanied 
by promises of many beneficial applications. How-
ever, open releases of gene drive organisms have 
the potential of altering and interacting with eco-
systems in new, complex, unpredictable and un-
foreseeable ways. Whether or not the deployment 
of gene drive organisms will in fact create social 
benefit one day is still very hypothetical. Neverthe-
less, gene drive technology hype and patents may 
help attract further investment in gene drive R&D 
and possibly divert resources from potentially more 
sustainable alternatives.

7  Fully informed consent
In this section, we consider issues related to the 

need for individuals to provide prior, fully informed 
consent to open releases of GDOs.

7.1 Fully informed consent for projects 
not involving medical research

For medical research such as releases of gene 
drive mosquitoes, fully informed consent is already 
an ethical requirement under the Helsinki Declara-
tion (see Section 7.2). However, for other gene drive 
organisms, which are intended to alter ecosystems 
but not to impact on human health, the situation so 
far has been less clear. This changed in 2018 with 
the adoption of a decision by Parties to the Conven-
tion on Biological Diversity (CBD), as discussed in 
Chapter 5. This requires the consent of potentially 
affected indigenous peoples and local communities 
to be sought or obtained to the release of GDOs 
“where applicable in accordance with national cir-

cumstances and legislation”. The CBD Decision is 
an important acknowledgement of the importance 
of consent to the release of any GDO; however, 
for medical experiments, any release will also have 
to comply with the more stringent and well-estab-
lished requirements of the Helsinki Declaration, as 
discussed below.  

7.2 Fully informed consent to medical 
research

In the case of releases of gene drive mosquitos 
with the goal of affecting tropical diseases such as 
dengue fever or malaria, the requirement for fully 
informed consent is enshrined in international prin-
ciples for medical research.

The Declaration of Helsinki outlines the inter-
nationally agreed ethical principles for medical 
research involving human subjects (World Medical 



186 Chapter 3: Social issues

Association 2013). It includes the requirement that: 
“Medical research involving human subjects may 
only be conducted if the importance of the objec-
tive outweighs the risks and burdens to the research 
subjects” (Article 16).

The Declaration of Helsinki builds on the Nurem-
berg Code, adopted as a code of medical ethics to 
condemn the practices of doctors working for the 
Nazis (Fischer 2006). It also states that: “In medical 
research involving human subjects capable of giving 
informed consent, each potential subject must be 
adequately informed of the aims, methods, sources 
of funding, any possible conflicts of interest, institu-
tional affiliations of the researcher, the anticipated 
benefits and potential risks of the study and the dis-
comfort it may entail, post-study provisions and any 
other relevant aspects of the study…” (Article 26).

Thus, the Helsinki Declaration requires that re-
search participants are adequately informed about 
the risks and anticipated benefits of the study. In 
theory, this allows potential participants to weigh 
up the potential risks and benefits, as part of the 
process of informed consent. 

Resnik (2012) explores a hypothetical field tri-
al of malaria-resistant GM Anopheles mosquitoes 
and highlights the fact that field trials should not be 
implemented unless research indicates that overall 
public health benefits are likely to be greater than 
public health risks (Resnik 2012, 5). He further 
notes that, “In a study taking place in a develop-
ing nation, it is likely that many of the subjects will 
be vulnerable, due to poverty and lack of access to 
health care” and notes that, “To protect these sub-
jects, measures should be in place to ensure that 
consent is free from coercion and undue influence” 
(Resnik 2012, 7). Resnik also states that, “Individu-
als may be exploited if they are harmed in research 
when there is little expectation that they will benefit, 
or they do not provide consent” and that, “Exploita-
tion of a community may occur when the community 
is placed at risk without the expectation of signifi-
cant benefits” (Resnik 2012, 7).

Macer (2005) also considers ethical issues in re-
lation to the release of genetically modified (GM) in-

sects with the aim of controlling human disease. He 
notes that “Informed consent requires information 
to be provided, so disseminating information about 
the plans and progress of the project, and obtain-
ing the consent of any person potentially affected 
by the release of transgenic insects, is important for 
the ethical conduct of research trials, whether or not 
national guidelines require this, or even exist” (Mac-
er 2005, 653). Macer also highlights that if a study 
involves humans, oversight by an ethics committee 
or institutional review board (IRB) is also necessary 
(Macer 2005). He goes on to argue, “To consider the 
issue at a local level, as required for obtaining ap-
propriate informed consent, it is essential that a lo-
cal ethics committee (and/or IRB if associated with 
an institution) open to the communities involved is 
established” (Macer 2005, 654). 

This raises issues about how these risks and 
benefits are determined and communicated, and 
how different value-judgements, unknowns and 
uncertainties are dealt with in this process. As-
pects of these issues are covered by national and 
international agreements and regulations covering 
genetically modified organisms (GMOs). However, 
these regulations may be absent, contested, or not 
properly enforced. Below, we consider how risks 
have been dealt with to date during the process of 
obtaining consent for projects wishing to release 
GM mosquitoes (currently without gene drive). We 
highlight that in practice participants may not be 
fully informed by developers about the risks of new 
technologies and that power asymmetries may af-
fect who has information, what choices people are 
able to make, and whose voices are heard. Hype 
about benefits will also substantially affect whether 
people are genuinely fully informed before they are 
asked for their consent.

7.3 Absence of adequate environmental 
risk assessments

The previous section highlighted the problems 
associated with the ethical requirement upon sci-
entists to obtain fully informed consent from all 
potentially affected parties before they begin any 
environmental releases. For “fully informed” to be 
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a meaningful condition for the public, scientists in-
volved also have to be fully informed about all pos-
sible harms that may result from their actions. This 
is a problematic normative condition. As Chapter 
4 (Ethics and Governance) notes, risk assessments 
inherently involve making value-based judgements; 
for example, deciding what constitutes a hazard or 
an environmental protection goal, and what consti-
tutes quality in safety science. This involves being 
explicit not only about imprecisions in knowledge 
of salient measures and relationships (“uncertain-
ties”), but also about lack of knowledge (“igno-
rance”), and untested assumptions (“ignorance”), 
as well as about unanticipated contingencies (also 
ignorance, e.g. variable conditions in the environ-
ment which may affect validity of assumed extrap-
olations to broader conditions). Risk management 
decision-making also inevitably requires a deter-
mination of what constitutes an acceptable level of 
risk.

Both Oxitec’s and Target Malaria’s GM mos-
quitoes have been exported from European Union 
(EU) countries for open release into the environment 
elsewhere. Under EU law, the exporter should pro-
vide prior notification, including a publicly available 
environmental risk assessment that meets Europe-
an standards, before exporting GM insect eggs for 
open release to foreign countries. This legal require-
ment arises because GM insect eggs are live, geneti-
cally modified organisms (living modified organisms 
or LMOs) covered by the Cartagena Protocol on Bi-
osafety (CPB) to the Convention on Biological Diver-
sity. The relevant legal requirements for export are 
implemented in the EU through the European Regu-
lation (EC) 1946/2003 on transboundary movement 
of genetically modified organisms. This Regulation 
requires that the environmental risk assessment 
(ERA) provided by the exporter meets the EU stand-
ards on risk assessment contained in EU Directive 
2001/18/EC. Regulation (EC) 1946/2003 is impor-
tant because it requires the exporter to provide a 
comprehensive, publicly available risk assessment 
that meets EU standards for GMOs intended for 
release into the environment. The Precautionary 
Principle (discussed in Section 8) must be taken into 
account when applying this Regulation.

Avoidance of transboundary notifications has 
been a major issue with the commercial GM in-
sect company Oxitec, which has never published 
a risk assessment which meets EU standards pri-
or to undertaking any of its open releases of GM 
mosquitoes into the environment (GeneWatch UK 
2014). Reeves et al. note that there were “significant 
omissions” (Reeves et al. 2012, 8) in the information 
made publically available prior to open releases of 
GM mosquitoes in the Cayman Islands and Malay-
sia, and that “Without the pre-release publication 
of complete risk assessment documents detailing 
all the potential hazards analyzed, it is often impos-
sible to establish which have been considered (and 
by whom) and if any obvious hazards have been 
overlooked for rigorous consideration” (Reeves et 
al. 2012, 9). They also highlight that the Cayman 
Islands had no enacted legislation relating to living 
GM organisms at the time of the first open release of 
GM mosquitoes there (Reeves et al. 2012, 8).

Target Malaria has claimed to be holding itself 
to higher standards. However, it is currently argu-
ing that it is not required to make a transboundary 
notification that includes such a risk assessment for 
its proposed release of male-sterile GM mosquitoes 
in Burkina Faso, because the GM mosquitoes were 
exported for an initial period of contained use (for 
which a notification is not required under EU law) 
before release (ACB et al. 2018). Instead, Target 
Malaria has commissioned its own risk assessment, 
without reference to the required standards, which 
omits some of the relevant issues, and relies heavily 
on ‘expert elicitation’ and unpublished data (Hayes 
et al. 2018). 

In September 2018, Target Malaria announced 
that it had received regulatory approval for its first 
proposed open release of GM mosquitoes in Bur-
kina Faso (Target Malaria 2018). However, there is 
no published environmental risk assessment (ERA) 
other than one published by Target Malaria itself, 
and there has been no public consultation, apart 
from “public engagement” activities conducted by 
Target Malaria, the organisation proposing the re-
lease. This is despite the fact that the Cartagena 
Protocol requires Parties, including Burkina Faso, to 
make available summaries of the risk assessments 
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generated by its regulatory process to the Biosafe-
ty Clearing House (paragraph 3(c) of Article 20), as 
well as to consult the public in the decision-making 
process (paragraph 2 of Article 23) (see also Chap-
ter 5, Regulation).

According to the Helsinki Declaration, people 
must be fully informed about the potential risks 
of a study in order for their consent to meet eth-
ical requirements. This cannot be the case until a 
comprehensive risk assessment has been published 
that meets the necessary standards and opened for 
public consultation. Because the idea of releasing 
GM insects into the environment is relatively new, 
best practice would be for specific guidance on 
how to do such risk assessments first be developed 
by the regulators, not the proponents, and for this 
guidance to be subject to public consultation, such 
as has happened in the EU (EFSA Panel on Geneti-
cally Modified Organisms 2013). Provided conflicts 
of interest can be avoided, this could help prevent 
the developer having too much influence over the 
risk assessment process, including how unknowns 
and uncertainties will be handled.

In addition, under the Cartagena Protocol, Par-
ties are allowed to take into account socio-eco-
nomic considerations that arise from the impact of 
GMOs on biological diversity when they make deci-
sions about importing GMOs. Under national laws, 
socio-economic considerations or assessments may 
also be required as part of decision making on GMO 
applications 

ERAs published to date for GM insects have not 
included any discussion of socio-economic aspects. 
The summary of the risk assessment commissioned 
for Target Malaria’s proposed release of GM mos-
quitoes on Burkina Faso states, “The report is not 
a complete evaluation of all potential risks. Some 
potential risks, such as the risks to social endpoints 
identified in Burkina Faso’s legislation, are not ad-
dressed in this analysis” (Hayes et al. 2018, 2). This 
sidesteps the question of where these missing social 
risks have been evaluated or how the public will be 
informed about any such assessment, as well as if 
they will be engaged in any decision-making (see 
Section 10). This issue will remain relevant for fu-

ture proposed releases of GDOs (whether proposed 
by Target Malaria or others).

It should be noted that open releases of GDOs 
would challenge the regulatory system further, re-
quiring updates and adaptations to GMO risk as-
sessment methodologies as well as a precautionary 
approach (discussed in Section 8).

7.4 Power asymmetries

As noted above, power asymmetries may be 
particularly evident when technologies are trans-
ferred from wealthy to poor countries, and when 
the people affected may be vulnerable, not only be-
cause of their poverty, but because the state and 
related infrastructures are typically much weaker in 
poor countries.

In African countries, there have been a few stud-
ies of public and scientific attitudes to the release 
of GM mosquitoes which would potentially include 
gene drives. Preliminary research conducted in 
Burkina Faso concluded that “the community’s ac-
ceptance of GMM [GM mosquito] release could be 
affected by the fact the citizens interviewed did not 
appear to completely understand either the possi-
ble negative aspects of GMMs in the environment 
or the detail of how GMMs operate” (De Freece et 
al. 2014, 265). In a small study of perspectives of 
people in Mali toward GM mosquitoes for malaria 
control, 62 participants said they would support a 
release of GM mosquitoes that satisfied their condi-
tions, 14 said they would not support a release un-
der any circumstances, and four were unsure (Mar-
shall et al. 2010, 7). Conditions were wide-ranging 
and included requirements for evidence GM mos-
quitoes will not cause human health or environmen-
tal concerns and that there would be no costs to the 
community (Marshall et al. 2010). However, it is not 
at all clear how these conditions might be imple-
mented and enforced.

Notably, Marshall et al. reports that, “The main 
concern expressed by participants in all groups, but 
particularly amongst those from rural areas, was 
that the strategy of releasing GM mosquitoes will not 
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work” (Marshall et al. 2010, 7). This is an important 
issue in view of the general over-optimism concern-
ing the technology discussed above, as well as the 
untested claims of efficacy that are often made by 
GDO developers. To what extent can claims of effi-
cacy (as well as risks) be contested in debate about 
new technologies? How can potential participants, 
who may lack resources and technical expertise, 
raise concerns about efficacy that are not dismissed 
by the scientists who have a vested interest (finan-
cial, or otherwise) in promoting such technologies? 
Finally, can people have any influence on research 
investments and the exploration or implementation 
of alternatives? These issues are discussed further 
in Section 10.

In some cases, power imbalances may occur not 
only between ‘experts’ and local people, but also 
between the relatively well-funded scientists pro-
moting an open release of GDOs and local scientists 
or medical experts. Okorie et al. (2014) interviewed 
164 scientists selected from academic and research 
institutions in Nigeria and found that a majority 
(83.5%) of the local scientists who participated in 
their study were sceptical about a potential release 
of GM mosquitoes in Nigeria. Further, 92.7% of 
these scientists would require contingency meas-
ures to be available to remove the GM mosquitoes 
“should a hazard become evident during the course 
of the release” (Okorie et al. 2014, 1).

Looking beyond debate about the benefits and 
risks of the experiment itself, Marshall et al. not-
ed that some of their interviewees in Mali seemed 
to accept the proposed GM mosquito project for 
reasons unrelated to their actual feelings about the 
technology, in this instance “based on the expecta-
tion that they will get a hospital in return” (Marshall 
et al. 2010, 11). They also noted the limited partici-
pation of women in their study.

In the case of Target Malaria, concern about the 
process of informed consent is exacerbated by ev-
idence that the company is paying 400 CFA francs 
(approx. 70 cents US) per hour to people collect-
ing biting female mosquitoes from their own bodies 
(Flanagan 2018). Volunteers are required to sit for 6 
hours in a room at night with the lower part of their 

leg exposed up to the knee, so that the mosquitos 
land and they can collect them with a suction tube 
(Target Malaria Burkina Faso and IRSS 2017). The 
use of a financial incentive to induce individuals to 
expose themselves to biting female mosquitoes, 
that is, potentially to contracting malaria, is ethical-
ly very questionable, and highlights a power imbal-
ance between the researchers and research partic-
ipants underpinned by great financial inequalities.

An independent report from Burkina Faso has 
detailed further concerns. It found that many peo-
ple in the country are concerned about the potential 
impacts of Target Malaria’s project and about the 
absence of risk assessment by the regulators, and 
are unaware of many of the details of the project, 
including where the funding for the project comes 
from (Fuhr 2018).

Target Malaria’s lead funder, the Gates Founda-
tion, is one of the largest on earth and extremely 
influential. Whilst its generosity has been widely 
praised (it spends more on global health every year 
than most countries), it has also been criticised for 
unknown efficacy, since the process is answerable 
only to the Gates family and therefore lacks ac-
countability and transparency. This foundation has 
also been accused of what some regard as ques-
tionable priorities, in particular, too much emphasis 
on technology and technological fixes. It also sup-
ports strong intellectual property (IP) protections 
within these supposedly philanthropic projects. Fi-
nally, few people involved are willing to speak on 
the record about any concerns in these and other 
regards because they are being funded by the foun-
dation (Belluz 2015). Emails released as a result of 
Freedom of Information requests and published as 
the Gene Drive Files reveal that a previously un-
disclosed gene drive “advocacy coalition” was run 
by a private PR firm, which received $1.6 million in 
funds from the Bill and Melinda Gates Foundation. 
The firm is on record at the UN for employing covert 
lobbying tactics to influence expert UN discussions 
(Gene Drive Files 2017c).

There is little public information regarding the 
consent process used by Target Malaria. However, 
NGOs and journalists have reported concerns about 
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other power imbalances, including from a woman 
highlighting her difficulties from within the commu-
nity asked to give its consent, who told Le Monde 
“In any case, we do not have our say, it is the men 
who make the decisions here” (Dossou 2018; Douce 
2018; Noisette 2018).  

Power imbalances can also influence regulato-
ry processes. In 2012, a group of NGOs published 
a report detailing how Oxitec had infiltrated deci-
sion-making processes around the world with a 
view to influencing regulations, guidelines and de-
cision-making about the release of genetically mod-

ified insects (GeneWatch UK 2012). Subsequently, 
the European Ombudsman found that one of the 
experts involved in developing guidance for the risk 
assessment of GM insects in the EU had failed to 
declare relevant conflicts of interest (European Om-
budsman 2015).

Thus, power imbalances may affect the regula-
tory framework and who is asked for their input to 
decisions, as well as influencing whose voices end 
up being heard and, ultimately, what decisions are 
taken.

8  Precautionary Principle

8.1 The need for a precautionary ap-
proach

A precautionary approach involves adopting a 
cautious attitude towards risk that takes pre-emp-
tive measures to avoid harm (see Box 1 in Chapter 
4: Ethics and Governance). It is an explicit commit-
ment for all signatories to the UN Convention on Bi-
ological Diversity (CBD) and its Cartagena Protocol.

8.2 Brief history of the Precautionary 
Principle

Although the Precautionary Principle was orig-
inally anchored in the concept of prevention used 
in medicine, it has expanded its intrinsic notions of 
prevention into a general rule of public policy action 
and participation in matters that represent potential 
threats to health and the environment. According to 
Harremoës et al. (2001), writing on the history of the 
Precautionary Principle, the concept arises from the 
German Vorsorgeprinzip first introduced in 1974 by 
the German Clean Air Act. Since this date, the prin-
ciple has been progressively integrated in political 
agendas and international agreements, expanding 
not just the scope and range of the principle, but 

also its names, which has resulted in a sometimes 
confusing discussion over terminology. 

Wynne (2002, 469) argues that scientific risk dis-
course wrongly implies that risk analysis identifies 
all significant future consequences of the relevant 
actions. It thus ignores (or “deletes”) ignorance and 
the unanticipated consequences – lack of control – 
lying beyond the reach of existing scientific knowl-
edge. Wynne (2002, 465) argues that the dominant 
risk discourse also excludes many other questions, 
which he distils into three general types: 1.) other 
issues and interconnections, such as driving pur-
poses, intended social benefits, and conditions 
(e.g. of ownership, implementation, investment and 
control, regulation and accountability); 2.) what is 
meant by ‘the technology’ as putative ‘cause’ of 
possible impacts; and 3.) are the consequences or 
questions even answerable, and if not, what then?

Stirling highlights that, “precaution is not simply 
about acting to stop something, but introduces in-
stead a responsibility for more careful and explicit 
reasoning over what kinds of action might be ap-
propriate” (Stirling 2016, 5). Further, “In particular 
(and unlike idealised notions of ‘sound scientific’ 
risk assessment), it embodies an awareness of the 
asymmetries and inequalities of the power relation-
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ships that bear on processes of regulatory apprais-
al and help to shape the fabrics of the knowledges 
produced within them” (Stirling 2016, 5). Therefore, 
“the Precautionary Principle requires more explic-
it, scientifically rigorous and socially sophisticated 
attention to the implications of incomplete knowl-
edge, than is routinely provided in the conventional 
regulatory assessment of ‘risk’” (Stirling 2016, 6).

According to Harremoës et al. “The precaution-
ary principle is an overarching framework of thinking 
that governs the use of foresight in situations char-
acterised by uncertainty and ignorance and where 
there are potentially large costs to both regulatory 
action and inaction” (Harremoës et al. 2001, 192). 
Harremoës et al. describe twelve ‘late lessons’, 
based on an analysis of case studies, which high-
light the importance of heeding ‘early warnings’ and 
taking a precautionary approach. Their case studies 
include examples of harm caused by X-rays; lead 
(and lead substitutes) in petrol; asbestos; poorly 
managed fisheries; ‘mad cow’ disease (BSE); radi-
ation; and various chemical pollutants. The lessons 
drawn by the editors of the report are:

1.   Acknowledge and respond to ignorance, as well 
as uncertainty and risk, in technology appraisal 
and public policymaking.

2.   Provide adequate long-term environmental and 
health monitoring and research into early warn-
ings.

3.   Identify and work to reduce ‘blind spots’ and 
gaps in scientific knowledge.

4.   Identify and reduce interdisciplinary obstacles 
to learning.

5.   Ensure that real world conditions are adequate-
ly accounted for in regulatory appraisal.

6.   Systematically scrutinise the claimed justifica-
tions and benefits alongside the potential risks.

7.   Evaluate a range of alternative options for 
meeting needs alongside the option under ap-
praisal, and promote more robust, diverse and 

adaptable technologies so as to minimise the 
costs of surprises and maximise the benefits of 
innovation.

8.   Ensure use of ‘lay’ and local knowledge, as well 
as relevant specialist expertise in the appraisal.

9.   Take full account of the assumptions and values 
of different social groups.

10.  Maintain the regulatory independence of inter-
ested parties while retaining an inclusive ap-
proach to information and opinion gathering.

11.  Identify and reduce institutional obstacles to 
learning and action.

12.  Avoid ‘paralysis by analysis’ by acting to re-
duce potential harm when there are reasonable 
grounds for concern. (Harremoës et al. 2001, 
168–169)

The most frequent argument coming from oppo-
nents to the application and expansion of the Pre-
cautionary Principle has been that it slows or even 
interrupts the innovation and development process. 
But as the editorial team from “Late lessons from 
early warnings: the precautionary principle 1896-
2000” (Harremoës et al. 2001) has demonstrated, 
there is no empirical evidence to support such an 
argument. On the contrary, according to the edito-
rial team and based on the fourteen case-studies 
that are the basis of their argument, the Precaution-
ary Principle will only restrict innovation in some 
questionable technologies, while creating the space 
to foster innovation in other directions. These fa-
voured technologies are often ones which may not 
be under the control of, or are otherwise not fa-
vourable towards, global industrial interests and 
their particular investments. This has demonstrated 
that curtailment of a particular option may actually 
serve to foster and intensify innovation, but in other 
areas (Harremoës et al. 2001, 182). The actual ob-
jection to applying the Precautionary Principle really 
seems to be that the technological pathways devel-
oped under it may not be the ones endorsed today 
by corporate and private interests. Stirling (2016) 
argues that precaution is about steering innovation, 
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not blocking it, as innovation can take many differ-
ent pathways. He concludes “In the end, precaution 
is identified to be about escaping from technocrat-
ic capture under which sectoral interests use nar-
row risk assessment to force particular views of the 
world. What precaution offers to enable instead is 
more democratic choice under ever-present uncer-
tainties, over the best directions to be taken by in-
novation in any given field” (Stirling 2016, 2).

8.3 Application of the Precautionary Prin-
ciple to research

The dominant linear and reductionist approach 
to risk assessment is problematic, especially be-
cause of the many ambiguities, complexities and 
indeterminacies inherent in human knowledge. The 
twelve lessons above, highlighting problems which 
can occur due to the lack of application of a precau-
tionary approach (Harremoës et al. 2001), have in 
fact demonstrated that science may be insufficiently 
reflexive and critical about the potential good and 
harm caused by its activities. The optimistic aura 
surrounding the promises of science and technol-
ogy along with the excessive expectations that aura 
has fostered, has perhaps obscured the capacity to 
accept the fact that ignorance, uncertainty and risk 
are part of the scientific system. The current atmos-
phere accompanying any new technology (which is 
“hyped” in order to stimulate acceptance and fund-
ing), has created a distinction between how scientif-
ic uncertainty and change are accepted within the 
scientific community, compared with how they are 
downplayed outside it. These true descriptions of 
how science works tend to disappear when scientif-
ic researchers seek to provide society with unrealis-
tic certainties in order to gain funding. 

Stirling details how “various forms of the pre-
cautionary principle serve, in many specific ways, to 
help foster more transparent and deliberate dem-
ocratic decision making concerning the steering of 
alternative directions for innovation” (Stirling 2016, 
17). He concludes that, “By contrast with the tech-
nocratic procedures of risk assessment, precau-

6 This report was requested by the National Institutes of Health and the Foundation for the National Institutes of Health to the Board on Life Sciences 
of the National Academies of Sciences, Engineering, and Medicine.

tion is about greater democracy under uncertainty” 
(Stirling 2016, 17). 

The application of the Precautionary Principle 
at the level of project design may discourage some 
pathways of development, but it would provide re-
searchers with the ethical and responsible principle 
of channelling alternative routes to scientific innova-
tion and discovery, covering gaps in knowledge and 
fostering new discoveries. As a necessary stage to 
responsible technological development, it not only 
represents a strong commitment to the well-being 
of the population and systems affected, it also pre-
vents the waste of resources on expensive interven-
tions, lukewarm mitigation strategies and unneces-
sary and non-useful data gathering, that typically 
follow when technologies are adopted without due 
regard to the need to make precautionary decisions 
in a context of uncertainty. It promotes a scientific 
pathway that embraces complexity and uncertainty 
with more humility and less hubris.

The impact of the application of the Precaution-
ary Principle on all technological research would not 
only favour science and policies regarding health 
and the environment. It has the potential of rein-
forcing democratic principles, by rebuilding trust 
between politicians, scientists and the public. When 
it comes to gene drives, this implies that alternative 
trajectories of innovation must be part of the de-
bate, and that consideration of alternatives must 
occur not only at the point at which GDOs might be 
released into the environment, but also at very early 
stages, when research priorities are being set.

8.4 Precautionary Principle for GDOs

When GDOs are the subject of debate, the Pre-
cautionary Principle is often invoked, but rarely de-
veloped. An example may be drawn from the 2016 
National Academies of Sciences, Engineering, and 
Medicine (NASEM) report “Gene Drives on the Ho-
rizon: Advancing Science, Navigation Uncertainty, 
and Aligning Research with Public Values”.6 Although 
the report mentions the Precautionary Principle a few 
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times, it gives more attention to its technical aspects 
rather than its ethical, philosophical and political 
dimensions. For example, it sometimes focuses on 
the principle as being useful at the stage of testing 
and environmental release, stating that uncertainties 
in the case of GDOs are structural to this phase of 
the technology development. In this matter, the ex-
perts contributing to the report promote the idea that 
a step-by-step assessment is necessary; however, 
they never question the necessity of developing such 
technologies in the first place, through applying the 
Precautionary Principle to research.

The authors also refer to the asymmetries among 
countries regarding the Precautionary Principle and 
the instruments available to regulate and govern 
GMOs. These may pose a barrier when it comes to 
national cooperation on research and assessment of 
GDOs, and also create asymmetries of power when 
it comes to definitions of ethical standards.

Beisel and Boëte note that regulation of GM 
mosquitoes with self-spreading genetics (such as 
GDOs), “is considered almost impossible, or at 
the very least extremely difficult” (Beisel and Boëte 
2013, 50). Further, “GM mosquitoes and other 
public health measures to control malaria will not 
be able to coexist”, because this strategy actually 

relies on people fostering the survival and spread of 
the GM mosquitoes, rather than avoiding and killing 
them as would normally be the case with other pub-
lic health measures, such as using bed nets or re-
moving breeding sites (Beisel and Boëte 2013, 53). 
Beisel and Boëte note that GM mosquito strategies 
are “particularly vulnerable to unforeseen effects 
and ecological uncertainties”, (Beisel and Boëte 
2013, 53) for example:

•  it is unknown how (and how quickly) mosquito 
and parasite populations would react to the in-
troduction of GM mosquitoes;

•  it is unknown how many species would need to 
be transformed in order to interrupt the trans-
mission of the malaria parasite;

•  significant ecological uncertainties are inherent 
to the complex and shifting disease ecologies 
of malaria.

These concerns will also apply to other GDOs, 
not just mosquitoes, due to the intention that they 
spread and replicate in the environment. In effect, 
the open release of GDOs is intended to re-engineer 
whole ecosystems, and therefore the role of the Pre-
cautionary Principle is particularly important.

9  Who is liable if anything goes wrong?
Issues of liability are covered by the Nagoya-KL 

Supplementary Protocol on Liability and Redress, 
and, in addition, individual states have a responsi-
bility under international law to not cause harm to 
the environment of another State. However, liability 
and redress is a critical if still deficient component in 
the regulatory toolbox. Deficiencies include the long 
term, irreversible nature of potential harm, and the 
difficulties in establishing proof of any damage and 
its source.

In releases of GM insects to date, one concern 
has been the use of in-country partners (by both 
Oxitec and Target Malaria) to make the applications 

to regulators, and the absence of transboundary 
notifications published by the exporter (see Sec-
tion 7.3). Depending on whether the developer or 
the in-country partner is defined as the ‘operator’ 
in national law, this could mean that the in-country 
partner is held liable if anything goes wrong, allow-
ing the developer (usually based in a rich country) 
to walk away and not take the responsibility or bear 
the costs of any future harm.

The difficulties in establishing liability may be ex-
acerbated by gene drives spreading across national 
boundaries, with potentially long-term effects.
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10  Public engagement 
There is recognition by academics working in 

the field, such as Brossard et al. that “Deciding to 
use gene drives to control and suppress pests will 
involve more than a technical assessment of the 
risks involved, and responsible decision-making 
regarding their use will require concerted efforts 
from multiple actors” (Brossard et al. 2019, 1). They 
recognise that “technical expertise is not enough 
to address the complexities surrounding a scien-
tific issue that has not only technical but also so-
cial, ethical, and legal dimensions” (Brossard et al. 
2019, 1). They further note that “Editing pernicious 
genes to make a disease-causing mosquito, or a 
pathogen-carrying rodent, less harmful sounds like 
an appealing idea. But there are serious questions 
about the ethics of engineering a wild species and 
about potential environmental consequences that 
might change ecosystem dynamics or spread well 
beyond the specific targeted location” (Brossard et 
al. 2019, 2). Brossard et al. also argue that “Engage-
ment about gene drives should aim to foster open, 
substantive dialogue between all interested and 
affected individuals in areas where the technology 
may be used” (Brossard et al. 2019, 4).

The history of Public Engagement of Science 
(PES) is vast and it has gone through several chang-
es since it was first proposed by an official scientific/
political body at the turn of the millennium (House 
of Lords Science and Technology Committee 2000). 
Today, PES is no longer just the ethical responsi-
bility that scientists owe society; it is part of basic 
research design, expected to bring benefits to sci-
entists’ careers as well as to society. Some argue 
this is a win-win situation, with the optimistic claim 
that its theoretically two-way communication be-
tween publics and scientists generates mutual un-
derstanding and greater trust.

However, because the theory of PES is rooted in 
a process of sharing and mutual learning, any ex-
perience of engagement must be anchored on the 
premise that society (in its forms of organisation) 
has “ways of knowing” and also deep concerns that 
may differ substantially from those of science. In 
other words, society has methodological and epis-

temic resources that sometimes may diverge from 
those used by scientists.

10.1 Alternatives to a ‘pathway for ac-
ceptance’?

For a long time, institutions have been defining 
the wrong questions and making the wrong assump-
tions when it comes to public engagement. Rather 
than seeing engagement as a democratic right, most 
of the initiatives taking place approach the provision 
of information to the public as primarily an attempt 
to create a system will does not generate controver-
sy or resistance to scientific and technological out-
comes. This means that the goal of public engage-
ment as we know it is not democratic, but simply 
a ‘pathway for acceptance’, which does not allow 
for the option of rejecting a particular technology 
or approach and instead choosing alternative ap-
proaches.

This bias of public engagement in science is re-
flected in some of the initiatives already implement-
ed. For example, it’s not rare to find that the feed-
back from those engaged in deliberative forums 
often reflects feelings of disappointment, loss of 
time and feelings of impotence (PSx2 2008). One of 
the main reasons people experience these negative 
feelings regarding their engagement with science is 
that the apparatus for participation rarely reflects 
how most people would wish to approach the ac-
tual use of the technology. Others may even report 
exhaustion, especially when people are enrolled in 
a continuous process of participation that doesn’t 
produce any achievable outcomes relevant to their 
own interests. 

Stirling (2014) argues that if public engagement 
exercises around innovation, including gene drives, 
are to be credible and robust, they should not be 
restricted to issues of risk or safety alone, nor con-
fined merely to the ways in which a new technology 
‘should’ or is expected to work; nor should they as-
sume that the technology will be introduced in any 
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case, whatever the outcome of the public engage-
ment. 

Stirling et al. (2018) discuss risk, participation 
and democracy in the governance of new synthet-
ic biology and gene drive technologies. They argue 
(Stirling et al. 2018, 44) that genuine empowerment 
of all affected parties actually interested in making 
better choices differs from ‘instrumental’ participa-
tion, which is simply about engineering pre-existing 
aims (such as: fostering trust; providing justification; 
securing acceptance; and managing blame). Stirling 
et al. (2018, 44) therefore consider how regulatory 
assessment of gene drives can move from a purely 
risk-based analysis to diverse and more substantive 
processes of ‘social appraisal’.

This same article also emphasises that appraisal 
should devote symmetrical attention to all practical 
alternatives and offer a balanced picture of associ-
ated pros and cons as seen by the affected stake-
holders – particularly those having no commercial 
interest in the technology under consideration (Stir-
ling et al. 2018, 46). Questions around benefit and 
harm must be directed to the potential pros and 
cons associated with a diverse array of alternative 
policy options. These pros and cons would high-
light the importance of embedding risk-based as-
sessment in a broader social appraisal that includes 
public participation. Real participation must recog-
nise: a.) that some level of ignorance will always ex-
ist with a new technology; and b.) that a substantive 
social appraisal entails value-based judgements 
that probabilistic risk assessment techniques are 
not designed to address (Stirling et al. 2018, 48).

Leach et al. (2010) point out that technological 
fixes frequently fail to work and create further prob-
lems because they are most often modelled in labs 
or on computers, methodologies which do not re-
flect the complexity of real world situations. These 
authors argue in favour of offering a broader range 
of options at such participatory sessions, described 
as “multiple potential pathways to sustainability”. 
Such an approach draws attention to the contrast 
between “dominant” and “alternative” narratives. 
For example, for infectious disease epidemics, the 
dominant narrative is that outbreaks are threatening 

humanity and need to be controlled through sur-
veillance and technological solutions. An alternative 
narrative might be that “underlying causes need to 
be tackled, requiring a rethink of surveillance and 
diverse social, cultural, ecological and technologi-
cal responses” (Leach et al. 2010, Table 7.3). Ac-
cording to Leach et al. (2010), that would lead to 
greater recognition of uncertainty and would em-
power approaches more rooted in local needs that 
feature more equitable, socially distributed out-
comes. They list five key principles for appraisal for 
sustainability:

•  Include a diversity of types of knowledge 
through participatory engagement;

•  Extend scope and enable choice;

•  Take a dynamic perspective, accept incom-
plete knowledge;

•  Attend to rights, equity and power; and

•  Be reflexive (Leach et al. 2010, Table 5.3).

The dominant versus alternative narrative is 
clearly visible in the case of GDOs, for example in 
proposals to release gene drive mosquitoes as a 
proposed technological solution to tackle malaria, 
as there are many other approaches that might work 
better with less risk. Leach et al.’s (2010) five key 
principles are therefore essential requirements for 
public engagement to be meaningful.

Ely et al. argue that technology assessment prac-
tices can serve to unjustifiably ‘close down’ debate, 
“failing adequately to address technical uncer-
tainties and social ambiguities, reducing scope for 
democratic accountability and co-ordination across 
scales and contexts” (Ely et al. 2013, 1). They note 
that “existing efforts in technology development 
and wider innovation are typically most strong-
ly steered by incumbent interests, which often do 
not match those of the most vulnerable groups, and 
frequently fail fully to account for social, technical 
and ecological complexities and uncertainties” (Ely 
et al. 2013, 1). They argue in favour of “broadening 
out” and “opening up” technology assessment. By 
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‘broadening out’, they mean including a variety of 
options, policies, methods of analysis, uncertain-
ties, and so on (Ely et al. 2013, 2). By ‘opening out’, 
they mean communicating the results of the analysis 
more widely and in a way which allows for different 
interpretations, rather than giving a single answer 
(Ely et al. 2013, 2). 

Campos et al. (2017, 14) describe how the 
multiple programmes of ‘community engagement’ 
undertaken during the open field releases of Ox-
itec’s GM mosquitoes in Brazil served primarily to 
‘publicise’ the releases, rather than to examine the 
fundamentally political choice about whether to 
pursue a biotechnological strategy of vector con-
trol, or whether to explore the conditions of pub-
lic acceptability prior to a decision to deploy this 
technology. Campos et al. note that the processes 
of ‘community engagement’ promoted by the spon-
sors of Oxitec’s GM mosquitoes in Brazil “neither 
encouraged inclusive deliberation nor gave rise to 
opportunities for responsiveness to public concerns 
on the part of innovation actors” and also note, “At 
the same time, the regulatory system never explic-
itly reviewed public expectations or concerns in its 
assessment of OX513A mosquitoes” (Campos et 
al. 2017, 3). Campos et al. argue that “the complex 
and conflict-ridden trajectory” of GM mosquitoes 
in Brazil “serves to highlight the role that political 
accountability must play in any effective implemen-
tation of the principles of Responsible Innovation” 
(Campos et al. 2017, 2). By political accountabili-
ty, they mean “a set of mechanisms, institutional or 
otherwise, that render open to public scrutiny and 
debate the rationales that actors in positions of po-
litical authority draw on to support certain innova-
tion trajectories”, including, but not limited to, reg-
ulatory approval and community consent (Campos 
et al. 2017, 3).

Below, we consider some aspects of this problem.

10.1.1 Need for engagement in the  
definition of a problem and for ‘broaden-
ing out’ societal appraisal

Several aspects of today’s current paradigm of 
engagement are responsible for the frustrations 
described above. One is the fact that participation 
intended to generate acceptance does not engage 
people in the first place in a clear definition of what 
the problem actually is for which their assessment 
is needed. For example, holding a public consulta-
tion, as part of gaining authorisation to market new 
genetically modified crops, may allow farmers to 
expose their concerns regarding the impact of these 
technologies in their production but it never asks the 
farmers what actual problems they’re facing in the 
first place. Problems are, in public engagement of 
science and technology, defined a priori by the con-
sultation, participation or deliberation spaces, and 
by the scientists and promoters who have already 
decided on what they are. The reason for this is that 
the hegemonic paradigm of participation or engage-
ment sees citizens as objects and not as subjects 
of the discourse. As Wynne (2003) has described, 
in contemporary policy culture, it is problematically 
not ordinary public citizens, but scientific experts 
who are assumed to be the proper authors of “pub-
lic meanings” (the accepted meaning of public is-
sues, especially those involving ‘science’, for policy 
to manage).

This problem has led Civil Society Organisations 
to call for opportunities for participation to be pro-
vided from the very beginning of the process, which 
would then include the question of how funding for 
scientific research is allocated (PSx2 2008, 31). In 
the case of GDOs, this would mean opening up the 
question of research priorities to much earlier, more 
in-depth, discussions.

Unfortunately, most of the institutions that fund 
research promote only a limited forum for engage-
ment. Discussion of what kinds of projects should 
be considered for a funding call is currently rare-
ly open to the engagement of the affected public. 
There is a need to recognise that public engagement 
should be a fundamental part of the preliminary 
phases; that is, when the whole complex of funders, 
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innovation stakeholders and researchers engage in 
an exclusive and elite process in which they pose 
and develop a question for R&D.

Engaging society in debates about GDOs has 
many challenges, as does any initiative trying to in-
clude public engagement with scientific innovation. 
These challenges have been identified within the re-
current debates over the impact of new technologies 
with effects that are highly uncertain. One example, 
which is also stressed in the NASEM (2016) report, 
is: which groups should engage in the participatory 
initiatives of GDOs risk assessment? It is widely rec-
ognised that people affected by the technology have 
a strong interest in being able to join engagement 
initiatives; but the communities engaging in this par-
ticipatory process are often vulnerable, that is, at 
serious disadvantages compared to the researchers 
and promoters. In the case of GDOs seeking public 
approval for release that promise to reduce or con-
trol an infectious disease, that vulnerability is con-
structed around the fact that they are the ones be-
ing affected by this disease. This fact may of course 
make such a public more liable to accept technolo-
gies that promise to eliminate the disease than those 
who are not affected. This may not mean they desire 
the technology, only that they are too vulnerable to 
oppose it.

Although the idea of public engagement in de-
cision-making is accepted by most of the scientists 
and experts working in risk assessment with human 
communities, there is a fundamental bias in their vi-
sion of how this should work. They often assume 
that these communities are inactive regarding the 
disease concerned. This is often not true, which 
represents a challenge to mainstream strategies of 
engagement that mostly begin from the false prem-
ise that there are no local risk assessment strategies 
already being implemented, or that those in exist-
ence are based in ignorance and therefore do not 
serve to address the problem. When considering 
the engagement of communities, we should not only 
take into consideration the condition of the scientific 
research, we also need to engage in debates con-
cerning value and power relations.

Discussing releases of GM mosquitoes intend-
ed to tackle dengue, Nading notes that, “Ethics 
that appeal to risk calculated in nested regulatory 
institutions, a standardizable body or an idealized 
‘nature’, prevent us from asking, ‘What if resources 
were put toward changing the conditions that make 
the environments of Grand Cayman, Bahia, Kua-
la Lampur and Key West (not to mention less re-
search-ready spaces such as Managua and Manila) 
dengue-endemic in the first place?’ In other words, 
these discourses divert our attention from the fact 
that dengue the disease, like the GM organism that 
would be its cure, is a product of uneven, though by 
no means unchanging, political and economic rela-
tions” (Nading 2015, 41).

When addressing the scientific questions regard-
ing GDOs, rather than enquiring whether GDOs may 
cause unintended effects, we should ask ourselves 
at the earliest stages: ‘How well do we know the 
diseases we are targeting? How well do we under-
stand the complexity of the ecology of the target 
populations? Are these diseases only transmitted 
by certain vectors? Which disciplines do we need to 
engage in the development of such technologies?’ 

For example, according to the Target Malaria 
project, it seems that medicine and public health 
professionals are not included when these outreach 
teams are constituted. As we see from their website, 
the team mostly consists of biologists, geneticists 
and engineers, with a clear absence of health pro-
fessionals. Such a team composition seems an odd 
choice, considering the promises made about these 
GDOs primarily concern improved human health. 
Furthermore, as is stressed in the NASEM (2016) 
report, communities also have their own ‘ways of 
knowing’ when it comes to these scientific ques-
tions, which means we should not only promote the 
exchange of knowledge, we should incorporate their 
knowledge in the apparatus of participation, the 
definition of the questions, the project design and 
its implementation and periodic review. We should 
also be prepared to fail; that means that engage-
ment must not be conducted within the premise that 
the technology will be accepted, that it only needs 
some small modification and technical instruments 
for assessment to achieve that invariable goal. We 
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must be prepared to reject these technologies, not 
just in favour of alternatives that may already exist, 
but also in favour of alternative paths of develop-
ment for the future.

10.1.2 The need for problem-led engage-
ment

A related issue is the need for engagement to be 
problem-led, not technology-led. One of the major 
critiques of today’s methods of scientific production 
of knowledge is that they are mostly oriented in or-
der to serve their internal technological apparatus, 
rather than to seriously consider a problem or sci-
entific challenge that needs to be addressed. 

For example, the NASEM (2016) report reflects 
this problem. This report, which tried to “create a 
consensus to summarize the current understanding 
of the scientific discoveries regarding gene drives” 
(NASEM 2016, vii), not to mention its subtle con-
tradictions, assumes that problems regarding the 
impacts that could conceivably be caused by gene 
drives are mainly to be solved by adapting new ver-
sions of the same technology. For example, it’s often 
highlighted in the report that one possible solution 
regarding the impact of gene drives is to introduce 
another genetically modified mosquito (with the as 
yet non-existent “reversal drives”), even when the 
authors accept that these, even if eventually per-
fected, may create impacts of their own. 

In contrast, problem-led research is based on 
posing fundamental questions about a given prob-
lem. If we accept uncritically that a technology is 
the best (or only) solution to complex phenomena 
such as famine or disease, we will be trapped in the 
current socio-technological apparatus. As Klop-
penburg (2005) has argued, this bias generates a 
scientific contradiction. The contradiction is simple: 
the socio-technological bias of modern society (and 
consequently of modern science) is based on the 
desire to continuously revolutionise the means of 
production and consumption. Project applications 
for funding reflect this essentially economic goal. 

Researchers have all faced that blank space in 
grant application forms, which requires an answer to 
questions such as: What is the novelty of your ap-
proach? Which new products does your research 
generate? What is the intrinsic value of your project? 
To these questions only a few will risk answering with 
“old”, non-technological approaches (such as tradi-
tional, indigenous and local knowledge). Researchers 
tend to ignore them; they are no longer in fashion. 
The choices we are led to make by a technology-ori-
ented approach makes us ignore tested methodolo-
gies built by our own communities. With time, and 
because research tends to move in the direction of 
innovation, some of this important knowledge is for-
gotten. This represents a creative form of destruction 
of memory and experience, opening a gap of open 
enquiry within the fabric of the scientific enterprise. 

A broader approach would begin with different 
definitions of the problem that is being investigated 
(such as the challenge of tropical disease), especially 
to those problems involving social actors, and a seri-
ous consideration of all the alternatives that could be 
used or developed in order to tackle it, including social 
measures such as alleviating poverty or lack of access 
to clean water. In the context of GDOs, this means that 
public engagement should never begin with the pro-
motion of a claimed technological ‘solution’.

10.1.3 The need to avoid unrealistic 
promises

 As noted above in Section 5, unrealistic promis-
es distort public engagement in debates about new 
technologies. For credible public engagement to 
take place, uncertainty about what can be delivered 
needs to be openly acknowledged and unrealistic 
promises must be avoided.

If public engagement exercises are framed in a 
way that implies tremendous benefits are likely (or 
even inevitable) if open releases of GDOs are permit-
ted, this limits the space for discussion of the com-
plexity of such an approach and its dependence on 
numerous unverified assumptions. It also does not 
address the issue of the opportunity costs associated 
with investing in any approach that might not deliver 
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the claimed outcomes. Over-hyped claims of future 
benefits may also prevent some concerns from being 
included in the framing of the discussion (because, by 
definition, the gene drive organism is pre-supposed 
to be successful and therefore any harms associated 
with its failure are excluded from debate). 

Addressing the issue of unrealistic promises also 
requires new approaches to the governance of sci-
ence in order to regulate the ‘political economy of 
promise’ currently shaping scientific culture in the 
public interest. This has not even been posed as a 
problem to be addressed, let alone been subject to 
collective analysis and deliberation.  

10.1.4 The need for inclusiveness and 
responsiveness

Civil Society Organisations have argued that the 
innovation process needs to be opened up so that 
all stakeholders have enough time to consider the 
implications of a new technology (PSx2 2008, 30-
32). Everyone should be able to participate at some 
level and in some capacity; this would necessarily 
include Civil Society Organisations. Participation 
needs to be on an equal footing in order to address 
unequal power relations, and public concerns must 
be listened to and taken into account (i.e. the pro-
cess must be responsive).

Due to issues with power imbalances, there is 
a particular need to include marginalised groups. 
Furthermore, ‘inclusiveness’ must not mean a sim-
ple invitation to speak, but a genuine opportunity 
to shape agendas, including research agendas, and 
to affect decisions. This should include a right to 
refuse to take part in a particular project, and to 
propose and explore alternative approaches.

The challenges of engagement in debates re-
garding GDOs are particularly great, due to this 
technology’s potentially invasive, international and 
irreversible effects.

10.1.5 Role of scientists and ‘counter-ex-
pertise’

Suppression of dissenting scientific voices has 
long been the norm in science (Martin 1999; Del-
borne 2016). The goal of this suppression is not just 
a defence of the rationality of the scientific system. 
It is equally a professional defence of the curtain 
of authority and power that separates science from 
society. That curtain makes sure that the roles for 
engagement are decided by the field of the “Us”, 
that is, the protagonists for an innovation, and that 
the “Others” are the ones who need to adapt in or-
der to participate.

Civil Society Organisations have argued that 
‘counter-expertise’ plays an important role in ex-
posing bias and enabling alternative perspectives to 
be heard (PSx2 2008, 31). However, there cannot 
be counter-expertise without funding and resourc-
es. Transparency and two-way exchanges of infor-
mation, open-mindedness and genuine engagement 
are also essential for societal knowledge-develop-
ment and learning. Debates both within and about 
science should involve different opinions/view-
points and a plurality of expertise and recognition 
of other types of knowledge that take into account 
minority experiences and voices.

This means that another model of engagement 
is needed. Some alternatives have been initiated by 
groups of critical scholars in an interdisciplinary way 
(e.g. Nunes et al. 2014). These initiatives take into 
account many facets of society and of its commu-
nities and groups, including economic, social and 
cultural aspects. When a researcher approaches 
engagement from a critical and self-reflective per-
spective, mutual learning can take place; the move-
ment of knowledge then becomes a flux and not 
a linear process. The tools and the apparatus for 
participation are both built on the people’s forms of 
organisation and in their values and concerns. How-
ever, this effort requires time and resources.
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11  Conclusions
In this chapter, we have considered the political 

economy of GDOs, including how research is pat-
ented and funded, and how funding concerns lead 
to unrealistic claims about what researchers can 
deliver. Gene drive R&D is still in its infancy and 
far from any field trials. Many claims about future 
benefits of gene drives portrayed in media, scientif-
ic publications and patent applications thus at best 
seem premature. Public discussion is often limited 
to speculative health and conservation applications, 
with the aim of focusing on those claimed benefits 
which appear more likely to attract public support. 

We have explored how exaggerating effective-
ness can lead to opportunity costs when alternative 
solutions are neglected, and how it can close down 
public debate about the best ways of developing sa-
lient knowledge collectively in order to tackle soci-
etal problems.

We then considered how issues such as obtain-
ing prior informed consent have been undertaken by 
existing projects wishing to release genetically mod-
ified (GM) mosquitoes (currently without gene drive, 
but with some plans to include it in the future); and 
we noted serious limitations in these approaches. 
We discussed how power imbalances may affect the 
regulatory framework and who is asked for their in-
put to decisions. We discussed liability and the Pre-
cautionary Principle and finally considered the issue 
of public engagement in decisions about research 
and development involving GDOs. 

Public engagement has to take place at the very 
beginning of the process, when funders, innovation 
stakeholders and researchers define what a prob-
lem is and set R&D priorities. We conclude that so-
cial issues regarding GDOs can only be addressed 
by broadening the processes of public engagement 
with prevailing R&D and commercial interests, and 
by taking a properly precautionary approach. It is 
essential to acknowledge the extent of the ignorance 
and uncertainty embodied in the best of scientific 
understanding of the complexities of ecosystem and 
human health responses to the release of GDOs, 
and thus the unpredictability – and irreversibility – of 
the future effects of GDO releases. Alternative ap-
proaches to tackling problems must be part of pub-
lic engagement with the scientific, regulatory and 
science policy debates, including questions about 
what kinds of research should be funded. Public de-
bate should not be framed by unsubstantiated and 
unrealistic claims about what gene drives can de-
liver. Genuine empowerment of all affected parties 
in the interests of making better choices must not 
be conducted with the premise that the technology 
will be accepted and that it only needs some small 
modification and technical changes to achieve that 
goal. Society must be prepared to reject these tech-
nologies, not just in favour of alternatives that may 
already exist, but also in favour of alternative paths 
of development for the future.
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Ethics and governance
Christopher Preston, Fern Wickson

1 Introduction

1.1 A broad range of ethical considera-
tions

In a general sense, making an ethical assessment 
means trying to determine what is right and wrong in 
regard to a particular situation or set of conditions. 
Importantly, ethics is not simply about asserting an 
opinion. In ethical analysis, the use of reasoned jus-
tification and the provision of sound arguments is 
esse ntial. 

The argumentation for why something is right or 
wrong can take various forms. Ethical arguments 
may consider things such as: a) how an action (e.g. 
the development and/or use of a particular technol-
ogy) may or may not align with certain principles or 
(moral) laws; b) the consequences of an activity for 
different systems and actors; c) the underlying at-
titudes or virtues and vices being displayed; d) the 
impacts on social or environmental justice; or, e) the 
changes in relationships, cultural identities or ways 
of viewing the world and one’s place within it. Ethi-
cal considerations may also involve the influence of 
a technology on culturally important considerations 
such as what is considered natural, the implications 
for future generations, consequences for animal 
welfare, and more. 

Stating this broad range of considerations at the 
outset is important because there is a temptation 
for some to think that the ethical questions related 
to gene drives boil down simply to an assessment 
of the benefits and costs that the technology might 
have, or to assume that only benefits and costs for 
human beings are relevant. This is misleading, be-
cause to narrow down the ethical terrain to include 
only impacts for human beings or only health and 
environmental benefits and harms is a false simplifi-
cation. As we will show in this chapter, ethical issues 

cover a much wider range of potential concerns, 
and these considerations are often interconnected. 
When parties to the United Nations Convention on 
Biological Diversity invited signatories to take into 
account “socio-economic, cultural and ethical con-
siderations” related to biotechnology and synthet-
ic biology, no prejudgement was made about what 
should count as an ethical consideration (UN Con-
vention on Biological Diversity 2016). Therefore, it 
is important to remain sensitive and attentive to the 
broad range of considerations that represent the 
ecosystem of ethical concerns over gene drives. 

A particular branch of ethics known as “environ-
mental ethics” expands moral concerns to include 
elements of the non-human world. It asks questions 
about which entities (or processes) beyond human 
beings have moral value, what these moral values 
might be grounded in, and how extending moral val-
ues to aspects of the environment changes how we 
should act in the world. Environmental ethics also 
considers what constitutes a good life of co-habita-
tion between humans and the broader community 
of life on Earth. 

In asking these questions, environmental ethics 
tends to take issue with the view that only humans 
have moral worth. The field contains substantial 
debates about what types of entities and organ-
isms are worthy of moral consideration in any eth-
ical assessment, variously adding plants, animals, 
species, and even entire ecosystems to the mix of 
entities regarded as having value (Donovan and Ad-
ams 2000; Taylor 1981; Rolston III 1988). There are 
also lively debates about whether the moral value in 
need of protection resides in individual animals and 
ual animals and organisms, in populations or spe-
cies as a whole, in elements of a genome, or even 
in the biogeophysical processes that sustain them 
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all (Dawkins 2006; Rolston III 2010; Kheel 2007). 
Environmental ethics also evaluates beliefs about 
human superiority that became common after the 
Enlightenment and the birth of modernity, and links 
them to the exploitation of nature that is character-
istic of industrialization (Merchant 1980; Berman 
1981).

Box 1: Ethical questions about gene drives in swit-
zerland

New genetic engineering techniques and result-
ing applications such as gene drives are intensively 
discussed in Switzerland. The ethical issues arising 
from the application of biotechnology and genetic 
engineering in the animal, plant and environmental 
sectors are regarded as extending beyond human 
interests and concerns. In 1998, at a time when 
genetic engineering was generating controversy in 
Swiss politics and public conversations, Switzer-
land established its own ethics committee to deal 
with these issues, known today as the Federal 
Ethics Committee on Non-Human Biotechnology 
(ECNH).

An ethics committee that deals exclusively with 
the applications of biotechnology in the non-hu-
man field is unique in Europe. Generally, national 
ethics committees focus on human medical issues. 
A second specialty of the ECNH is its mandate to 
concretise the concept of the dignity of living be-
ings. According to the Swiss Federal Constitution 
the dignity of living beings has to be taken into ac-
count when using them. 

Recent topics dealt with by the ECNH include 
the new genetic engineering techniques and their 
application in plant breeding (“New plant breeding 
techniques - ethical considerations”) and questions 
of risk surrounding the release of genetically mod-
ified plants in the environment (“Release of geneti-
cally modified plants – ethical requirements”). The 
committee has also recently addressed the more 
fundamental topic of “Precaution in the environ-
mental field. Ethical requirements for the regula-
tion of new biotechnologies”. 

Towards the end of 2017, the ECNH began 
working on a report on gene drives. In addition to 
questions regarding risk ethics and biosecurity, 
the moral status of the individuals, species, popu-
lations and biodiversity affected by gene drives is 
also considered. 

With its reports and statements, the ECNH pro-
vides information at three levels. It advises 

the Federal Council and the administration on the 
preparation of legislation in the field of non-human 
biotechnology and genetic engineering, and makes 
proposals for future legislation. It advises the fed-
eral and cantonal authorities on the enforcement 
of federal regulations. Finally, it is tasked with in-
forming the public and promoting dialogue on the 
benefits and risks of new technologies.

1.2 The importance of context for ethical 
assessment

Given the broad range of ethical concerns possi-
ble, it is important that any ethical assessment of 
new fields of technological development take into 
account the context in which they arise and will be 
used. Gene drive technologies have certainly not 
emerged in a vacuum. Gene drives follow from a 
specific line of scientific research and technical de-
velopment set within a distinctive set of socio-eco-
nomic and legal arrangements; they operate against 
the background of a particular political history, as 
well as having to face specific public health and en-
vironmental challenges. 

This very new technology has arrived in the 
midst of decades of persistent and highly polarized 
debate about the environmental release of biotech-
nology in general. The history of this acrimonious 
debate includes suspicion about the underlying mo-
tives of biotechnological interventions into organ-
isms; a lack of trust regarding the quality of existing 
scientific and regulatory frameworks; and signifi-
cant concerns regarding concentrations of power 
and questions of ownership, control and justice. 
Emerging from this legacy of mistrust, anger, fear, 
and frustration (on all sides), gene drive technolo-
gy is of course then immediately exposed to many 
of these pre-existing concerns. It is important that 
any assessment of the ethical issues associated with 
gene drives recognize this broader context and con-
sider how the legacy of biotech in general shapes 
the discussion. 

Gene drives are also arriving just as a new real-
ization about the full extent of the deleterious ef-
fects of human impacts on earth is dawning. From 
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extensive habitat destruction and species extinc-
tions, along with the spread of disease vectors and 
the loss of key nutrients like nitrogen and phospho-
rous in the soils, to rising sea levels, changing ocean 
currents and increasing greenhouse gas concentra-
tions, the world is increasingly thought to be on the 
brink of a precarious future with ‘no analogue’ in 
history (Kammer 2017). The alleged arrival of the 
‘Anthropocene’ or ‘human-created’ epoch  is cre-
ating significant shifts in how people are thinking 
about nature and about humans’ proper role within 
it (Crutzen and Stoermer 2000; Steffen, Crutzen, 
and McNeill 2007; Waters 2016).

Gene drives are one of a range of new technol-
ogies that are making new areas of environmental 
management possible for the first time. For exam-
ple, climate engineering is creating the potential for 
deliberate manipulation of the solar radiation strik-
ing the surface of the earth (Shepherd 2009). Na-
notechnology is permitting novel rearrangements of 
the structure of matter at the atomic and molecular 
scale (Drexler 2013). Synthetic biology is allowing 
the creation of hitherto unseen organisms through 
designer DNA (Hutchison et al. 2016). In an epoch 
full of new challenges, gene drives are emerging as 
one of a number of new technologies offering par-
ticularly radical ways of addressing a difficult fu-
ture. However, the ethics of gene drives, along with 
all these other emerging radical technologies, are 
deeply contested.

Unanswered questions about just how much to 
step up human management of the natural world, 
in order to secure human and environmental bene-
fits, are on many people’s minds (Marris 2011; As-
afu-Adjaye et al. 2015; Preston 2018). What is clear 
about the range of powerful technologies emerg-
ing in the Anthropocene is they have the potential 
to scramble many familiar ethical categories. This 
type of techno-moral change (Swierstra, Stemerd-
ing, and Boenink 2009) means that the future may 
not be characterized by the same ethical contours 
as the past. A Nuffield Council report expresses 
this as the idea that gene drives are “transformative 
technology, one that both displaces current ways of 
doing things and subtly changes the nature of what 
is done” (Nuffield Council on Bioethics 2016, 31). 

Deeply contested cultural perspectives on these 
puzzling changes are also more visible now than 
ever before through a range of new media.

What makes ethical analysis so central to the 
consideration of gene drives is that a key argument 
for pursuing them is also an ethical one. Gene drive 
technologies are being developed in large part due 
to the perception they might offer enormous bene-
fits for human health challenges, for example ma-
laria, Zika virus, and dengue fever (Nuffield Council 
on Bioethics 2016; National Academies of Science, 
Engineering and Medicide [NASEM] 2016; Mat-
thews 2018). They are also being presented as of-
fering hope in the face of difficult ecological chal-
lenges, such as the management of invasive species 
on island ecosystems. Furthermore, they are being 
touted as potential tools for helping to address per-
ennial agricultural challenges, such as pernicious 
weeds and virulent insect pests. Real solutions to 
these kinds of pressing health and environmental 
problems would clearly provide large and highly de-
sirable benefits, which means the moral and ethical 
stakes are therefore undoubtedly high.

Powerful as these potential benefits appear, al-
most everyone in the discussion of gene drives ad-
mits that the most important of the moral questions 
they present are not all resolved. The number of sci-
entific uncertainties gene drives create, the radical 
type of intervention into ecology and evolution they 
represent, and the social and economic disruption 
they might generate, all suggest gene drives may 
not confer their proclaimed benefits without posing 
a serious threat to a number of equally important 
human and environmental values. The potential for 
very significant disruptions and harms and the fact 
that this is accompanied by equally significant levels 
of scientific uncertainty mean that there have been 
loud calls for precaution and regulation. 

With enthusiastic researchers and a hungry 
media having a tendency to over-sell the potential 
benefits of every transformative technology (see 
Chapter 3 for a discussion of hyped promises), a 
broader examination of the ethical questions gene 
drives raise is essential. As these ethical discussions 
occur, they must be tied directly to the scientific 
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research and technological developments now oc-
curring. This means that ethical issues must be con-
sidered not only in connection with any future de-
ployment of a gene drive in nature, but also in terms 
of how the technology is being imagined, financed 
and developed. Furthermore, as recognised in in-
ternational agreements such as the Rio Declaration, 
sound environmental decision-making and sustain-
able development also require that such analyses 
be inclusive, participatory and sensitive to the views 
of indigenous peoples (Principles 10 and 22). In-
corporating this kind of inclusive ethical reflection 
is increasingly recognized as a requirement for re-
sponsible forms of research and innovation (Stilgoe, 
Owen, and Macnaghten 2013).

1.3 The approach of this chapter 

This chapter focuses on providing a general over-
view of the wide range of ethical issues connected 
to gene drives. This range has been organized into 
three broad categories or ways of thinking: a.) the 
impacts the technology can have for human and 
environmental health and justice, b.) the character 
of the technological intervention itself, and c.) the 
intentions and worldviews driving the technology 
forward. Organizing the ethical issues according to 
the overarching categories of “Impacts,” “Interven-
tions” and “Intentions” is an attempt to draw aware-
ness to three different arenas of ethical concern and 
to highlight the breadth of issues at stake.

It is, however, important to note that the ethics of 
gene drives cannot, in the end, be neatly packaged 
into separate silos. The acceptability of any one im-

pact, for example, will depend on both the intention 
behind the pathway and on the kind of interventions 
any particular worldview permits. Worldviews, val-
ues, principles, intentions and beliefs are intercon-
nected - continually informing, shaping, reinforcing 
and remaking each other in action. This means that 
there are shifting and productive tensions across 
the categories presented and that they interact in 
a dynamic and reciprocating ecosystem. In the 
presentation of our categories of ethical issues, we 
therefore also try to make visible where there is an 
overlap between the different factors in order to il-
lustrate both the breadth and the complexity of the 
ethical issues gene drives create. 

A key message contained in this chapter is that 
the scope of ethical issues associated with gene 
drives is much wider – and therefore the ethical bar 
for their release into wild populations much higher 
– than some of their advocates admit. Furthermore, 
the chapter makes the case that the state of the art 
in gene drive science and the current state of regu-
latory preparedness suggest that the technology is a 
long way from reaching this bar. To meet the goals 
of sustainable development in a way that is consist-
ent with a precautionary approach (Rio Declaration 
Principle 15), (see Box 2) this powerful and contro-
versial technology requires not just addressing the 
numerous still-unanswered technical questions, but 
also a much more active commitment to broad ethi-
cal analyses that must be performed in a timely and 
participatory manner. The chapter therefore con-
cludes by pointing towards some essential features 
of good governance for gene drives if they are to be 
developed in a manner that is sustainable, respon-
sible, safe and ethical. 

2 Impacts
Gene drives are designed to have considerable 
physical impacts on humans, animals, and eco-
systems. Like other powerful technologies, gene 
drives will not just affect the total amount of harm 
or welfare present in the world; they are likely to 
impact how these costs and benefits are distribut-

ed. Furthermore, the distribution of these impacts 
is not just relevant for today. It will bear on future 
generations of humans as well as future generations 
of non-human organisms. A full ethical consider-
ation of the impacts of gene drives will therefore 
need to consider questions of justice alongside con-
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siderations of total welfare and harm. It will have 
to consider both questions of just distribution (e.g. 
how will the benefits and burdens be distributed?) 
and questions of just process (e.g. who has deci-
sion-making authority over gene drive development 
and deployment?). All this must be done while re-
maining sensitive to intergenerational and interspe-
cies concerns. We consider each of these different 
types of impact in the discussion below.

2.1 Impacts on human and environmental 
welfare 

As discussed in Chapter 2, perhaps the most vocal 
argument made in support of gene drives involves 
the benefits they may bring to human health and 
well-being. In 2017, according to the World Health 
Organization, approximately 435,000 people died 
of malaria worldwide, with 90% of these deaths in 
Africa and more than two-thirds of them involving 
children under the age of five (World Health Organ-
ization 2018). If a gene drive could cause a mosqui-
to population to crash (through engineering sterility 
or a bias in sex ratio) or if it could interrupt trans-
mission of the parasite that causes malaria, then a 
great deal of human suffering could potentially be 
prevented. The elimination of these deaths and the 
suffering they involve is, to humans, highly morally 
desirable. If gene drives could also crack difficult 
agricultural or conservation problems, the resulting 
benefits might also be significant. 

Considerations of this kind fit squarely into con-
sequentialist modes of ethical reasoning and cost/
benefit frameworks of analysis. The first set of 
complicating factors faced by these arguments are 
perhaps the obvious ones. These desirable con-
sequences and benefits in welfare will only be ob-
tained if: 1) gene drives can be made dependably 
operational, 2) they do not come with accompa-
nying or hidden costs to human or environmental 
health, and 3) they offer a real, long-term solution. 
At present, there are no guarantees for even one of 
these points.

 The US National Academy of Sciences opened 
their comprehensive report Gene Drives on the 

Horizon with the claim that “gene-drive modified 
organisms hold promise for addressing difficult to 
solve, persistent challenges, such as the eradica-
tion of vector-borne diseases and the conservation 
of threatened and endangered species” (NASEM 
2016, 1). Almost immediately after this claim, 
however, they declared that “considerable gaps in 
knowledge about potential off-target (within the or-
ganism) and non-target (in other species or the en-
vironment) effects” of the CRISPR/Cas9 tool remain 
(NASEM 2016, 1). 

In a similar fashion, the UK’s Nuffield Council’s 
report, Genome Editing: An Ethical Review, pointed 
to the same potential benefits of the use of gene drive 
technologies, including “eradication of insect pests 
and disease vectors, reduction of invasive species 
and management of ecosystems” (Nuffield Council 
on Bioethics 2016, 76). Very shortly afterwards, 
they too pointed towards important elements of un-
certainty that must be taken into account, including 
“the sensitivity of natural ecologies, concern for the 
welfare of animals, risk of unpredictable ecosystem 
effects and ecological catastrophe” (Nuffield Coun-
cil on Bioethics 2016, 76). 

Both of these major reports are honest about the 
fact that the research community is at a very early 
stage of understanding the full range of effects of 
gene drives. The fact that gene drives involve de-
letions, insertions and suppressions of complicated 
genetic codes, whose influence on organismal phe-
notypes – given the multiplicity of possible genetic 
backgrounds – is not yet fully understood, creates 
one dimension of uncertainty (Wolf and Ellegren 
2017) (see also Chapter 1). The fact they are de-
signed to spread widely throughout open systems, 
rather than to remain within the bounded system of 
a laboratory or the semi-bounded system of an ag-
ricultural setting, creates another. The potential for 
harm from gene drives, combined with high levels 
of scientific uncertainty, triggers calls for the appli-
cation of a precautionary approach in the develop-
ment and application of this technology. 
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Box 2: A precautionary approach 
A precautionary approach involves adopting a 
cautious attitude towards risk. This includes taking 
decisions or actions that aim to minimize or avoid 
potential harm even before it is sure that such 
harm will occur. It has been cited in a wide range 
of regulatory policies and is often emphasized in 
arenas where objectives of industrial development 
and environmental protection intersect.

A precautionary approach can also adopt the 
position that when there is scientific uncertain-
ty about the possibility of harmful effects arising 
from a particular development, policy-makers 
can legitimately lean on the side of caution. One 
authoritative statement of the approach declares: 
“When an activity raises threats of harm to human 
health or the environment, precautionary meas-
ures should be taken even if some cause and effect 
relationships are not fully established scientifical-
ly” (Wingspread Statement 1998). This means the 
potential for harm does not have to be proven with 
absolute certainty before pre-emptive measures 
may be taken to avoid it. 

Versions of the precautionary approach appear 
in the World Charter for Nature, the Montreal Pro-
tocol, the Rio Declaration, the Kyoto Protocol, the 
United Nations Convention on Biodiversity, the 
Cartagena Protocol on Biosafety, the Swiss Gene 
Technology Act and other international agree-
ments. A legally binding Precautionary Principle is 
also part of statutory law in several areas of Euro-
pean Union regulatory policy.

Despite its appearance in so many international 
texts, the precautionary approach is challenging 
to implement in practice. Different understandings 
of what constitutes a relevant harm and exactly 
how to assess risk demonstrate the presence of 
interpretive flexibility. This opens the application 
of stringent pre-emptive measures to political 
contestation. Questions typically arise about how 
following a precautionary approach may create its 
own risks and how strictly the approach should be 
followed if economic costs are high.

Despite these challenges, many people feel that 
a precautionary approach has both strong intuitive 
plausibility and also legal legitimacy in the case of 
powerful global technologies such as gene drives, 
especially given their potential to have impacts on 
unprecedented scales.

Useful genome editing requires knowing which 
gene or genes to edit to cause a particular effect. 
Understanding the relationship between genes and 
the ability of an organism to succeed in a particular 
environment is plagued with difficulty (Barrett and 
Hoekstra 2011). One of the mistaken dogmas in mo-
lecular biology is that genotypes map onto pheno-
types in a one-to-one, causal relationship (Lewontin 
1991; Sultan 2000; Pigliucci 2001; Morris 2012). 
Many of the associations between genotype and 
phenotype that have previously been claimed to ex-
ist cannot be replicated (Chanock et al. 2007). The 
Nuffield Council study of genetic editing conceded 
that many variations in phenotype “have no de-
terminate association with genetic characteristics” 
(Nuffield Council on Bioethics 2016, 7). Epistatic ef-
fects mean that desired changes in phenotype will 
often depend on the presence or absence of any 
number of additional genes in the background. The 
U.S. National Academy of Sciences recommends, 
at the very least, that the “examination of the fit-
ness consequences of introduced genetic material 
requires measurement of its effects across multiple 
genetic backgrounds” (NASEM 2016, 35). This sort 
of complicated work remains in its infancy.

Uncertainties about the direct effects of alter-
ing genes are constantly being revealed. The first 
laboratory experiment on the use of a gene drive 
in mammals was partially successful, but it came 
with some considerable surprises (Grunwald et al. 
2018). The gene drive designed to change the coat 
color of mice only worked on females. The genomes 
of the male mice for some reason did not respond 
with the required homology-directed repair. The 
timing of the edit in the germline cells, the authors 
of the study propose, may be important to its suc-
cess or failure. Development geneticist Paul Thom-
as described the results as a “reality check” for 
gene drive enthusiasts (Callaway 2018). While gene 
drives for rodent populations may be possible, the 
techniques are not sufficiently understood at pres-
ent in the lab, let alone in an operational context.
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2.2 Creating only the desired effect on 
phenotype

The use of CRISPR/Cas9 systems is commonly 
lauded as the key that unlocks the possibility for 
effective gene drives (Nuffield Council on Bioethics 
2016; NASEM 2016; Oye et al. 2014). Unlike other 
gene editing techniques, such as Zinc Finger Nucle-
ases and TALENs, CRISPR/Cas9 is said to be cheap, 
accurate, and efficient. 

Evidence is starting to emerge, however, that the 
CRISPR mechanism for editing genomes may not be 
as reliable as initially thought. CRISPR/Cas9 edits 
have been found to cause “large deletions and more 
complex genomic rearrangements at the targeted 
sites”, as well as completely unintended “lesions 
distal to the cut site” (Kosicki, Tomberg, and Brad-
ley 2018, 1)(See also Shin et al. 2017; Mou et al. 
2017). Allen Bradley, a co-author on the first study, 
wrote “we found that changes in the DNA have been 
seriously underestimated before now. It is impor-
tant that anyone thinking of using this technology 
for gene therapy [in humans] proceeds with cau-
tion, and looks very carefully to check for possible 
harmful effects” (Sanger Communications Team 
2018). Although the concern expressed by Bradley 
is directed not at gene drives but at germ line edit-
ing, the same considerations would apply to editing 
non-human organisms with CRISPR when attempt-
ing to develop gene drives. 

Other considerations also provide reasons for 
caution. Pleiotropism is the phenomenon by which 
one gene can be responsible for several phenotypic 
effects. Researchers using CRISPR/Cas9 in an at-
tempt to change the pigmentation of a butterfly’s 
wing recently found that the edits changed both the 
color and the structure of the scales on the wing 
(Matsuoka and Monteiro 2018, 60). One phenotypic 
change quickly became two, with the potential for 
additional changes also present. If a gene drive can 
change an organism in more than just the intended 
way, the technology may be considerably less man-
ageable than anticipated.

2.3 uncertainties created by the complex-
ity of ecosystems

At the same time that gene editing creates uncer-
tainties for the phenotype of the organism being 
edited, driving an edit through a whole population 
living within a wild ecosystem generates many other 
uncertainties. When gene drives are used to cre-
ate effects across such a population, “a complex 
molecular system will be introduced into complex 
ecological systems, potentially setting off a cascade 
of population dynamics and evolutionary process-
es that could have numerous reverberating effects” 
(NASEM 2016, 86). Ecologists are sensitized to the 
power of ecological cascades. Australian cane toads 
and Yellowstone wolves are living exemplars of how 
well-meaning interventions into ecological systems 
have unanticipated and wide-ranging effects. 

Gene drives may also not spread in the intended 
ways. The NASEM report draws attention to the fact 
that there are “considerable gaps in knowledge re-
garding the implications of gene drives for an organ-
ism’s fitness, gene flow in and among populations, 
and the dispersal of individuals, and how factors 
such as mating behavior, population sub-structure, 
and generation time might influence a gene drive’s 
effectiveness” (NASEM 2016, 42). These gaps cre-
ate the possibility that undesirable ecosystem ef-
fects will follow, threatening both ecosystem values 
and, indirectly, the numerous human values which 
may depend on them. Article 26 of the Cartegena 
Protocol draws attention to the particular relevance 
of such threats to the lives of traditional and indig-
enous peoples.

The ecological uncertainties surrounding the ef-
fects of gene drives are considerable. One concern 
involves the possible spread to non-target conspe-
cifics. A pernicious species in one location may be 
a desirable native in another (e.g. possums in New 
Zealand vs Australia). The potential inability to limit 
the spread of a gene drive to only the target popu-
lation creates reason for caution. After recognizing 
how far a drive could spread outside of the target 
population, molecular biologist and evolutionary 
engineer Kevin Esvelt conceded that his earlier en-
dorsement of the use of gene drives as a conserva-
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tion tool now looked like “an embarrassing mistake” 
(Zimmer 2017). He offered a general warning for 
future attempts at ecosystem-scale management, 
stating that “invasiveness and conservation don’t 
mix” (Esvelt and Gemmell 2017). Techniques such 
as “reversal drives,” “precision drives,” and “daisy 
drives”, that would limit the invasiveness of a gene 
drive, are still at an early stage of development and 
come with the same uncertainties as the technology 
they are attempting to manage.

Another ecological concern involves the possi-
bility of gene drives spreading accidentally to the 
wrong places through horizontal gene transfer. 
Although a gene drive is designed to move ‘verti-
cally’ between generations of sexually reproducing 
organisms, genetic material is known also to move 
horizontally. This type of lateral genetic transfer 
can take place between different species or even 
between different biological domains (archaea, bac-
teria, eukaryotes) (Brown 2003). While the risk is 
currently little understood, a horizontal gene trans-
fer could potentially move a gene drive mechanism 
from the target species to a non-target species or 
even genus. The U.S. National Academy of Scienc-
es, the Norwegian Biotechnology Advisory Board 
and a draft report of the International Union for 
the Conservation of Nature, all highlight horizon-
tal gene transfer as a potential risk factor for gene 
drives (NASEM 2016; Bioteknologirådet 2017). This 
low likelihood but very high consequence scenario 
would be an unacceptable outcome of gene drive 
deployment.  

These risks of unintended gene drive spread ap-
pear in a range of applications. If gene drives are 
used to target weeds in agriculture, for example, 
can researchers be confident that only the perni-
cious species will be affected? The NASEM report 
uses the example of the weed Amaranthus palmeri 
as a candidate for a suppression drive within the 
southern United States. Other members of the Am-
aranthus genus in North and South America, how-
ever, are grown as food staples, and in China as pig 
feed. If the weed species with the gene drive hybrid-
izes with the food staple, the suppression drive may 
wipe out the agriculturally important crop (NASEM 
2016, 57-58).

Concerns about hybridization are not limited to 
agricultural arenas. Mosquitoes, now actively being 
researched as targets for gene drives could hybrid-
ize with closely related species, creating unintend-
ed and potentially deleterious effects. Accidentally 
eliminating not just the ones responsible for disease 
transmission, but all mosquitoes in a region, would 
certainly be ecologically undesirable. A similar con-
cern exists with Rattus species in Australia, where 
ecologically harmful non-native species live in prox-
imity to half a dozen or more species of native rats 
(Moro et al. 2018). Hybridization is a worrying and 
largely unstudied potential impact of gene drives.

Even if a gene drive works in exactly the manner 
intended, ecological concerns still linger. Rapid and 
dramatic reductions in the population of any spe-
cies will typically have ecological consequences. Of 
course, when a gene drive is used to suppress the 
population of an invasive or dangerous species, this 
is precisely the point. Numerous variables would 
go into determining just how much of an ecologi-
cal impact the suppression of a targeted species 
might have. Removal of an invasive species through 
a suppression drive could never perfectly reverse 
the negative effects the invader has caused, while 
removal of a native species (e.g. a parasite-carrying 
insect) could have unforeseen consequences. Due 
to the complexity of ecological relationships, some 
of the impacts may be hard to predict. Another spe-
cies acting as a disease vector could move in to the 
newly unoccupied niche. The targeted species (or 
parasite) could evolve resistance to the gene drive 
and become an even greater problem. Numbers of 
a targeted population could rebound aggressively 
after temporary suppression, something that could 
be devastating if immunity to the disease within a 
vulnerable human population had been lost during 
the period of suppression. 

The uncertainties for both organism and envi-
ronment described above may, in some cases, be 
reduced through concerted research in population 
genetics, evolutionary biology, ecosystem dynam-
ics and ecology. The current state of play, howev-
er, is that research on the environmental effects is 
struggling to keep up with the lab-based work on 
the molecular mechanism itself ( NASEM 2016, 42). 
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Even if these other fields catch up, uncertainties will 
remain and more modelling is unlikely to prove ca-
pable of adequately addressing them all. Research-
ers in the Centre for Ecological and Evolutionary 
Synthesis (CEES) at the University of Oslo suggest 
that modelling the ecological impacts of gene drives 
involves so much guesswork over the values of the 
relevant variables that “it cannot be used in risk as-
sessment in a meaningful way” (Biotecknologirådet 
2017, 7-8). 

While field-testing gene drives for their ecosys-
temic effects has been hailed as necessary to remove 
such uncertainties, this process is also fraught with 
difficulty. Even limited-scale field tests will be risky 
due to the built-in mechanisms designed to spread 
gene drives through a wild population of organisms 
(Noble et al. 2018). Small-scale field tests would also 
not necessarily provide the required information to 
understand large scale, ecosystem impacts. Indeed, 
such knowledge may not become available until 
“several years or even decades after deployment” 
(Kuzma and Rawls 2016, 288). This means subject-
ing people to an unprecedented global experiment 
without any assurance of its success or even its use-
fulness. These types of uncertainties make a com-
pelling risk or cost/benefit assessment of gene drives 
virtually impossible to accomplish with enough con-
fidence and granularity to be reliable.

In a situation like this, where a sound scientif-
ic knowledge base is lacking, making an ethical 
evaluation of gene drives through assessing the 
possibility for harmful consequences clearly faces 
significant challenges. However, an assessment of 
impacts also requires deciding what constitutes a 
hazard or harm; this will always be based not on 
science, but on social and environmental values. 
Values will often be contested and require demo-
cratic processes of engagement to resolve (Wickson 
2014). Determining what constitutes an acceptable 
level of risk also varies significantly with the charac-
teristics of the risk in question, as well as with social 
and psychological factors (Slovic 1999; Kasperson 
et al. 2003). Furthermore, deciding what constitutes 
quality in safety science, including what are appro-
priate methods and interpretations of the available 
knowledge, will likewise involve value-based deci-

sions (Wickson and Wynne 2012a, 2012b). All of 
this means that in terms of assessing impacts, there 
are ethical questions not only about ratio of benefit 
to risk involved, but also about how calculations of 
risk are framed, researched and interpreted. 

In the case of the potential eradication of diseas-
es that come with a high human cost, the potential 
benefits of a successful gene drive application may 
be judged by some to be so high that they outweigh 
any uncertainties about ecological and evolution-
ary costs. For example, Min and others propose, 
perhaps rashly, that “no known human-caused 
ecological effect approaches the toll in human lives 
and suffering inflicted by malaria” (Min et al. 2018, 
S51). Some advocates also think it possible to over-
emphasize the worries over misapplications and 
unintended effects. They remind skeptics that eco-
systems are constantly adapting to change and that 
nature can be remarkably resilient (E. Marris 2011; 
Pearce 2015). Enthusiasts might point out that when 
the Aedes aegypti mosquito was virtually eliminated 
from Central and Southern America in the 1960s, 
after decades of continuous pesticide application, 
that there was little evidence of a cascade of harm-
ful ecological effects. It is hard to tell, however, if 
this conclusion was premature. It is possible that 
not enough time had passed or studies been com-
pleted in order to determine the full impacts of the 
suppression. The conclusion may be based more on 
hope than on science. 

Discussions about gene drives seem to be fall-
ing within what Alfred Nordmann calls “speculative 
ethics”, in which “an imagined future overwhelms 
the present” (Nordmann 2007, 32). Future promis-
es made about gene drives, for example concerning 
malaria, can make them look morally irresistible, 
while other scenarios of ecological collapse make 
them appear morally abhorrent. Nordmann warns 
about misleading characterizations of distant hypo-
thetical futures that only serve “to distract us from 
comparatively mundane, yet no less important and 
far more pressing issues” (Nordmann 2007, 43). One 
such characterization is arguably that the technolo-
gy can act as a “silver bullet” that will solve some 
of the serious problems we are facing (Webber, Ra-
ghu, and Edwards 2015). A more sober assessment 
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of present uncertainties already in play provides a 
reminder that all bullets can pose a threat. 

In light of the entangled questions of science and 
values and the deep uncertainties in the available 
evidence, an ethical assessment of the impacts of 
gene drives encourages a precautionary approach. 
It points towards the need for both sound scientific 
assessment of potential risks and honesty about the 
current state of knowledge. Currently, far too little 
is known about how gene drives will impact organ-
isms and the environments in which they reside to 
make confident predictions about the impacts they 
would have on existing social, cultural and ecolog-
ical values. 

2.4 Impacts on justice

Let us imagine that all the risks and uncertainties 
detailed above were magically resolved and gene 
drives could be deployed with entirely predictable 
impacts on all organisms and ecosystems. If gene 
drives could help some of the world’s poorest people 
by decreasing their exposure to dangerous diseases, 
then a powerful ethical argument in their favor might 
be their potential to promote global justice. The tech-
nology would be deemed ethically desirable because 
it could relieve some of the world’s poorest people 
from a large amount of unnecessary suffering. 

While this argument is persuasive on its surface, 
it should be remembered that many of the children 
dying of malaria in Africa could be saved by med-
ications and preventative measures already widely 
available in developed countries. The unequal dis-
tribution of wealth across the globe responsible for 
this vulnerability is already a grave distributional in-
justice. Attempting to avoid this ongoing injustice by 
trying to develop a technological work-around may 
not be the right way to scrape the ethical conscience 
clean (see also the Section 4.3 below).

Although powerful new technologies such as gene 
drives may, under the right circumstances, provide 
the opportunity to promote global justice by increas-
ing the well-being of the poor, this proposition cur-
rently remains entirely speculative. Technologies 

have the potential to rearrange social relations in 
ways that undemocratically concentrate power and 
skew the availability of benefits (Preston and Wick-
son 2016). Genome editing technologies, says the 
Nuffield Council, can impact social, intergenera-
tional, and global justice, which they characterize as 
“the fair distribution of advantages or opportunities 
among different groups in a society, between one 
generation and the next or between nations, particu-
larly the nations of the Global North and those of the 
Global South” (Nuffield Council on Bioethics 2016, 
29).They insist that powerful new technologies with 
the potential to affect welfare must do so “without 
discriminating unfairly among people” (Nuffield 
Council on Bioethics 2016, 29). 

A first consideration relevant to justice is to rec-
ognize that gene drives would not be chosen by 
individual citizens. They would be deployed after 
some national or regional level decision. In this 
regard, gene drives are like climate engineering in 
their ability “to impact many lives without requiring 
mass adoption in the marketplace” (Min et al. 2018, 
S51). There is the potential for this to raise “trou-
bling ethical issues” (Min et al. 2018, S51 ). The fact 
that gene drives are mostly being developed in the 
richer countries and may initially be deployed in the 
poorer ones brings several justice considerations to 
the foreground. Some of these issues are matters of 
fair distribution. Others are matters of fair proce-
dure. The full context of gene drive development 
and deployment will need to be scrutinized for jus-
tice-based concerns if they are to avoid inadvert-
ently promoting the injustices that important efforts 
like the Sustainable Development Goals are trying 
to curtail. This includes considerations such as: who 
has the power to shape the technological develop-
ment; who decides about its deployment; whose 
stories are being heard in decision-making process-
es; whose history is being taken into account; which 
generations and species count in the assessments; 
who profits from any potential successes; and who 
bears the burdens of any failure.
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2.5 Who shapes the technological devel-
opment?

Any harms to environment or health that result if 
gene drive organisms create unanticipated prob-
lems would likely be borne by those least prepared 
(in terms of wealth, health care infrastructure, dis-
aster response preparedness, etc.) to suffer them. 
It would be easy for those developing a technolo-
gy from the safety of a rich country to discount the 
risk of impacts born by others. Nnimmo Bassey of 
the Health of Mother Earth Foundation in Nigeria 
has expressed concern that Africa is on the point 
of being used as a “testing ground for a technology 
that has not been proven” (Stein 2018). Of course, 
public values could also cut the other way. It is pos-
sible that those desperate to escape an immediate 
public health or conservation-related harm may 
have a higher tolerance for risk than those already 
insulated from it, even if this higher tolerance may 
be a product of ethically dubious prior treatment 
(Gardiner 2013; Carr and Yung 2018). 

To ensure justice around gene drives, developers 
and decision-makers must be particularly attentive 
to matters of fair procedure. As pointed out above, 
risk analysis is never entirely a matter of science. It 
is also a matter of social context and public values. 
Fiorino makes it clear how “studies of lay judgments 
about technological hazards reveal a sensitivity to 
social and political values that expert’s models 
would not acknowledge” (Fiorino 1990, 227). These 
values depend on culture, history, past experienc-
es and other social and political factors. To their 
credit, some of the most prominent advocates of 
gene drives have acknowledged they are propos-
ing a technology which morally requires “transpar-
ency, public discussion, and evaluation” (Esvelt et 
al. 2014, 16). Continuous public engagement from 
within the socio-ecological context in which a gene 
drive would be deployed is a moral necessity in any 
process to fund, research, develop or release gene 
drive organisms (Oye et al. 2014) (see also Section 5 
 below). 

2.6 Who decides about deployment?

If a gene drive mechanism were to be deployed in the 
field for public health reasons, it looks probable that 
its first deployment would be in some part of Afri-
ca, to suppress Anopheles gambiae, the species of 
mosquito most responsible for malaria transmission 
on that continent. Researchers recognize that a de-
cision to deploy must rest with those who have both 
the most to gain and the most to lose. This means 
putting the decision about whether to go ahead with 
deployment into the hands of a joint governance 
arrangement within African countries. The African 
Union’s New Partnership for Africa’s Development 
(NEPAD) may be such an arrangement (Matthews 
2018). The African Union, however, is made up of 
fifty-four countries, not all of which are host to the 
same mosquito species and not all of which might 
see gene drives the same way. This is particularly 
problematic given the way gene drive technologies 
are inherently transboundary. 

While insect populations can be “clumpy”, with 
high densities in some areas and gaps between pop-
ulations in others, a gene drive may travel to any 
place where Anopheles gambiae (or other target 
species) live. A self-propagating CRISPR-based 
gene drive system is “equivalent to creating a new, 
highly invasive species: both will likely spread to any 
ecosystem in which they are viable, possibly caus-
ing ecological change” (Esvelt and Gemmell 2017, 
2). Responsible gene drive advocates point out that 
“moving forward without the permission of every 
other country harboring the target species would 
be highly irresponsible” (Esvelt and Gemmell 2017, 
3). Regulatory approval, affirm Min et al. “must be 
obtained from every country that would be affected 
by an eventual deployment” (Min et al. 2018, S52). 
For actions that would affect indigenous peoples, 
the principle of “free, prior and informed consent” 
is an essential pre-requisite, affirmed by the Unit-
ed Nations Declaration on the Rights of Indigenous 
Peoples (UNDRIP), the UN Convention on Biological 
Diversity and the International Labour Organization 
Convention. It is unclear how or whether such per-
missions could be obtained.
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Box 3: Free, prior, and informed consent
Free, prior and informed consent (FPIC) is a con-
dition of procedural justice affirmed in a number of 
international declarations and treaties. 

Procedural justice is a type of justice requir-
ing that policies with direct effects on a particular 
population are not implemented without the full 
agreement of those impacted. 

‘Free’ requires that the population is in no way 
coerced politically, economically, or physically 
into accepting the policy. This is in direct recog-
nition of the historical marginalization, oppression 
and exploitation of indigenous peoples. ‘Prior’ de-
mands that the affected population must be con-
sulted before the policy comes into force rather 
than after it has been implemented. ‘Informed’ 
demands that the consenting party has a full un-
derstanding of the effects of the policy before they 
offer consent.

FPIC has a particularly important application in 
the case of indigenous peoples who tend to have 
especially long and intimate relationships with the 
landscape and are not always adequately repre-
sented in government decision-making. Patterns 
of collective ownership amongst indigenous pop-
ulations can bring unique demands for securing 
the ethical use of land and resources. As a conse-
quence, the idea of free, prior and informed con-
sent features prominently in the United Nations 
Declaration on the Rights of Indigenous Peoples 
adopted in September 2007.

Importantly, ‘consent’ is a higher threshold 
than ‘consultation.’ The right to self-determi-
nation is today seen as a fundamental condition 
of legitimate political governance and is present 
in Article 1 of the United Nations Charter. FPIC 
consequently goes some way towards ensuring 
self-determination for indigenous populations.

In 2017, the report of the Ad Hoc Technical Ex-
pert Group (AHTEG) on Synthetic Biology under 
the Convention on Biological Diversity wove to-
gether the Precautionary Principle (See Box 2) with 
the need for FPIC. “Given the current uncertainties 
regarding engineered gene drives, a precautionary 
approach and cooperation with all countries and 
stakeholders that could be affected, taking into 
account the need for the free, prior and informed 
consent of indigenous peoples and local commu-
nities, might be warranted in the development and 
release of organisms containing engineered gene 
drives, including experimental releases, in order 
to avoid potential significant and irreversible ad-
verse effects to biodiversity.”

2.7 Whose history is taken into account?

Putting power for decisions regarding deployment 
in the hands of those with the most at stake is an 
important first step, but it does not resolve all the 
justice questions. Another concern for global jus-
tice is the power dynamics created by historical cir-
cumstances. A technology developed in the wealthy 
countries for the benefit of Africans will inevitably 
come with baggage attached. Thompson points out 
how “it is highly reasonable for those who have been 
exploited on the basis of race or gender to regard 
techno-scientific projects with initial suspicion” 
(Thompson 2018, S166).

Social science research on a different emerging 
technology, solar radiation management, makes 
it clear how relevant this concern is. A Kenyan re-
spondent to a study on affected populations’ per-
ceptions of climate engineering asked:

Where would the power be in terms of who de-
cides what to do? In the past, countries with not 
as much wealth and the indigenous populations 
always get put on the back burner and don’t get 
to decide these things. Would that be the same 
case? (Carr and Yung 2018, 127). 

An indigenous resident of the Alaskan Arctic ex-
pressed a similar worry:

With what we’ve experienced already in terms of 
our past history and outside influences dictating 
more than local people are dictating, it gets to 
be being a bit more protective in the sense of, 
is this the right thing? How much risk are we go-
ing to be subjecting ourselves to? (Carr and Yung 
2018, 127 ) 

Inhabitants of African nations who have suffered 
malarial outbreaks for generations would rightful-
ly be concerned about how treatments for the dis-
ease and preventative steps commonly available in 
the wealthier countries have never made it to where 
they are most needed. They might reasonably doubt 
whether offers of help through a new technology are 
motivated by the right reasons; and they might sus-
pect the persistence of colonial forms of relation-



Chapter 4: Ethics and governance 227

ship. They might also have a good historical basis 
for wondering whether the promise of a technolog-
ical fix lying a number of years in the future might 
simply be a tactic to divert attention from other 
types of assistance, which might be of more imme-
diate help. 

2.8 Who profits?

These concerns about decision-making power 
across international boundaries may appear to be 
diminished by the philanthropic origin of much of 
this work on gene drives for malaria (e.g. by Target 
Malaria). Outside of the case of malaria, the larg-
er picture of gene drives is not so reassuring. Amid 
the enthusiastic development of gene drives for use 
in agriculture against insects and invasive weeds, 
many early patents include lists of herbicides and 
pesticides for which recently evolved tolerances 
(now inhibiting the effective use of these chemical 
substances) could potentially be reversed by a gene 
drive. This would allow chemical companies to re-
capture the market for those currently failing sub-
stances. The pitfalls of creating a gene drive that so 
ostensibly benefits certain actors raises questions 
about how “commercial interests could potentially 
derail precautionary governance” (Thomas 2016).

The Nuffield Council also notes how the quest for 
funding has the potential to skew research into gene 
drives. In their view, the presence of intellectual 
property rights and the background context of stock 
market speculation “are likely to play a significant 
part in shaping the dynamics of scientific research 
and technological innovation” (Nuffield Council on 
Bioethics 2016, 17). This substantially increases the 
likelihood of the technology contributing to, rather 
than diminishing, injustices.

2.9 Which generations are considered?

Intergenerational justice demands that the needs 
and interests of future generations are considered 
morally relevant for the actions of the current gen-
eration. The geographical extent of the change cre-
ated by a gene drive intervention and the potential 

longevity of a trait placed in the germline of an or-
ganism means that the impacts of gene drives on 
ecology and evolution will almost certainly be felt 
by future generations. 

Kuzma and Rawls identify three questions sur-
rounding gene drives most relevant to intergenera-
tional justice: 

(1)  How would the deployment likely affect the abil-
ity of future generations to use the natural world 
to ensure its own health and well-being? 

(2)  How would the deployment affect the ability of 
future generations to apply their own values to 
enjoy or appreciate the natural world? 

(3)  How reversible is the deployment so that future 
generations could apply their own values to re-
store their options for use or nonuse decisions? 
(Kuzma and Rawls 2016)

Even though present generations have the right 
to make changes to the environment for reasons of 
self-preservation, they also have a moral obligation 
to leave to future generations a world that is in no 
worse a state than the one they found. The time lag 
for the full unfolding of the ecosystem effects of a 
gene drive and the unlikelihood of complete revers-
ibility mean that the obligation between present and 
future generations will be uncertain when any deci-
sion to deploy is made.

Kuzma and Rawls also suggest that future gen-
erations should have the option to enjoy unmodified 
versions of species. They worry that later genera-
tions will have been deprived of the ‘wildness’ of 
species altered by today’s gene drives (see Sections 
3.1 and 3.2 below). But in an argument that may cut 
in favor of the use of gene drives, they also point 
out that a drive directed towards preserving an en-
dangered species and the values it offers to future 
generations might be desirable, when other options 
for preserving it have been exhausted (Kuzma and 
Rawls 2016, 292). At the very least, considerations 
of intergenerational equity imply “there is a strong 
argument to be made for consulting with the gener-
ations that are to inherit the world altered through 
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this technology” (Kuzma and Rawls 2016, 295). 
They suggest bringing younger people into the dis-
cussion of gene drives.

2.10 Interspecies justice

The justice issues mentioned thus far have all con-
cerned the fair treatment of current and future 
humans. Many positions in environmental ethics, 
however, insist that justice between humans and 
the non-human (or more-than-human) world should 
also be considered. This might involve justice to-
wards individual organisms, towards species, or 
towards ecosystems as a whole. While these posi-
tions require arguments for the moral consideration 
of these entities that won’t be developed here, it is 
clear that a technology that deliberately impacts the 
biological functioning of a particular population of 
organisms raises legitimate questions about wheth-
er humans are treating the non-human world as they 
should (see Sections 3.1 and 4.2 below). Consent-
ing to be subjected to the effects of a gene drive is 
obviously not possible for a non-human species, so 
considerations of interspecies justice need to move 
beyond an assurance of free, prior, and informed 
consent. In addition to questions raised by the pos-
sibility of impairing biological function and per-
sistence of both target and non-target organisms, 

depending on the species involved, there may also 
be unanswered questions about animal welfare and 
suffering. 

Impacts on justice are an important consider-
ation for the ethics of gene drives. Being sensitive 
to justice issues requires clear and internationally 
agreed legal frameworks to clarify responsibilities 
in the case of failure, damage and trans-bounda-
ry movement. The Nagoya-Kuala Lumpur Supple-
mentary Protocol on Liability and Redress (under 
the Cartagena Protocol on Biosafety) could be one 
such instrument. However, careful and consistent 
engagement with the affected public is also essen-
tial. The NASEM report suggests the outcomes of 
this engagement “may be as crucial as the scientif-
ic outcomes to decisions about whether to release 
a gene-drive modified organism into the environ-
ment” (NASEM 2016, 141). Such engagement is not 
just an exercise in lecturing lay publics about the al-
leged benefits of the technology; nor is it a matter of 
offering the public a simplified up or down vote on 
whether to proceed. Deliberative public processes 
around gene drives must be historically informed, 
contextually relevant, and highly sensitive to impor-
tant power differentials. The public has a right to 
shape the path of a technology as powerful as gene 
drives. It also has a right to say “no” to a proposed 
deployment. 

3 Intervention
The ethical considerations discussed so far resonate 
strongly with consequentialist types of thinking. If 
gene drives are deployed, what will their conse-
quences be for human and environmental welfare, 
and how might gene drives affect procedural, dis-
tributive, intergenerational and interspecies justice? 
The assumption in the ethical considerations up to 
this point has been that gene drives have the ca-
pacity to cause significant impacts – both positive 
and negative – on present and future humans and 
non-humans.

A different kind of ethical lens turns away from 
the impacts which might follow from a gene drive 
and looks instead to cultural norms or rules to de-
termine whether they might be acceptable. We 
might think of these as assessments of gene drives 
that emphasise the principles they might contra-
vene, precedents they might set, or changes to val-
ued ideas they might cause. In these kinds of argu-
ments, questions are raised about the character of 
the intervention that a gene drive represents. Is this 
the kind of thing human society should be doing? Is 
it acceptable on principle? Are there norms of de-
cent behaviour that gene drives would transgress? 
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When using this lens, costs and benefits are relegat-
ed to secondary importance. This is based on the 
assumption that there are some things it might be 
desirable to do – or not do – regardless of conse-
quences. In this section we discuss ethical concerns 
oriented towards how the use of gene drives im-
pacts principles of noninterference, preserving nat-
uralness, and extinction on demand, and how their 
use would affect hands-off ecological management. 

3.1 Noninterference

A principle of noninterference has been prominent 
in environmental ethics since the field began. Henry 
David Thoreau was an early proponent of the idea 
that “a man [sic] is rich in proportion to the amount 
of things he can afford to let alone” (Thoreau 1906). 
The value of wild places for another early thinker, 
John Muir, lay in the fact that they were “…part[s] 
of the world that had not been shaped by human 
hand” (Elliot 1982, 90). Rachel Carson had similar 
values in mind when she lamented the modern ex-
ercise of human power: “Only within the moment 
of time represented by the present century has one 
species -- man -- acquired significant power to alter 
the nature of the world” (Carson 1962, 5). Each of 
these early environmental thinkers found important 
value in how the world has been shaped during ge-
ological and evolutionary history, independent of 
human action. 

Human interference with the operation of the 
surrounding environment has become progressive-
ly more widespread since these early environmen-
talists were writing. Nevertheless, the principle of 
noninterference has continued to remain prominent 
across wide swathes of environmental thought. In 
a ground-breaking article in 1973 often credited 
with marking the beginning of modern environmen-
tal ethics, Richard Routley stated the foundational 
belief that “some worthwhile parts of earth’s sur-
face should be preserved from substantial human 
interference” (Routley 1973, 205). According to this 
line of thinking, Earth’s formative processes occupy 
a special place in the scheme of things. When des-
ignating the Grand Canyon as a National Monument 
in 1908 Theodore Roosevelt declared, “Leave it as 

it is. You cannot improve on it. The ages have been 
at work on it, and man [sic] can only mar it.” Entities 
existing and evolving independently of humans are 
deemed morally important precisely on the basis of 
their independence.

The idea of nature’s intrinsic value (i.e. value in 
and of itself, beyond its usefulness for humanity), 
which appears in the preamble to the Convention 
on Biological Diversity and in the UN’s Earth Char-
ter, hinges in large part on the fact that valuable 
parts of nature are the product of forces operating 
independently of humans. While it is impossible for 
humans to live on this planet without intervening 
and interfering with non-human processes in some 
shape or form, the presumption in this type of think-
ing is that human actions need to be controlled in 
such a way that certain entities and formative pro-
cesses of the Earth are left largely intact and on 
their own terms, free from human manipulation and 
re-direction. A Swiss Federal Ethics Committee on 
non-human biotechnology expressed this presump-
tion as it applies to plants when concluding “we 
require justification to disturb plants’ lives”, on the 
basis that plants possess their own “dignity” (Swiss 
Federal Ethics Committee 2008, 17).

Gene drives represent a direct intention to shape 
organisms and influence evolutionary processes in 
radically new ways. The evolutionary process, with 
its long-established mechanisms for genetic inher-
itance, would no longer be left alone. Using gene 
drives means engineering evolution to move in a 
direction chosen by humanity to meet our own ob-
jectives. The Nuffield Council claim this amounts to 
“expedit[ing] the expression of human preferences 
over the composition of the biosphere” (Nuffield 
Council on Bioethics 2016, 81). The concern is that 
this type of intervention into key formative process-
es is unethical because it is in violation of principles 
valuing the independence and autonomy (or capac-
ity for self-direction) of nature.

Some find arguments resting on the presump-
tion of noninterference unconvincing, arguing that 
humanity has directed the evolution of species ei-
ther intentionally or unintentionally for thousands 
of years, through the domestication of animals and 
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plants, habitat change and destruction, climate 
change, nuclear radiation, and other significant 
global impacts. The argument continues that this 
existing track record means that interference with 
biological processes cannot be wrong in and of it-
self.

One way to respond to this point is to ask wheth-
er environmental ethics means anything at all, if 
every type of human interference with the natural 
world is permissible. Isn’t environmental thinking, 
in some measure, about determining proper forms 
of restraint? Furthermore, not everything that has 
been considered acceptable in the past is necessar-
ily morally right (slavery being a classic example of 
this). 

Another way to respond is to illustrate how gene 
drives intervene in natural processes in ways that 
are qualitatively different from anything that has 
come before. For example, there is a basic differ-
ence in the way gene drives target whole popula-
tions rather than individuals or how they interfere 
with evolutionary mechanisms and inheritance pat-
terns. It is a deeper type of intervention into the 
natural world to intentionally redirect key process-
es. This type of intervention may therefore be more 
morally significant than any that have preceded it 
and may represent entry into a new type of synthetic 
age (Preston 2018).

3.2 Maintaining naturalness

The suggestion that noninterference is a morally 
important principle in environmental ethics has a 
corollary. Noninterference is viewed as desirable 
because it protects something of value. The thing of 
value noninterference protects is ‘naturalness’. An-
other type of ethical concern oriented around the 
type of intervention gene drives represent therefore 
focuses on the way the technology threatens what is 
deemed to be ‘natural’. 

Like the principle of noninterference, the goal 
of preserving ‘the natural’ or ‘naturalness’ has 
played a significant role in environmental thought. 
Bill McKibben is perhaps the most well-known au-

thor expressing a concern that humans might be 
causing the “end of nature”, in his eyes, through 
human-caused climate change (McKibben 1989). 
Given the prominence of the idea of naturalness in 
debates over other forms of biotechnology (Evans 
1997) as well as over similarly powerful emerging 
technologies such as climate engineering (Corner 
et al. 2013; Corner and Pidgeon 2015), concerns 
about naturalness are likely to feature prominently 
in the ethics of gene drives. 

The two most widely-read analyses of the eth-
ics of gene drives confirm this. The NASEM report 
states that arguments based on the value of nature 
and naturalness are “likely to be very important in 
the public’s response to gene drive technologies and 
in decisions about how those technologies should 
be developed and used” ( NASEM 2016, 75). The 
Nuffield Council also acknowledges how the idea of 
“respect for the natural world” is a significant mor-
al and societal consideration (Nuffield Council on 
Bioethics 2016, 76). The Swiss Federal Ethics Com-
mittee concluded along these lines that “Genetic 
modification of plants should….always involve con-
sideration of conserving and safeguarding the natu-
ral” (Swiss Federal Ethics Committee 2008, 20).

Critics respond to this concern about retaining 
natural processes by pointing out that the catego-
ry of ‘the natural’ is so vague and slippery as to be 
unhelpful. Helen Siipi, for example, has identified 
more than a dozen different ways that the idea of 
naturalness is used in environmental and bioethical 
discourse (Siipi 2008), which creates uncertainty 
about whether people mean the same thing when 
using this word. The complicated range of mean-
ings identified by Siipi represents an extension of 
John Stuart Mill’s observation that the category of 
the natural is highly ambiguous (Mill 1874). On the 
one hand, it can include everything that takes place 
on the earth that is not supernatural, including all 
the products of human works. On the other, it can 
encompass everything that takes place on earth, 
with the noted exclusion of human works. Neither 
of these, Mill observed, are very helpful for guiding 
policy. Even though there are powerful contempo-
rary accounts of naturalness that are not subject to 
the Siipi/Mill critique (Lie 2016), worries about the 
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utility of the idea of naturalness might be especial-
ly pertinent in the Anthropocene epoch, now that 
human-created changes to the planet appear to be 
ubiquitous. 

Box 4: Are humans part of “nature”?
The environmental movement that emerged in 
western countries in the late nineteenth century 
has often assumed that the value of wild nature 
is dependent on an absence of signs of human in-
fluence. This generally means keeping human im-
pacts outside of protected natural areas as much 
as possible. Both the United States Wilderness 
Act (1964), and the definition of wilderness devel-
oped for the European Community’s Natura 2000 
(2013), view human activities as importantly dis-
ruptive when they occur in protected areas. The 
US Wilderness Act, for example, allows humans to 
visit wilderness areas but not remain and it forbids 
any signs of permanent change.

Indigenous people across the world tend not 
to assume this same separation between humans 
and the natural world. The concept of “iwígara,” 
for example, used by the Rarámuri of Mexico’s 
Sierra Madres mountains, expresses “the total in-
terconnectedness and integration of all life in the 
Sierra Madres, physical and spiritual.” The people 
consider themselves accordingly “an integral part 
of the life and place in which they live” (Salmón 
2000, 1328).

Because of their different starting point on the 
proper human-nature relationship, worldviews of 
this latter type may not contain the same worries 
about “noninterference” and “naturalness” as 
some western views. At the same time, it is of-
ten the case that indigenous worldviews embody 
a deep respect for the surroundings into which a 
culture is integrated, imposing limits on the type 
of exploitation of those surroundings permitted. 
The Rarámuri, says Salmón, “understand that they 
were placed here as caretakers of their land, but 
also to aid in the health of the Creator, who works 
hard each day to provide for the land and its in-
habitants” (Salmón 2000, 1329). 

This means that although concerns with natu-
ralness and noninterference are more likely to be 
expressed by those defining humans as separate 
from nature, even those defining humanity as a 
part of nature can propose restrictions on the 
types of intervention into the living world that are 
permissible based on ethical considerations.

The discounting of the relevance of a concept 
of naturalness, due to the pervasiveness of global 
change, is, however, misleading. Although hungry 
polar bears, heat-stressed hedgehogs and prolifer-
ating pine bark beetles are all impacted by human 
generated change, these changes have not been de-
liberately shaped or intentionally designed in order 
to achieve human ends. Intentionally modifying an 
organism to achieve human ends adds a degree of 
unnaturalness that unintentionally impacting it does 
not. When humanity starts to intentionally design 
biological life, something important has changed. 
The biosphere is being transformed into the tech-
nosphere. For environmentalists who believe that 
“value exists in nature to the extent that it avoids 
modification by human technology” (e.g. Katz 1992, 
265), this will be a real problem.

A particularly notable aspect of gene-driven or-
ganisms is that they would not only exist in the types 
of human-managed environments that domesticat-
ed animals and genetically modified crops do. They 
would also spread through wild environments. This 
matters, because wild species have hitherto (by 
definition) been ones whose lives are lived beyond 
the bounds of intentional human control (Delborne 
et al. 2018). With the use of gene drives, there is not 
only direct human intervention into the operational 
code of other organisms; their use also entails ex-
panding the laboratory of experimentation beyond 
agricultural fields into the whole of the wild world.

Emphasising the differences between intention-
ally modified organisms and others is not reserved 
for philosophical discussions alone. Property law 
also subscribes to the idea that deliberately altered 
organisms are in a separate class. According to 
many legal regimes, intentional changes introduced 
into the complex operating systems of self-main-
taining and self-reproducing living systems are con-
sidered one of the features that may transform them 
from a natural organism into a human invention, eli-
gible for patent protection (World Intellectual Prop-
erty Organization 2018). In other words, artifactual 
organisms can be owned and subject to monopoly 
intellectual property rights. Increasingly, so too can 
intentionally-made copies of genes. Doing some-
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thing intentionally is the action that makes a real 
difference in law.

Despite the feeling amongst some commenta-
tors that the Anthropocene has diluted the ideas of 
‘nature’ and ‘the natural’ (Hobbs et al. 2010; Purdy 
2015), naturalness remains a powerful category in 
public and policy discourse around emerging tech-
nologies. The continued existence of natural systems 
independent of human design remains widely valued 
for both human-focused and non-human-focused 
reasons. The former can include the way in which 
they enable humanity to feel emotions such as won-
der, awe and humility in the face of the emergence 
of something greater than ourselves. The latter can 
be based on the fact that these systems are part of 
a sacred creation, or are simply worthy of respect 
due to their own striving for self-maintenance and 
continuance. Whether gene drive advocates believe 
in the idea of naturalness or not, the concept’s deep 
roots in environmental history means that, in certain 
contexts, it is likely to animate a significant portion 
of the ethical debate. It is therefore important that 
any comprehensive ethical analysis of gene drive 
technology considers what the technology does to 
naturalness. 

3.3 Driving extinction

Another concern about gene drives as a type of in-
tervention lies in how some of them are designed 
expressly to counter inherent and characteristic bi-
ological tendencies. That is, gene drives designed 
to create sterility, or to bias the sex ratio between 
males and females in a population, work against the 
biological interest present in all organisms to sur-
vive and reproduce. At an individual level, it may 
be morally problematic to manipulate an individual 
organism in such a way as to undermine its basic 
interests in survival and reproduction. At a popu-
lation or species level, driving a whole collection of 
organisms towards extinction may be of even more 
moral concern.

Environmental philosopher Holmes Rolston III 
describes human-caused extinctions as “super-kill-
ings” (Rolston III 2012). The loss of a species is the 

loss not just of a life but of a form of life. If evolu-
tion as a whole drives speciation, creates complex-
ity and diversifies life, the intention to reduce the 
fitness of organisms and drive certain populations 
towards extinction points in the opposite direction. 
The underlying aim is not to support the flourishing 
and expansion of life, but to directly curtail and im-
pede a species that has been deemed problematic 
and to do this at the genetic level. This makes an 
engineered suppression drive an anathema to the 
evolutionary process. While proponents may point 
to the existence of gene drive mechanisms in na-
ture to defend the technology, their function in na-
ture has never been to drive a population towards 
extinction. When purposed towards this goal, new 
ethical issues arise. 

In Section 3.1 on “Noninterference” above, it was 
claimed that gene drives demonstrate a particularly 
invasive way of interfering with the biological world. 
What is apparent now is that certain applications of 
gene drives are not simply invasive, they are inva-
sive in a particularly pernicious way. They intention-
ally disrupt the central creative mechanisms of the 
living world. The Norwegian Biotechnology Adviso-
ry Board’s statement on gene drives describes the 
technology as being in the business of “overriding 
evolution” (Bioteknologirådet 2017). Technicians 
not only intervene in the evolutionary unfolding of 
organisms, rewriting their DNA in pursuit of hu-
man goals, but they do so by deliberately distorting 
Mendelian principles of inheritance and Darwinian 
principles of survival (Delborne et al. 2018; Preston 
2018). 

The ability to push a chosen trait through a pop-
ulation and undermine its fitness directly contra-
venes how the process of evolution works. Doing 
this in a wild population, rather than one intended to 
operate in the highly constructed environment of a 
lab or a farmer’s field, is also a novel development. 
This new technique for undermining a key creative 
capacity of living things is a significant basis of eth-
ical concern (Midgley 2000). While not applying to 
all uses of gene drives, population suppression and 
elimination represents one of the key objectives for 
early developments of the technology. It is therefore 
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also one of the central ethical concerns of this new 
way of intervening in the world.

3.4 Re-wilding as a resurgent environ-
mental value

As indicated earlier in this section, it is common in 
contemporary environmental discourse to suggest 
the arrival of the Anthropocene epoch has upended 
some of the long-held premises about wildness and 
naturalness in environmental ethics. By doubting the 
untouched character of any remaining landscapes, 
some might say the arrival of the Anthropocene 
makes the principles of noninterference, preserving 
naturalness, or respecting historic Mendelian and 
Darwinian forces obsolete (Crutzen 2002; Minteer 
2012). With every part of the world reflecting the 
human signature, why worry about noninterference 
or protecting how biology used to work in the past? 

If these suppositions are true, a new manage-
ment philosophy may be appropriate. The Anthro-
pocene may be destined to become a more hands-
on epoch. A whole different set of management 
strategies and interventions, including gene drives, 
may now be permitted. Humans might, in fact, be 
under a new obligation to intervene into an irre-
deemably manipulated natural order, for both their 
own and for environmental goods. This is a position 
that a number of today’s “Anthropocene” or “Eco-
modernist” thinkers embrace (Asafu-Adjaye et al. 
2015; Marris 2011). 

There are, however, powerful countervailing 
trends pointing in the opposite direction. Conceding 
that there has been human influence on a landscape 
provides no license to continue that interference, 
and certainly not to step up human management of 
natural processes. A growing international move-
ment towards the ‘rewilding’ of landscapes, pre-
viously impacted by agriculture but now available 
for other uses, is pushing back in the opposite di-
rection. A recent call by environmental scientists 
and conservationists to dedicate half of the earth 
to independent natural processes suggests that the 
desire to grant nature the opportunity to function 
independently of human design is alive and well 

(Wilson 2016; Locke 2013). Advocates of rewilding 
and proponents of ‘Half Earth’ believe the answer 
to the challenges presented by global change is not 
to intervene further, but to seek ways to step back 
in some regions and let independent natural pro-
cesses re-emerge.

According to Rewilding Europe, one of the organ-
izations at the forefront of this movement in the EU, 
rewilding “is about letting nature take care of itself, 
enabling natural processes to shape land and sea, 
repair damaged ecosystems and restore degraded 
landscapes” (Rewilding Europe 2018). Rivers re-
gaining their floodplains in the Netherlands, agricul-
tural fields returning to scrub in the UK, abandoned 
military bases being reforested in Germany and re-
introducing lynx to the Iberian Peninsula are all ex-
amples of choices made by humans to withdraw. In 
a rapidly proliferating literature on the theoretical 
underpinnings of rewilding, Andrea Gammon (2018) 
finds a strong unifying thread emphasizing the val-
ue of freeing non-human lives and processes from 
human designs. Amongst a cluster of uses of the 
term, Gammon identifies two common themes of 
“decreas[ing] the degree of intervention and human 
management of ecology” and encouraging the pres-
ence of “non-human autonomy” (Gammon 2018, 
340-341). 

In numerous projects, with proven ecological 
benefits carried out by practitioners of traditional 
ecological knowledge – as well as modern scien-
tific ecologists – in Asia, Africa, Europe, and the 
Americas, rewilding has reestablished the core val-
ues of “autonomy, spontaneity, self-organization, 
absence of human control” in ecosystems (Corlett 
2016, 455). George Monbiot, a UK-based rewilding 
advocate, describes rewilding as the call to “permit 
ecological processes to resume” (Monbiot 2013, 8). 
A growing number of international projects are di-
rected at “the pursuit of ‘autonomy’ for nonhuman 
subjects and processes” (DeSilvey and Bartolini 
2018). Pushing an engineered gene drive through a 
wild population of organisms would be at odds with 
these popular and effective directions in contempo-
rary conservation. 
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The vigorousness of today’s rewilding movement 
and the growing re-commitment to autonomous 
natural processes raises questions about the use of 
gene drives to promote conservation goals. Rather 
than object on the grounds of potential unforeseen 
impacts, this argument objects on the grounds that 
the sort of intervention into nature displayed by 
gene drives is inappropriate. A commitment to pro-

mote the autonomy of the non-human, to decrease 
human management and intervention, and to adopt 
a hands-off approach to the natural world, has a 
resurgent moral and environmental legitimacy. This 
suggests, contrary to some advocates of stepped-
up environmental management, that gene drives are 
not an inevitable consequence of an Anthropocene 
epoch. 

4 Intention
The last major lens chosen for assessing the ethics 
of gene drives looks at what might be character-
ized as the intentions behind their advance. Rather 
than look at the specific impacts that might follow 
from their deployment or worry about the particu-
lar principles or management practices a gene drive 
might embody, this approach focuses on the type 
of thinking, attitude, or worldview underlying and 
informing the technology. In other words, in this 
section it is how the technology embodies particular 
ways of viewing – and being in – the world that is 
under ethical scrutiny.

One of the most obvious ways to engage the “in-
tention” question may be to consider whether gene 
drive organisms could be deployed with malevolent 
or hostile intent. This may be a genuine worry for the 
future, confirmed by both the academic literature 
(Gurwitz 2014; Oye et al. 2014) and by the funding 
of the ‘safe genes’ program by DARPA (DARPA 2018) 
(see Chapters 2 and 3 on Social issues and Applica-
tions). While ‘dual-use’ deserves consideration, the 
speculative nature of even the most basic field ap-
plications of gene drives means that it may not yet 
be an appropriate time to speak to these concerns. 
The kind of concern with intention that we address 
here operates at a deeper or more overarching level 
than overtly hostile applications of gene drive tech-
nology, but, we believe, is just as important to con-
sider as part of the landscape of ethical concerns.

By probing the implicit types of thinking and atti-
tude in the underlying intentions of even benevolent 
uses of gene drives, this approach is less likely to 

dictate specific permissions or prohibitions in the 
same way as the other lenses might do. However, 
this approach can beneficially combine broader 
discussions about the good life and desirable direc-
tions for human development, with a more specific 
focus on technological innovation. An ethical analy-
sis focused on the attitudes and beliefs motivating a 
technological development engages with consider-
ations of questions such as: What is the good life?  
What types of characteristics should we be cultivat-
ing as people?  How should we relate to both human 
and more-than-human others? Such questions take 
ethical assessments beyond narrow concerns with 
the impacts of gene drive technology or a rigid ap-
plication of particular principles. Focusing on inten-
tion opens the discussion up for engagement with a 
much broader range of questions concerning what it 
means to live ethically on this planet, and how views 
on this relate to the technology in question. 

4.1 Control and domination

One of the arguments levelled against the use of 
powerful emerging technologies to address social 
or environmental issues is that they are accompa-
nied by a Promethean attitude towards mastery 
and control of the natural world. Concerns about 
humanity “playing God” have been widespread in 
debates about biotechnology and synthetic biolo-
gy since their beginnings (Dabrock 2009; Kirkham 
2006). As Kirkham puts it, the idea of “playing God” 
expresses “a concern for the virtue of, and doubt 
about the intentions of, the agents whose acts are 
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described in these terms” (Kirkham 2006, 177). The 
complaint indicates disagreements over the purpos-
es of technology and understandings of “the place 
of humanity within nature” (Kirkham 2006, 183). It 
also represents an ethical concern about humani-
ty holding an overreaching and overconfident belief 
in its grasp of natural phenomena, along with an 
overinflated image of its role in determining the fate 
of other organisms and ecosystem processes. The 
type of intention embodied by gene drives is vulner-
able to this type of criticism. 

Arguably, the issue here is the presence of a 
certain type of worldview, one that some suggest 
is a deeply flawed basis for human action. Those 
opposing this worldview typically take aim at its 
mechanistic and reductionistic way of approaching 
the living world, as well as the masculinist way in 
which these are employed in a quest for power and 
control. The targeted views purport to use rational 
powers to understand how the different parts of na-
ture work, with the ultimate aim of controlling them 
and placing them in the service of (what is always 
assumed to be superior) human goals. This attitude 
is thought to be a core characteristic of the patriar-
chal era following the scientific revolution, as well 
as a defining feature of the industrial age (Merchant 
1980; Griffin 1978). 

In a polemic against some forms of biotech-
nology, Mary Midgley warns about the dangers 
of these attitudes when accompanied by today’s 
more powerful technological tools. “We now know 
that eighteenth century mechanists were mistaken 
in supposing the world to be made of clockwork”, 
she says. “A twentieth-century repetition of their 
overconfidence does not seem likely to prove any 
more lasting” (Midgley 2000, 8). For Midgley and 
other contemporary critics of reductionism and 
mechanism, biotechnology raises serious questions 
“about where our world pictures come from” (Midg-
ley 2000, 8). 

These critiques of reductionism and mechanism 
seem to apply readily to gene drives. Gene synthe-
sis and gene editing are often characterized as an 
attempt to apply engineering principles to biology. 
Yet the limitations of this type of thinking for under-

standing genomes have been continually acknowl-
edged as the field of genetics has evolved – prompt-
ing the revision of core initial understandings, such 
as the ‘central dogma’ and notions of ‘junk DNA’. 
Recent findings about off-site impacts of CRISPR/
Cas9 gene editing in other parts of the genome 
again suggest that there are serious dangers to 
treating genomes in a reductionistic manner (Ko-
sicki, Tomberg, and Bradley 2018; Mou et al. 2017). 
As immensely complex systems, there are very like-
ly to be inherent limits to how much genomes can be 
broken down, reassembled, tinkered with, re-de-
signed, engineered and precisely controlled. 

Not only is reductionism technologically inap-
propriate for genomes, it may also be ethically in-
appropriate. Reductionism is often accompanied by 
an attempt to instrumentalize the living world. The 
attitudes and orientations behind instrumentalist 
views are seen by some as the driving forces be-
hind the environmental crisis (Berman 1981; Hork-
heimer and Adorno 2002). Continuing to employ 
reductionist views to transform natural systems into 
instruments for human ends risks perpetrating the 
same mistakes. It is quite appropriate to point out 
that gene drives perfectly illustrate this flawed way 
of viewing the world; and, as powerful new tech-
nologies capable of re-designing evolution, intro-
duce the potential for damage on a much grander 
scale. For those holding concerns about attitudes 
of domination and control, it is how the technology 
embodies particular ways of viewing (and being in) 
the world that is ethically problematic. To counter 
these instrumentalizing attitudes, some contempo-
rary commentators advocate for “relational world-
views” to take their place.

4.2 Relational worldviews 

To exist in the world is to exist in relationships. No 
organism can choose otherwise. Cafaro and Sandler 
remind us that “[O]ne simply cannot opt out of a 
relationship with the natural world…but whereas a 
relationship with nature is given, the nature of that 
relationship is not” (Sandler and Cafaro 2005, 1). 
How we approach those relationships is where eth-
ics enters the picture.
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There are numerous different philosophical ori-
entations advocating for relational worldviews. 
While diverse in their details, all such orientations 
place emphasis on the importance of prioritizing the 
relationships between different things, rather than 
simply thinking of entities in isolation. Relation-
al worldviews take issue with approaches in which 
parts are perceived as causally primary and inde-
pendent of each other. In relational worldviews, 
all organisms and processes are understood to be 
working through a multitude of networks of inter-
connections and feedback loops. Imagining them in 
isolation from their relationships leads to a flawed 
understanding of what they are and how they work.

For those holding a relational rather than a 
mechanistic view of the world, efforts to isolate ge-
netic information and transpose it into completely 
different genomic, cellular, organismal and ecologi-
cal environments will not lead to it operating in pre-
dictable ways. Genes do not exist in some kind of 
essential form, but rather are an expression arising 
through particular interactions between various el-
ements within a system. Altering the relational con-
text will therefore inevitably lead to different results. 
When the relational network is changed, so is the 
entity itself.

Relational approaches to nature are clearly in 
evidence in the scientific fields important to the ap-
plication of such technologies, such as ecology and 
quantum physics. They are also found in a number 
of indigenous worldviews and Eastern philosophies 
(Pascual et al. 2017; Verbos and Humphries 2014, 
see Box 4). In areas of ethics and innovation govern-
ance, relational worldviews are found in such fields 
as deep ecology and feminist philosophy, as well 
in social studies of science and technology (STS). It 
is to these latter three that we briefly now turn to 
further illustrate how relational worldviews affect 
the ethical assessment of new technologies such as 
gene drives.

Deep ecology has been described as seeking 
“fundamental change in the dominant worldview 
and social structure of modernity” (Katz, Light, and 
Rothenberg 2000, 1). Early proponents of deep 
ecology sought to demarcate it from what they 

termed “shallow environmentalism (or ecology)”, 
by claiming to focus in much more detail on the un-
derlying causes (rather than symptoms) of environ-
mental decline. These causes were thought to be 
the prevailing attitudes towards the natural world 
and our relationship to it (Naess 1973). The deep 
questioning process that is an essential part of the 
deep ecology approach confronts “our basic val-
ues and lifestyles and reflects on our fundamental 
relationships with nature and who we are” (Næss, 
Drengson, and Devall 2010, 26-27). To overcome 
environmental challenges, deep ecologists suggest 
it is crucial that human societies embrace a relation-
al worldview. 

Drawing inspiration from the science of ecology 
but also from philosophical thinkers such as Spino-
za, as well as from Gandhi and Eastern schools of 
thought such as Buddhism, deep ecology views all 
of life on Earth as inherently interconnected. With-
in this worldview, there are no firm boundaries in 
the field of existence. Entities are co-constructed 
through networks of interrelations (Fox 1995; Næss, 
Drengson, and Devall 2010). 

Deep ecology offers a position that directly 
counters the reductionist and technocratic world-
view, in which nature is seen through the metaphor 
of a machine and technological fixes are relied upon 
to solve all environmental problems (Drengson and 
Drengson 1989) (see also Section 4.3 below). When 
our environmental crises are understood as stem-
ming from a particular way of viewing the world, 
technological solutions stemming from that same 
worldview may be deemed not only technically 
flawed, but also ethically wrong. “Trying to con-
trol the whole of nature is futile and wrong” (Næss, 
Drengson, and Devall 2010, 27). 

Like deep ecology, many versions of feminist 
philosophy also embrace a relational worldview. 
For feminists, the will towards domination of an-
other person or process is a masculinist impulse 
that has created a wide swathe of problems (Tong 
2013; Collins 1990). For ecofeminists, such as Val 
Plumwood, Karen Warren and Carolyn Merchant, 
the problems associated with masculinist agendas 
of domination extend their consequences beyond 
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women to include the life-giving world, which has 
also historically been understood and portrayed 
in most human societies in feminine terms, e.g. as 
‘Mother Nature’ or Pachamama. The ecological cri-
sis is presented as a product of “our mistaken belief 
that we can successfully dominate Nature” (Hallen 
1995, 199). Ecofeminists make the point that the 
logic of domination is environmentally destruc-
tive wherever it is found (Warren 1990; Plumwood 
1993). 

The intention towards control and domination is 
highlighted by feminist philosophers of science as 
a problem embedded deeply within the scientific 
method. Susan Griffin, Evelyn Fox Keller, Carolyn 
Merchant, Sandra Harding, and many others have 
pointed out serious problems arising from the ide-
ology of detachment and domination permeating 
modern science. This ideology crystalized in the 
17th and 18th centuries during the Scientific and In-
dustrial Revolutions, when thinkers such as Francis 
Bacon and René Descartes encouraged using ra-
tionality and a commitment to absolute objectivity 
to bring nature under the mastery and control of 
man (Griffin 1978; Keller 1983; Keller 1995; Mer-
chant 1980; Harding 1991; Bleier 1986).

Keller has illustrated how this ‘masculinist’ 
ideology works to shape the selection of scientific 
agendas, goals, methods and explanations. In her 
biography of the Nobel Prize-winning geneticist 
Barbara McClintock, she emphasises the limitations 
McClintock encountered when relying on detached 
observation and reasoning alone. Seeing herself in 
relationship with her object of study was crucial 
to McClintock’s groundbreaking work on “jumping 
genes.” This meant developing what McClintock 
called a “feeling for the organism” (Keller 1983). 
McClintock performed her science from a relation-
al understanding of phenomena, seeking scientific 
knowledge through a thorough absorption in, and 
identification with, her material. The objects she 
studied were never viewed in isolation from the con-
text in which they existed.

Reversing the Baconian approach, McClintock 
thought that the goal of science is “not the power to 
manipulate, but empowerment, the power to under-

stand, the power to appreciate, the power to hum-
ble” (Hallen 1995, 209). From a feminist perspec-
tive which emphasises a relational view, gene drive 
science and technology is problematic not only 
because of its reductionistic approach to genomes 
and its mistaken assumptions about predictability, 
but also because of the faulty approach to the wid-
er foundation of science and type of understanding 
that it represents. 

Science and Technology Studies (STS) is the third 
field championing a relational understanding of the 
world. STS has developed around a core set of in-
terests in the interrelations and forces of co-pro-
duction operating between the spheres of ‘science’ 
and ‘society.’ The field examines how science and 
society, including its facts and values, permeate, 
shape and co-produce one another (Jasanoff et 
al. 1995). This has, for example, included demon-
strating how economic and political factors shape 
scientific research and regulation, so much so that 
science cannot claim to be independent of them. 

STS scholars have a special interest in scrutiniz-
ing how particular views and approaches come to 
dominate and shape science and innovation, and 
especially what interests are served, who benefits 
and who gets to decide on the trajectories of devel-
opment (See Section 2.4 above). Within this field, 
there is also a growing interest in describing how 
worldviews get enacted in the practices of science 
and technology and what alternative modes of rela-
tionship are offered by different views (Lynch 2013; 
Mol 2013). The STS lens reveals how worldviews, 
politics and technology can enter tight, self-rein-
forcing circles. STS scholars put the spotlight on 
these reinforcing relationships and break them open 
to ensure there is room for alternate visions (Stirling 
2018). 

STS approaches allow biotechnological practic-
es to be questioned both in terms of the worldviews 
they emerge from and the worlds they enact. An 
objection to gene drives from an STS perspective 
might be rooted in a rejection of the reductionistic 
and non-relational worldview informing the techno-
logical trajectory of gene drives, and/or the instru-
mentalizing of nature that the pursuit of this trajec-
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tory tries to build (Wickson 2015). It could also draw 
attention to the monetary, social and political inter-
ests propelling the research forward (Stirling 2018). 
Concerns about how gene drives express relations 
between humans and nature, between developed 
and developing worlds, and between technological 
and social solutions to challenging conservation and 
public health problems, all come to the fore. Con-
cerns are also raised about the intention to control 
other organisms, the lack of respect for diverse per-
spectives and forms of agency, and the continued 
operation of a hubristic rather than caring attitude 
towards the natural world (Stirling 2018). 

Despite some differences, deep ecologists, fem-
inist philosophers, and STS scholars share a com-
mon concern about the failure to take relational 
context into account. For the specific case of gene 
drives, concerns about not sufficiently considering 
relational context operate at various layers. This 
includes the relational context within a genome all 
the way out to the interactions constituting the cell, 
the organism, the ecosystem and broader socio-po-
litical systems. Not accounting for context within 
the genome, organism or ecosystem is seen by all 
these disciplines as undermining the possibility for 
sound understandings and predictable/stable forms 
of control. Not considering the social and political 
context can also neglect important questions about 
the underlying interests at play. To the extent that 
genetics as a science, biotechnology as a field, or 
gene drives as a specific example, stem from either: 
a) an approach to knowledge insufficiently sensitive 
to the importance of context or b) an approach to 
the natural world that seeks to assert control, then 
ethical critiques are likely to be raised by anyone 
holding relational worldviews. 

4.3 Technological fixes

Because of their emphasis on the importance of 
context, disciplines holding relational worldviews 
would also tend to express concern with the idea 
of gene drives as a technical fix to a complex so-
cio-ecological problem. The term ‘technical fix’ was 
coined in the 1960s by Alvin Weinberg to describe 
the process of transforming a social and behavioral 

problem into a technical or mechanical one (Wein-
berg 1967). In the right circumstances, an engineer-
ing solution can be cheaper and easier to implement 
than a large-scale behavioral change, lending great 
appeal to this idea of a technical fix.

Despite this advantage, there are several reasons 
to object to certain kinds of technical fixes. One of 
them is the worry that by solving one aspect of a 
problem, a technical fix can introduce new prob-
lems that weren’t there before. This is particular-
ly likely when technologies are developed in a way 
that is not sufficiently sensitive to context and the 
network of interrelations involved in complex natu-
ral systems. A technical fix can therefore appear as 
a type of ‘quasi-solution.’ Chlorofluorocarbons, for 
example, looked like they were going to help solve 
the problem of reliable food preservation when em-
ployed in refrigerators, but it turned out that they 
were also capable of destroying the ozone layer. 
Nuclear power plants generate electrical energy but 
also generate radioactive waste. Anti-lock brakes 
stopped some drivers from skidding but encour-
aged others to drive faster. Technologies that look 
good in prospect can often create headaches as 
great or worse than those they tried to fix.

A different concern is that the technical fix might 
solve the wrong problem. Sometimes there might 
be underlying behaviours that need fixing, and the 
technical ‘solution’ can distract attention away 
from these challenges. Energy efficiency measures, 
for example, may temporarily reduce energy con-
sumption. But efficiency measures can also lead to 
an increase in energy use and continuation of prob-
lematic wasteful behaviours. By using gene drives 
to suppress a particular population of agricultur-
al pests, agricultural systems that employ biodi-
verse-poor monocultures may be allowed to further 
expand and destroy biodiversity-rich habitats. By 
providing the promise of a technical fix to one prob-
lem, one may allow underlying problems to contin-
ue or even be exacerbated. 

A third concern (related to the second) is that 
technical fixes can sometimes encourage societies 
to become reliant upon researchers and engineers 
in ways that can be dangerous in the long run. Rath-
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er than viewing problems and challenges through 
social and behavioral lenses, the promise of a tech-
nical fix can lead to the idea that most of society can 
disengage from certain problems and hand them 
over to the experts. One worry about this approach, 
says Jeremy Baskin, is that it can set societies on a 
trajectory that is “deeply authoritarian and de-po-
liticizing” (Baskin 2015, 22). When all social and 
political problems start to look like technical ones, 
disengagement of the public and a blind obedience 
to those who promise solutions may result. The turn 
towards technology and away from politics seems 
particularly likely in cultures drawn in by the “tech-
nological sublime” (Nye 1994). 

Technical specialists also demand time and re-
sources to come up with workable solutions. These 
investments can be significant, even if they ultimate-
ly do not lead to effective applications. In many cas-
es, despite initial appearances, the social and be-
havioral options may turn out to provide far more 
efficient, reliable, and long-lasting solutions to the 
problems. 

Resisting the technological fix can also encour-
age local solutions rather than ones depending 
on expertise located elsewhere. (See Section 2.4 
for why this is important). Sleeping under insecti-
cide-treated bed nets, making prophylactic malaria 
treatments much more widely available, system-
atically eliminating sources of standing water that 
serve as breeding sites, all these local solutions are 
less technical and less risky interventions for ma-
laria control than engineering genes. Often the lo-
cal solution can be more quickly deployed, is less 
expensive, and is also more open to direct citizen 
engagement. An ethical assessment of gene drives 
demands consideration of the non-technical alter-
native strategies, including such holistic approach-
es as improving access to primary healthcare and 
education or providing better housing with plumbed 
water and sanitation systems. To put this another 
way, a technical fix should not be characterized as 
plan A or B if it really deserves to be plan Z (Frag-
nière and Gardiner 2016). 

The tendency to see the world through the lens 
of the technical fix is widespread in many of the 

worldviews of domination and control which today 
are being challenged by relational approaches. The 
more mechanistically and reductively one views the 
world, the more likely one is to see all problems as 
technical problems, solvable through better engi-
neering. Similarly, the more interventionist one’s 
tendencies are, the more appealing is the technical 
fix. Widespread talk of a new epoch of the Anthro-
pocene has tended to legitimate these reductionist 
and interventionist approaches. Paul Crutzen, for 
example, has called upon scientists and engineers 
to see the Anthropocene as a calling for them “to 
guide society towards environmentally sustainable 
management” (Crutzen 2002, 23). 

In deciding on the most appropriate path, it mat-
ters how the problem is framed. It makes a differ-
ence, for example, whether the problem of malaria 
is understood as stemming primarily from the pres-
ence of a certain species of mosquito, the existence 
of standing bodies of water where mosquitoes can 
breed, a mosquito’s ability to harbor a certain par-
asite, the human susceptibility to a certain para-
site, or the maldistribution of health care resources 
across human populations. In a similar fashion, it 
makes a difference whether agricultural challeng-
es are perceived primarily as the need to increase 
yields or involve other multifactorial goals (including 
soil fertility, water retention and nitrogen fixing). It 
also makes a difference whether agricultural prob-
lems are framed as the presence of too many in-
sects and weeds, or the use of monocultural crop-
ping systems that invite vulnerability to such pests. 

Like many of the issues raised in the “Intentions” 
section, the ethical concern with embracing the 
technical fix is not a concern with a technology in and 
of itself. It is a concern with the worldview or mind-
set in play. The underlying problem may be being 
formulated in entirely the wrong way. The range of 
available alternatives may not be being adequately 
considered. Resources may also be being misdirect-
ed into promises that cannot be delivered. The un-
derlying political and social input may be neglected. 
A full ethical evaluation of gene drives must look be-
hind the technology towards the attitudes and inten-
tions that are promoting it.
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4.4 Intentions & virtues

Looking into the backstory of the ethics of gene 
drives by considering underlying attitudes and in-
tentions that may be lurking there makes it now pos-
sible to draw an important connection with the lan-
guage of virtue theory. According to a virtue-based 
approach to ethical assessment, the problem may 
not simply be a matter of a faulty worldview or a 
misplaced trust in the technical fix. The problem 
may also be a failure to display appropriate virtues 
in the human relationships to each other and to na-
ture. Specifically, the problem may be seen as the 
types of unvirtuous attitudes (such as arrogance, 
hubris, greed, and self-interest) that have been 
characteristic of how modern industrial societies 
have conducted their relations with nature. 

Virtue ethics is an ancient approach to moral 
reasoning that has experienced a revival in recent 
decades (MacIntyre 1981; Foot 1978). The field of 
environmental or ecological virtue ethics has also 
emerged out of this revival as an alternative ap-
proach to navigating human/nature relations (Wens-
veen 2000; Sandler and Cafaro 2005; Cafaro 2001). 
Environmental virtue ethics asks about the attitudes 
and habits of behavior that good planetary citizens 
should cultivate. A virtue approach prompts discus-
sion about what it is to be a person of goodwill in 
society, as well as what it means to be a good eco-
logical citizen in today’s world. 

Reflecting Aristotle’s belief that ethics is not a 
precise subject, virtue ethics tends to be more plu-
ral and contextual than other approaches to ethics 
that have been dominant in modern environmental 
policy-making. Nevertheless, advocates of environ-
mental virtue ethics argue that its characterization of 
environmental problems and approaches resonates 
well with popular thinking and is exactly the type of 
framework that may be needed to handle the com-
plex and diverse challenges of global environmental 
degradation. As Sandler points out, given the great 
variety of human relationships with the natural en-
vironment and the diversity of our current environ-
mental problems, it is surprising to find that the most 
prominent environmental ethics approaches advo-

cate positions or solutions meant to be singularly 
correct and universally applicable (Sandler 2007).

The environmental virtue approach coheres 
with the relational approaches in worldviews de-
scribed above, in that it states that context matters 
and relations are of primary concern. Environmen-
tal virtue theorists believe technologies should be 
scrutinized not only for the impacts they may cause 
or for the ‘lines in the sand’ they might cross, but 
also for the attitudes and intentions they embody. 
Virtue theorists try to determine the approach that 
would be taken by people of good character. This 
means questions should be asked, for example, 
about whether humanity is approaching the natural 
world from a position of compassion, cooperation 
and care, or whether their actions aim to conquer, 
control, or coerce. Are human actions motivated 
by feelings of generosity, humility and respect, or 
greed, hubris, and intolerance? 

The underlying attitudes and character traits 
expressed in the human/nature paradigm are a key 
issue for virtue theorists; how these play out in our 
interactions with non-human beings is central to en-
vironmental virtue ethics. Cultivating virtue means 
cultivating appropriate attitudes, states of mind and 
dispositions in morally challenging situations. Ac-
cording to this position, better environmental prac-
tices and policies are going to require better habits 
and “a substantial shift in our dispositions towards 
the environment” (Sandler and Cafaro 2005, 3).

In terms of the use of gene drives, this approach 
may include concerns that the pursuit of the tech-
nology is reinforcing undesirable human character 
traits and attitudes towards the natural world. For 
example, the desire to manipulate genomes is ar-
guably the expression of a desire to impose one’s 
own will upon others. A willingness to alter a whole 
population’s right to its own evolutionary unfolding 
evokes forced sterilization programs, which, when 
used on humans, are regarded as immoral. Making 
the lives of others subservient to one’s own goals, 
especially when based on a false sense of superi-
ority, echoes the practice of slavery. While these 
parallels might sound too vivid, they highlight how 
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and why underlying attitudes can matter for ethical 
assessment. 

There are various ways in which environmental 
virtues may be developed. These include examining 
the character traits of exemplary individuals, ex-
tending the virtues already recognized in interper-
sonal relations, and selecting traits that enable an 
organism or community to flourish or live well in the 
world. As an example of this final strategy, Rosalind 
Hursthouse (1999) has proposed that an organism 
can be understood as flourishing if its parts and op-
erations “are contributing, in the way characteristic 
of such a member of such a species, to (1.) individ-
ual survival through the characteristic life span of 
such a member of such a species and (2.) contin-
uance of the species” (198). The deployment of a 
gene drive specifically designed to suppress a pop-
ulation clearly challenges this kind of requirement 
for environmental virtue. 

Like feminist theorists and many STS scholars, 
virtue ethicists are also unwilling to let a single form 
of knowledge production dominate the discourse, 
advocating for “cultivating scientific knowledge, 
while appreciating its limits” (Cafaro 2001). In com-
mon with the other relational worldviews described 
above, the language of environmental virtue ethics 
also seeks a better integration of emotion and rea-
son in moral judgment about technological futures. 
It particularly asks for more attention to be paid to 
the narrative contexts in which particular decisions 
are being made, along with the affective dimensions 
of these contexts. “The cultivation of virtues,” says 
Van Wensveen, “allows and encourages us to inte-
grate emotions, thoughts and actions” (Van Wens-
veen 2008, 8). 

Box 5: Many ways of knowing
Various relational worldviews point to the prob-
lems associated with seeing science as the only 
legitimate way to generate knowledge about the 
world. 

Indigenous and local knowledge systems (ILK) 
are now increasingly recognized, under interna-
tional agreements such as the Convention on Bio-
logical Diversity, as legitimate and important to in-
clude in environmental policy-making. Significant 
efforts are also underway in understanding and

developing synergies between science and ILK in, 
for example, the work of the Intergovernmental 
Platform on Biodiversity and Ecosystem Services 
(IPBES). 

Challenges to the sufficiency of the detached 
form of reasoning used in science have also been 
expressed by deep ecology and feminist philoso-
phy. Deep ecology has argued for the importance 
of lived experience as a mode of accessing knowl-
edge of the world, in part due to the way it inte-
grates the rational and emotional levels of reality. 
Feminist scholars have also developed concepts 
of ‘connected’ and ‘situated’ rather than ‘sepa-
rated knowledge’ and together with STS scholars 
have emphasised the importance of understanding 
how knowledge is always located within and stems 
from a particular set of conditions and beliefs. 

The Swiss Federal Ethics Committee on 
Non-Human Biotechnology has indicated the im-
portance of recognizing different approaches to 
knowledge by pointing out that, when assessing 
risk, “attention must be paid to promoting and cul-
tivating diversity of perspectives and cross-sec-
tional competences” (Swiss Federal Ethics Com-
mittee 2018, 24). Acknowledging the limitations of 
science and the value of more experiential forms 
of knowledge have important ramifications for 
how the ethical issues related to gene drives will 
be framed and assessed.

A virtue-based approach as a guide for action 
is particularly accommodating for situations like 
gene drives, where we do not yet know everything 
we need to know and where agreed principles for 
action may be lacking. This is because seeking vir-
tue can offer a framework for action that is not set 
or fixed from the outset. It instead offers a dynamic 
approach that is always developing in connection 
with evolving realities. This feature makes it a par-
ticularly useful ethical lens to adopt for gene drives, 
where the technology, the knowledge of its impacts, 
and the contexts of application are all still devel-
oping. When complete knowledge of consequences 
and clear principles are lacking, focusing on cul-
tivating desirable character traits can be a useful 
way of guiding decision-making. Given the current 
state of knowledge concerning gene drives and the 
complexity of the interactions between genome, or-
ganism, and environment, a virtue theorist will likely 
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argue that a sense of caution and an appreciation of 
complexity are appropriate habits of mind to adopt. 

This observation can be expanded outwards into 
a broader point. When the question is how to credi-
bly govern fields of emerging sciences and technol-
ogies in which the facts are uncertain, values are in 
dispute, the stakes are high and decisions urgent 

(Funtowicz and Ravetz 1994), emphasis should be 
placed on developing the virtue of ‘responsibility’ in 
research and innovation. In the final section of this 
chapter, we outline a range of values and virtues 
that are important to cultivate if we are to govern 
emerging technologies responsibly. We also briefly 
point to how these guidelines might be applied in 
the case of gene drives. 

5 Governance
The survey of the range of ethical considerations 
provided in this chapter makes it clear that evalu-
ating a technology as powerful as a gene drive re-
quires much more than a quick cost-benefit analysis 
focusing exclusively on human needs and inter-
ests. In addition to adding their potential impacts 
on animals and on future generations of humans, 
a comprehensive ethical evaluation will attend to 
the justice dimensions of gene drive development 
and deployment; the environmental principles and 
practices they might support or contravene; the 
understanding of organisms, ecosystems and hu-
man-nature relations they promote; the worldviews 
they support; and the virtues and vices that produce 
them.

These various lenses reveal a diverse ethical 
landscape that admittedly is difficult to navigate. 
Considerations that range from concrete (if unpre-
dictable) consequences, to historically developed 
background attitudes and cultural beliefs, as well 
as to shifting principles of environmental manage-
ment, all combine to create a swirling ecosystem of 
values within which ethicists and technologists must 
try to orient themselves. Some of these values flow 
directly from particular worldviews. Others are only 
loosely associated with each other through a com-
plex and distributed web of relations. Sketching the 
different elements of this ethical ecosystem would 
not be helpful if it did not lead to some conclusions 
about how to proceed. However, proceeding does 
not necessarily mean taking a position concerning 
which ethical lenses may be most appropriate, or 
adopting a particular conclusion about whether the 

use of gene drives for particular applications is eth-
ical or not. The sketch of the ethical ecosystem we 
have provided can also be used as a basis for de-
termining what is important for good governance of 
gene drive research and innovation. 

Governance of science and technology refers to 
all of the different ways in which the directions of 
research and innovation are decided, shaped and 
guided. This includes the daily work of individual 
researchers, research organizations and funding 
bodies, as well as what happens within the media, 
public discourse, and governmental authorities. 
These guiding practices should embody principles 
that 1.) reflect larger societal values and norms and 
2.) are appropriate for the character of the technol-
ogy in question. Given the wide range of questions 
over impacts, interventions, and intentions articu-
lated above, it is clear that the development of gene 
drives needs to be conducted in a manner that is 
transparent, inclusive, thoughtful, and respectful 
of difference. This is aligned with a broader com-
mitment that has emerged in recent years to govern 
emerging technologies democratically and respon-
sibly (Stilgoe, Owen, and Macnaghten 2013; Wick-
son & Carew 2014). 

In what follows, we draw on work connected to 
‘responsible research and innovation’, and in par-
ticular look to a specific articulation of this approach 
as related to agricultural biotechnologies, in order 
to outline what have been described as “essential 
features of responsible governance” (Hartley et al. 
2016, 1). We briefly sketch what these features for 
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advancing responsible forms of biotechnology de-
velopment are, and how they might be applied to 
gene drives. In so doing, we hope to indicate the 
direction to take to achieve credible and ethically 
appropriate governance of gene drive research, in-
novation and deployment. 

5.1 Commitment to openness

Gene drive advocate Kevin Esvelt makes a good 
start towards a commitment to openness when he 
insists that “complete transparency” is a moral re-
quirement for a technology this powerful (Specter 
2017). “For both moral and practical reasons,” he 
adds, “gene drive is most likely to succeed if all the 
research is done openly.” However, for responsi-
ble governance, a true commitment to openness 
requires going further. Although it is of course an 
important element, advocates should not only be 
open about the work that they are doing; to facil-
itate responsible and ethical governance of gene 
drive technology, honesty and humility concern-
ing the scope and quality of the available scientific 
knowledge, particularly on questions of impacts and 
risks, is also essential. Furthermore, openness and 
honesty need to extend outwards to include sober 
assessments of the true likelihood of the claimed 
risk/benefits, the comprehensive assessments of 
the range of ethical concerns (e.g., including those 
beyond physical risks), and the range of available 
alternatives. Clear descriptions of any potential 
conflicts of interest must also be required, as well 
as honest statements from researchers and funders 
about what is motivating investment in the field. 

Transparency and honesty regarding the under-
lying motivations for the technology’s development 
and use becomes particularly important when the 
research is being heavily invested in by organisations 
such as DARPA (the Defense Advanced Research 
Projects Agency of the US), who are specifically 
aiming to “develop game-changing military capa-
bilities” (DARPA 2018). Without a wider scope for 
what should be expected in terms of openness, the 
involvement of organizations such as DARPA in re-
search surrounding the technology will always raise 
suspicion and concern. Therefore, to adequately 

address ethical issues, transparency about what re-
searchers are doing will be a necessary but insuffi-
cient condition for good governance, which requires 
a commitment to openness with a much wider scope 
than the general understanding of the term. 

5.2 Recognition of underlying values and 
assumptions 

Good governance demands that actors specifically 
reflect on how values and assumptions shape and 
inform their work.  This includes how values and as-
sumptions are influencing gene drive research, de-
velopment, communication, risk assessment, and 
risk management. Recognizing underlying values 
and assumptions in gene drive innovation systems 
is important if we are to understand and critically 
question how desirable futures are being imagined, 
and by whom, as well as how problems and solu-
tions are framed, along with how risk-based science 
and assessment are actually being performed. Ac-
knowledging the significance of the underlying value 
assumptions of different actors would particularly 
allow for divergent worldviews to be brought into 
the open, rather than being obscured by an over-
ly narrow debate about human and environmental 
risk. 

While risk regulation is important, the wide range 
of ethical considerations outlined above makes it 
clear that risk does not exhaust the ethical dimen-
sions of gene drive organisms. Treating governance 
as more than simply controlling immediate, physical 
risk broadens the discussion and directs attention 
towards wide-ranging concerns associated with the 
intentional use of gene drives, rather than only with 
the unintended risks that may result. Such an open-
ing up enables more transparent decision-making 
and more effective dialogue between innovators, 
risk assessors, risk managers, policy makers, and 
affected publics. If dialogue between different ac-
tors with different agendas is going to be fruitful, it 
is vital that any divergence in underlying values and 
assumptions is made clear, and is also permitted 
to be a legitimate part of the conversation. Other-
wise there will always be a danger that underlying 
value differences are never directly acknowledged 
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or addressed; they therefore become hidden or 
masked within a debate that is ostensibly about risk 
but is actually about a clash in value systems.  In-
deed, in this sense, recognizing underlying values 
and assumptions and commitment to openness are 
complimentary and mutually reinforcing features of 
good governance and ethical innovation. 

5.3 Involvement of a broad range of 
knowledges and actors

The acknowledgement that good governance is not 
only about risk regulation makes it more likely that 
decision-making will include a plurality of perspec-
tives, worldviews, and types of knowledge drawn 
from a broad range of actors. This means perspec-
tives must be gathered from different scientific dis-
ciplines and from different rights- and stakeholders. 
If the debate about gene drives is confined to a nar-
row technical assessment of risks, thus privileging 
scientific and technical experts, it significantly limits 
who can legitimately participate in decision-making 
processes. It is clear that democratic and justice de-
mands will often require the involvement of a wider 
range of actors. For example, the participation of 
indigenous people, or farmers who hold rights over 
the land, territories and resources that may be af-
fected, will be essential to include if gene drives are 
ever to be deployed. Furthermore, if applications 
are to be used in health or agricultural spheres, 
patients, consumers and workers in these arenas 
would have a legitimate right to be consulted and 
involved in decision-making.  

Beyond consultations around deployment, there 
are also arguments to be made that opening up re-
search and technology assessment processes more 
broadly may have significant benefits (Stirling 2008). 
This can be in instrumental terms, such as the way 
involving and accounting for diverse perspectives 
from the beginning may enable the technology to 
be more socially acceptable or robust. However, 
there can also be substantive benefits from includ-
ing a diverse range of views and experiences into 
research and assessment processes. Such an inclu-
sive approach can help ensure that a thorough and 
comprehensive approach to the issue is being taken, 

and that all potential knowledge sources are incor-
porated into the final decision-making process. In-
cluding diverse actors and views also makes the in-
novation process more democratic. Opening up the 
governance of gene drives to include a wide range 
of knowledge sources and perspectives, through 
the now well-established practices of public partic-
ipation, citizen engagement and deliberative deci-
sion-making, will be the best approach to ensuring 
that the full range of relevant considerations are in-
corporated and addressed (see also Chapter 3 for 
more information on this).  This inclusive approach 
will also be an essential feature for creating more 
ethically defensible decisions.

5.4 Consideration of a range of alterna-
tives

Ethical governance of gene drives should not just 
openly and inclusively consider gene drives them-
selves but should also consider the range of alterna-
tive ways of formulating and framing the problems 
the use of the technology claims to address. These 
alternate framings of the problems will encourage 
discussion of a range of alternative approaches to 
solving them. In the case of gene drives, this will 
include all the alternative ways available for un-
derstanding and addressing the problems, for ex-
ample, of disease or invasive species control. Many 
of these alternatives may carry fewer risks, may be 
more actionable in the short-term, more sensitive to 
local needs and resources and/or may better align 
with a diverse range of worldviews. All of these will 
be important factors to consider for practices of 
good governance and ethical decision-making.  

At present, the lure of the technical fix means 
that policies to address global challenges can of-
ten focus on problems treated in isolation from 
each other rather than seen within their broader 
socio-political and ecological context. In today’s 
world, there is also a desire to generate econom-
ic returns for any investment in solution develop-
ment. As a result, there is a tendency to call almost 
exclusively on science and technology to devise 
suitable solutions, since this method is most easily 
monetized. Adopting such an approach can quickly 
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lead to a slippery slope for gene drive technology. 
That is, once it begins to be seen and employed as 
a technical solution to social and ecological chal-
lenges, the question inevitably arises as to how and 
where boundaries to its use would be drawn. Un-
der what conditions would it become inappropriate 
to employ this technological solution? The slippery 
slope idea suggests that once you accept and start 
to employ a technology, like gene drives, as a tech-
nological solution for some problems, it becomes 
very difficult to establish and maintain boundaries 
against its use in other areas. 

A more transparent and inclusive conversa-
tion that pays serious attention to the values and 
worldviews of different stakeholders is, howev-
er, more likely to uncover and explore alternative 
understandings of the problem and the available 
solutions at hand. Thinking more broadly in terms 
of “innovation governance” (i.e. how to govern and 
guide the innovation process as a whole) rather than 
“risk governance” (i.e. how to govern the potential 
physical impacts of any given technology) will also 
place technical solutions in their proper context as 
only one of many different ways to conceptualise 
and address a particular problem (Felt et al. 2007). 
Such thinking opens the way for an explicit consid-
eration of the range of available alternatives, and 
also makes more likely the development of solu-
tions capable of addressing multiple challenges si-
multaneously. Good governance therefore requires 
that we do not necessarily begin with the technology 
as a given, focusing only on handling its potential 
impacts. Rather, it becomes important to consider 
the various ways available for understanding the 
problem that is driving the technology’s develop-
ment, as well as all of the potential solutions that 
may be available for addressing it by other means. 

5.5 Response preparedness

In order to achieve good governance of a power-
ful technology, it is not enough to just do all of the 
work described in the preceding section. There also 
needs to be a willingness to respond to what is re-
vealed and to act in concert with these findings. 
For all of the essential features of responsible in-
novation to function effectively, innovators, safety 
researchers and decision-makers need to be pre-
pared to consider and respond to societal needs 
and ethical concerns, as well as to technological or 
scientific desires. There also needs to be a willing-
ness to respond to diverse views and values, and to 
take action on the basis of any assessments made, 
including those on the available alternatives. The 
inherent limitations of scientific knowledge and our 
inability to fully predict and control gene drive tech-
nologies in dynamic natural systems places further 
emphasis on the need for preparedness and a will-
ingness to respond if we are to achieve ethical gov-
ernance of any powerful technology.

A prepared response in matters of societal con-
cern, diverse views and values, and changing so-
cio-ecological conditions is important not only for 
ensuring the democratic accountability of gene 
drive technology in liberal democracies, but also as 
a means of enhancing adaptability, resilience, and 
perhaps reversibility, in all innovation and policy 
systems in the face of change. For the specific case 
of gene drives, the question of reversibility is com-
plex but key for ethical decision-making. If there is 
no potential of recalling a technology or reversing 
any negative impacts it may have, the ability to re-
spond will be severely curtailed. When response 
preparedness is recognized as an essential feature 
of good governance, innovation processes are com-
pelled to take seriously questions about how the 
technology may be contained, controlled, recalled, 
or reversed. Indeed, it may not be considered ethi-
cal to go ahead with any release until such features 
are in place. 
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6 Conclusion
Gene drives are a prime example of one of a range 
of powerful technologies emerging today that de-
mand a particularly broad and inclusive type of eth-
ical scrutiny. This chapter of the report has sought 
to highlight the broad range of ethical concerns 
to which gene drives gives rise. Being responsible 
about technological innovation means taking all di-
mensions of these ethical considerations seriously: 
not dismissing the concerns of those who urge cau-
tion, and not getting caught up within a single opti-
mistic narrative about the desirability or inevitability 
of a particular technology. 

The immediate appeal of a highly technological 
solution to a complex and serious problem cannot 
be denied. However, the overview of ethical issues 

presented in this chapter highlights how a more so-
ber approach involves stepping back from the ex-
citement generated by what might be possible if the 
technology succeeds, towards what may happen if 
it does not. It takes the time to consider the technol-
ogy within its broader social and historical context, 
to reflect with humility about what we know (and 
can hope to know) about complex systems; and it 
encourages open and participatory engagement 
with the widest possible range of perspectives and 
stake- and rightsholders. If gene drive advocates 
wish to obtain a clear social license, it will be essen-
tial that they take all ethical concerns into account 
and follow responsible practices of governance. We 
hope that the overview presented in this chapter 
may help in the navigation of this thorny landscape. 
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Legal and regulatory issues
Lim Li Ching and Lim Li Lin

1  The need for specific and effective laws 
and regulation 

1 ‘CRISPR’ is short for ‘clustered regularly interspaced palindromic repeats’. ‘Cas’ is short for ‘CRISPR-associated’.

A gene drive system is designed to purposefully 
spread genetic modifications through populations, 
with species-wide and ecosystem level impacts, as 
well as to persist, which points to the likely irrevers-
ibility of those impacts (Heitmann et al. 2016, 174). 
Even if releases are halted, spread of the genetic 
modifications, which may have unanticipated ad-
verse effects, will almost certainly continue. Thus, 
the very characteristics that make organisms con-
taining engineered gene drives or gene drive organ-
isms (GDOs) attractive for development also require 
specific consideration of the risks unique to this 
technology. Gene drives that are designed to sup-
press populations could potentially result in popu-
lation or species extinction, making this subset of 
particular concern.

While GDOs are also genetically modified organ-
isms (GMOs), for which our collective experience is 
largely confined to agricultural crops in cultivated 
systems, with gene drive organisms there are novel 
conceptual and biological differences that pose par-
ticular challenges for regulation (Simon et al. 2018). 
The depth of this new technological intervention 
capability is such that “humanity has no experience 
engineering systems anticipated to evolve outside of 
our control” (Esvelt and Gemmell 2017, 5).

Some of the features of GDOs that distinguish 
them from GMOs include their purposeful spread 
and persistence. With GMOs, the intention, at least, 
has always been to prevent spread of the modified 
genes and to confine their effects, with gene flow or 
contamination, for example, being one of the ma-
jor issues to consider in a risk assessment and to 
mitigate through risk management. However, with 

GDOs, spread and persistence are their raison 
d’être, posing different legal and regulatory chal-
lenges. Moreover, GDOs will now deliberately move 
beyond cultivated fields, into wild populations and 
ecosystems. The complexity of the systems that 
could be affected and the impacts that could be 
realized increases scientific uncertainty manifold, 
requiring more precautionary approaches to regu-
lation than already required with GMOs.

Working gene drives using the CRISPR/Cas1  
genome-editing platform have been recently demon-
strated in several organisms in laboratory settings, 
only in 2015 (see Chapter 1). The pairing of gene 
drives with CRISPR/Cas has, however, accelerated 
the pace of gene drive development considerably. 
Potentially far-reaching applications are in the pipe-
line, backed by huge financial investments, to which 
the United States’ Defense Advanced Research Pro-
ject Agency (DARPA) and the Bill and Melinda Gates 
Foundation are the biggest contributors. This means 
that there is real urgency in creating mechanisms to 
ensure that there is effective regulation of this tech-
nology in place before any release of GDOs into the 
environment. 

It is important to set out governance and regu-
latory arrangements well in advance so that would-
be developers are informed of the requirements 
they must meet. Meanwhile, time must be taken to 
achieve consensus among different countries as to 
how to apply new regulatory standards (Sustaina-
bility Council of New Zealand 2018, 7-8). The time 
to consider the legal and regulatory regime for gene 
drives and GDOs is therefore now.

Chapter 5
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While there exist biosafety regulations for re-
search, development and use of GMOs, also termed 
living modified organisms (LMOs2), and GDOs are 
undisputedly covered by these laws, there is still an 
urgent need for specific strict regulation of these 
new entities, GDOs, that goes beyond existing bi-
osafety regulations and that must take into account 
their unique features and effects. The US National 
Academies of Sciences, Engineering, and Medicine 
concluded that current US regulatory practices for 
assessing risks or potential environmental effects 
of field experiments or planned releases for GMOs 
are inadequate for gene drives (NASEM 2016, 170-
171). The change in the spectrum of organisms and 
environments that will be affected by the applica-
tion of gene drives therefore necessitates new ap-
proaches for risk assessment and governance (Si-
mon et al. 2018).

A regulatory regime for gene drives and GDOs 
must consider worst-case scenarios in order to be 
able to adequately deal with and to anticipate the 
full spectrum of possible adverse effects. While not 
all gene drives are global in nature, the advent of 
CRISPR-based gene drives, which have the poten-
tial to spread ‘globally’ – i.e. to all populations of 
the target species that are connected by gene flow 
– and also to be invasive in certain contexts, cer-
tainly makes this a realistic concern. Mathematical 
models based on empirical data show that even 
the least effective gene drive systems are highly in-
vasive; release of a small number of GDOs often 
causes invasion into the local population, subse-
quently followed by the invasion of additional popu-
lations that are connected by gene flow (Noble et al. 
2017). “The bottom line is that making a standard, 
self-propagating CRISPR-based gene drive system 
is likely equivalent to creating a new, highly invasive 
species: both will likely spread to any ecosystem in 
which they are viable, possibly causing ecological 
change” (Esvelt and Gemmell 2017, 2). 

In addition, while there have been some mit-
igating proposals that claim to be able to restrict 
the spread of gene drive systems (for example, 

2  In this chapter, we generally use the term ‘genetically modified organism’ (GMO), unless we refer specifically to the Convention on Biological Diver-
sity, the Cartagena Protocol on Biosafety, the Nagoya – Kuala Lumpur Supplementary Protocol on Liability and Redress, or the International Plant 
Protection Convention, which all use the term ‘living modified organism’ (LMO).

so-called ‘local’ or ‘self-limiting’ drives (Esvelt and 
Gemmell 2017, 4-5)), these remain largely theoret-
ical and currently have not been demonstrated to 
work. Such drives are complexifiers that may also 
carry their own risks, due to greater difficulty in their 
creation and the many ecological dependencies in 
their function. (See Chapter 1 for a technical dis-
cussion on these issues). Therefore, a legal and reg-
ulatory regime for gene drives and GDOs has to be 
designed to deal with the maximum implications of 
the technology, that is, it has to be prepared to reg-
ulate global gene drives and their potential impacts. 
This chapter focuses largely on global gene drives 
and the resulting GDOs, in order to discuss their ef-
fective regulation.

Box 1: ‘Global’, ‘standard’ and ‘local’ gene drives 
– a question of semantics 

Min et al. (2018) classify ‘global’ gene drives as 
‘standard’ gene drives. These drives are likely to 
spread to all populations of a target species con-
nected by gene flow. ‘Local’ gene drives are those 
that can spread to regional populations but cannot 
spread to all populations connected by gene flow. 

These classifications are an example of the 
semantics at play. ‘Global’ gene drives of course 
convey the idea that such a gene drive system, 
once released, has the potential to spread glob-
ally, at least in so far as the target population is 
concerned. This is one of the major concerns and 
regulatory challenge raised by organisms contain-
ing gene drives. In addition, the use of the term 
‘global’ usefully calls attention to the need for in-
ternationally agreed rules for the governance of 
gene drives and GDOs.

Changing the language to ‘standard’ gene 
drives, while helpfully conveying the fact that 
these are the prevalent gene drives that are cur-
rently being researched, detracts from the no-
tion of potential transboundary spread glob-
ally. ‘Standard’ also conveys the positive idea 
of usual correctness or acceptability and qual-
ity. In addition, the use of the term ‘standard’ 
may provide a sense of false security, leading 
to an assumption that there are already some 
authoritative standards in place for gene drive 
or GDO governance, which is not the case yet.
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The name ‘local’ gene drives, on the other 
hand, suggests that these types of gene drives will 
have limited or restricted impacts and can be con-
fined geographically or to the immediate area of 
release. It should be pointed out that these vari-
ous ‘local’ drives are at present theoretical, and 
it cannot be assumed a priori that they will work 
reliably, in all situations, or that they will not them-
selves carry their own risks.

Proposals for self-regulation by scientists, such 
as the development of guidance documents for best 
practices by those involved in research, are clearly 
not enough to ensure adequate oversight and gov-
ernance of a technology as powerful as gene drives. 
An example of how self-regulation has failed with a 
closely related genetic technology is the recent con-
troversy over the birth of genome-edited twins, an-
nounced in November 2018. The scientist responsi-
ble was widely condemned for conducting such an 
experiment without due regard for ethical or safety 
considerations, bringing attention to the fact that 
there are no international rules specifically govern-
ing this new field. The World Health Organization 
(WHO) later belatedly announced the establishment 
of a WHO Expert Advisory Committee on Develop-
ing Global Standards for Governance and Oversight 
of Human Genome Editing (WHO, n.d.).

While such ‘rules of the road’ (Adelman et al. 
2017), described in some detail in this chapter, 
can certainly play a role, and existing guidance de-
veloped for GMOs could be updated to take into 
account the particular characteristics of GDOs, 
these will have to be rooted in a legal and regula-
tory system that is specific and responsive to all 
the particular challenges raised by gene drives and 
GDOs. Given that GDOs have the potential to cause 
serious harm to the environment, a public good, it 
would not be appropriate to place regulation and 
decision-making about the technology solely in the 
hands of private actors (Sustainability Council of 
New Zealand 2018, 20). As such, a legally binding 
regime is needed.

Governance and regulation of gene drives and 
GDOs must be international in nature because of the 
potential for transboundary spread of GDOs. Be-

cause “ecosystems are connected in myriad ways”, 
even a small number of GDOs introduced in one 
country is very likely to have ramifications well be-
yond its borders (Esvelt and Gemmell 2017, 5). As 
such, the Ad Hoc Technical Expert Group (AHTEG) 
on Synthetic Biology, established under the Conven-
tion on Biological Diversity (CBD), recognised that 
“a precautionary approach and cooperation with all 
countries and stakeholders that could be affected… 
might be warranted in the development and release 
of organisms containing engineered gene drives, 
including experimental releases, in order to avoid 
potential significant and irreversible adverse effects 
to biodiversity” (AHTEG on Synthetic Biology 2017, 
paragraph 25, emphasis added).

The need for international governance is also 
recognised by the US National Academies of Scienc-
es, Engineering, and Medicine, which called for 
“clearly defined global regulatory frameworks, pol-
icies, and best practice standards for implementa-
tion” (NASEM 2016, 171-172). Decisions about the 
application of the technology require international 
cooperation, which means that the establishment 
of an international regulatory framework for gene 
drives and GDOs is necessary (Norwegian Biotech-
nology Advisory Board 2017, 15). 

At the same time, while a significant number of 
countries are party to the Cartagena Protocol on 
Biosafety and thus would likely also have national 
biosafety laws or regulations governing the use of 
GMOs or LMOs (which would apply to GDOs), these 
national laws and regulations are not explicit or spe-
cific to GDOs as a special category of GMOs/LMOs. 
National laws, however, are likely to be shaped by 
international developments and can be developed, 
or amended, if national biosafety laws already ex-
ist, to specifically take into account gene drives and 
GDOs. Countries may also provide for more strin-
gent GDO regulation, as is their sovereign right, 
within the context of their international obligations.

This chapter is concerned with the legal and reg-
ulatory aspects relevant to gene drives and GDOs, 
and primarily focuses on biosafety assessment and 
decision-making. There are many other relevant as-
pects as well, including the issue of ‘biopiracy’ and 
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access and benefit-sharing of genetic resources, 
governed by the CBD’s Nagoya Protocol on Access 
to Genetic Resources and the Fair and Equitable 
Sharing of Benefits Arising from their Utilization, 
which are beyond the scope of this chapter. 

It must be acknowledged that discussion of  
decision-making in the context of biosafety is of-
ten a narrower focus, and usually does not involve 
asking the broader, important questions which do 
not always fit within this framework, and which  
include: Who defines the problem? What are the 
options for solutions? Which are more sustainable, 
and why? Where should research and investment 
be directed? Who decides all this, and how? These 
are fundamental issues that should rightly be ad-
dressed before embarking on activities that require 
biosafety assessment, rather than at the biosafety 
decision-making stage. 

Many of these issues are discussed elsewhere 
in this publication, in particular in Chapters 3 and 
4. However, the reality of the situation now is that 
research on GDOs in the laboratory is on-going, 
and deliberate releases into the environment are 
planned. Currently, there are no legally binding in-
ternational rules and standards that are adequate 
to regulate these activities. This must be urgently 
addressed.

At the same time, legal and regulatory processes 
alone, while necessary, are not sufficient to confront 
the multiple challenges posed by gene drives and 
GDOs. A deep and broad global and cross-societal 
discussion and action on this is urgently needed. 
What is clear is that “this conversation should not 

be confined to scientists, regulators, politicians, or 
any single nation, no matter how strong its legisla-
tive frameworks, environmental risk management, 
and biosecurity networks” (Esvelt and Gemmell 
2017, 5). There is urgent need to engage all citi-
zens, especially farmers, indigenous peoples and 
local communities, and those who could be affect-
ed by this far-reaching technology and its impacts. 
This should also not just be a one-off exercise, but 
should rather be an on-going feature of the ap-
proach to governance of gene drives and GDOs.

This chapter will conduct a review of the inter-
national and other legal and regulatory instruments 
and processes that are and will be relevant to gene 
drives and GDOs, in so far as they address biosafety 
issues, and will address whether they are equipped 
to enforce their decisions. A particular focus will 
be on the CBD and its Protocols, as GDOs fall un-
der their scope, and as they are already addressing 
GDOs in their substantive work. A ‘Limitations’ sec-
tion located after each description will enumerate 
the problems a dependence on one or another (or 
even all) of the existing instruments would entail. 
The gaps in the existing international regime will be 
assessed. The specific issues raised by the charac-
teristics of GDOs will be discussed, together with 
what needs to be done to address them. This chap-
ter also considers what elements are necessary in 
a legal and regulatory regime that is suited to the 
challenges posed by gene drives and GDOs, includ-
ing the urgent need to take the time to remedy any 
serious legal and regulatory gaps before any release 
of GDOs is even contemplated. 
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2  Review of relevant international and  
other legal and regulatory instruments 
and processes

2.1 The Convention on Biological  
Diversity and its Protocols 

Substantial work has already taken place un-
der the Convention on Biological Diversity (CBD) on 
synthetic biology and this work will continue in the 
coming years. The discussions on synthetic biolo-
gy include the issue of ‘organisms containing engi-
neered gene drives’. At the same time, the use of 
terms under both the CBD and its Cartagena Pro-
tocol on Biosafety clearly define organisms which 
contain engineered gene drives as living modified 
organisms (LMOs), the subject of the Cartagena 
Protocol and its Nagoya – Kuala Lumpur Supple-
mentary Protocol on Liability and Redress. Discus-
sions under the Cartagena Protocol have begun to 
specifically address GDOs, via its work on risk as-
sessment. 

Additionally, another protocol to the CBD, the 
Nagoya Protocol on Access to Genetic Resourc-
es and the Fair and Equitable Sharing of Benefits 
Arising from their Utilization, deals with the fair and 
equitable sharing of benefits arising from the utilisa-
tion of genetic resources. This treaty was negotiated 
to address the issue of misappropriation of genetic 
resources, and discussions are underway on ‘digi-
tal sequence information’ on genetic resources. The 
Nagoya Protocol may well apply to GDOs if the ge-
netic resources (and possibly, the information relat-
ed to the resources) used are sourced from provider 
Parties; but this chapter will not discuss these is-
sues, as our focus is on the regulations and govern-
ance needed to ensure the safety and suitability of 
gene drives in terms of their environmental, health 
and socio-economic effects. 

As multilateral environmental agreements deal-
ing with the protection of biological diversity, the 
CBD and its Protocols, in particular the Cartagena 

Protocol and the Nagoya – Kuala Lumpur Supple-
mentary Protocol, are therefore well placed to be 
the main reference point in international law for 
GDOs.

2.1.1 Convention on biological diversity

Scope, objectives and key provisions 

The CBD is an international, legally binding envi-
ronmental treaty that was adopted at the Rio Earth 
Summit in 1992 and entered into force the follow-
ing year. It has near-universal membership, as the 
United States (US) is the only non-Party country. Its 
objectives are the conservation of biological diver-
sity, the sustainable use of its components and the 
fair and equitable sharing of benefits arising out of 
the utilization of genetic resources. 

As a multilateral environmental agreement, it has 
helped to shape global thinking and action on bio-
logical diversity. At the same time, it has fallen short 
of its objectives and lacks the concrete and coher-
ent implementation and strict compliance measures 
that are needed to address the biodiversity crisis. 
Often, it is a combination of civil society action, me-
dia attention and public opinion that has played a 
critical role in highlighting and promoting adherence 
to the CBD rules and targets. Much is also depend-
ent on national implementation and enforcement 
through policies and laws. Other specific limitations 
of the CBD are discussed later in this section.

Article 7(c) of the CBD puts in place an obligation 
for Parties to identify processes and categories of 
activities which have or are likely to have significant 
adverse impacts on the conservation and sustaina-
ble use of biological diversity, and to monitor their 
effects. It can be argued that this would include re-
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search in contained use, field trials and release of 
GDOs, since all these activities could result, wheth-
er unintentionally or intentionally, in impacts on bi-
ological diversity. 

Article 14(a) further obliges Parties to conduct 
environmental impact assessments for activities 
that are likely to have significant impacts on biolog-
ical diversity, with a view to avoiding or minimising 
such effects. A release of a GDO would clearly fall 
under these broad obligations. For example, some 
gene drive systems that are designed to suppress 
populations can potentially cause those and related 
populations to go extinct. Others that spread mod-
ified characteristics through the population may re-
sult in adverse and unexpected impacts on biologi-
cal diversity.

Furthermore, Articles 14(c), 14(d) and 14 (e) 
address the situations where activities are likely to 
significantly adversely affect, or pose imminent or 
grave danger or damage to, the biological diversity 
of other States. In the first instance, the responsi-
ble Parties have to meet obligations for notification, 
exchange of information and consultation on activ-
ities under a Party’s jurisdiction or control. Imme-
diate notification to potentially affected States and 
initiation of action to prevent or minimise any im-
minent danger or damage is also required. National 
arrangements are needed for emergency responses 
to activities or events that present a grave and im-
minent danger to biological diversity, supplemented 
by international cooperation and joint contingency 
plans. As the release of some GDOs can easily re-
sult in the unintentional crossing of national bor-
ders, especially when the populations concerned 
are spread over different countries, these provisions 
are thus especially relevant. 

Paragraph 2 of Article 14 further obliges Parties 
to examine the issue of liability and redress, “in-
cluding restoration and compensation”, for damage 
that is caused to biological diversity.

The importance of Article 14 in relation to GDOs 
has been reiterated in several decisions on synthetic 
biology, in particular the most recent decision from 
the Conference of the Parties (COP) (see later sec-

tion on ‘Decision on gene drive organisms at CBD 
COP 14 (November 2018)’).

Relevance to gene drive organisms

The specific biosafety provisions regarding “liv-
ing modified organisms resulting from biotechnolo-
gy” are in Articles 8(g), 19(3) and 19(4) of the CBD. 
A GDO is a LMO, according to the definitions un-
der both the CBD and its Cartagena Protocol on Bi-
osafety. 

Article 8(g) refers to LMOs resulting from biotech-
nology that are likely to have adverse environmental 
impacts that could affect the conservation and sus-
tainable use of biological diversity, taking also into 
account possible risks to human health. Parties are 
required, as far as possible and as appropriate, to 
establish or maintain means to regulate, manage or 
control these risks at a national level.

Article 19(3) was the enabling provision that 
gave rise to the Cartagena Protocol on Biosafety, 
because it obliges Parties to consider the need for 
and modalities of a protocol in the field of the safe 
transfer, handling and use of LMOs.

Article 19(4) obliges Parties to provide any avail-
able information about the use and safety regula-
tions required to handle LMOs, as well as any avail-
able information on the potential adverse impact of 
the specific organisms concerned, to a Party into 
which these LMOs are to be introduced. 

Taken together, these three provisions broadly 
oblige Parties to establish or maintain means to reg-
ulate, manage or control risks of LMOs at a national 
level, to ensure safe transfer, handling and use, and 
to provide available information about usage, safe-
ty regulations and potential adverse impacts. The 
Cartagena Protocol puts into operation these obli-
gations, which are then implemented at the national 
level. 

For example, Parties such as the European Un-
ion and its member states have in place compre-
hensive biosafety legislation, requiring prior risk as-
sessment before any LMO is deliberately released 
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into the environment or placed on the market as 
food or animal feed. Biosafety laws, however, have 
not always proven to be effective. For example, Chi-
na had to deal with a significant incident of illegal 
sale and planting of a genetically modified (GM) rice 
variety only approved for field trials and not for hu-
man consumption (Zi 2005).

Ad Hoc Technical Expert Group on Synthetic Biology  

The issue of organisms containing engineered 
gene drives has been discussed at the CBD un-
der the topic of ‘synthetic biology’. Parties to the 
CBD established the AHTEG on Synthetic Biology 
in 2014. The 2017 report of the AHTEG discusses 
organisms containing engineered gene drives exten-
sively (AHTEG on Synthetic Biology 2017). The rele-
vant points from the report are summarised below:

a. For some developments, such as engineered 
gene drives, there might be a need to consider 
more thoroughly the potential benefits and ad-
verse effects at the ecosystem level. (paragraph 
17)

b. These considerations could be particularly rel-
evant and urgent for GDOs because of the im-
pacts they might have on biological diversity, 
as well as on the knowledge, innovations and 
practices of indigenous peoples and local com-
munities, particularly if released into the envi-
ronment. Uncertainties related to the efficacy 
and safety of engineered gene drive systems, as 
well as the relative risks that could be posed by 
the different applications, were noted. Addition-
al research and guidance are needed before any 
GDO could be considered for release into the 
environment, including into lands and territories 
of indigenous peoples and local communities. 
The AHTEG noted the potential for unintend-
ed transboundary movements and geographic 
spread of GDOs released into the environment. 
“Given the current uncertainties… a precaution-
ary approach and cooperation with all countries 
and stakeholders that could be affected, taking 
into account the need for the free, prior and 
informed consent of indigenous peoples and 
local communities, might be warranted in the 

development and release of GDOs, including 
experimental releases, in order to avoid poten-
tial significant and irreversible adverse effects to 
biodiversity.” (paragraph 25)

c.  Updates and adaptations to LMO risk assess-
ment methodologies might be needed to account 
for the lack of experience with the introduction 
of GDOs. (paragraph 41)

d. Existing risk assessment considerations and 
methodologies might not be sufficient or ade-
quate to assess and evaluate the risks that might 
arise from GDOs, due to limited experience and 
the complexity of the potential impacts on the 
environment. The development or further de-
velopment of guidelines on risk assessment of 
GDOs would be useful. It was noted that the step 
of release into the environment is irreversible 
and, therefore, a precautionary approach might 
be warranted. (paragraphs 44 and 45)

e.  Best practices for effective containment of LMOs 
should be adapted and applied for GDOs. It was 
noted that islands are not ecologically fully con-
tained environments and should not be regard-
ed as fulfilling the conditions in the definition of 
contained use as per Article 3 of the Cartagena 
Protocol, unless it is so demonstrated. Interna-
tionally agreed standards for effective contain-
ment of GDOs might be useful in order to avoid 
accidental releases from laboratory facilities. 
(paragraph 51)

The AHTEG recommendations in point (b) above 
are particularly relevant as GDOs may well be re-
leased in indigenous lands and territories. Research 
proposals that envisage future experiments with 
GDOs have been made for Hawaii, New Zealand, 
Australia and West Africa (see Chapter 2), which 
include areas that indigenous peoples have tradi-
tionally owned, occupied or otherwise used or ac-
quired. 

The AHTEG recommendations in point (e) above 
are pertinent for contained use considerations (see 
Sections 2.4 and 4.1), especially because there are 
proposals to begin release of GDOs on islands, as 
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they supposedly offer a ‘confined’ environment. For 
example, the suitability of islands in Uganda as field 
trial sites for gene drive mosquitoes is being investi-
gated (Lukindu et al. 2018).

Decision on gene drive organisms at CBD COP 14 
(November 2018)

At COP 14, Parties to the CBD laid down strict 
and precautionary conditions for any introduction 
of organisms containing engineered gene drives into 
the environment, including for experimental releas-
es and for research and development purposes.

The CBD’s Subsidiary Body on Scientific, Tech-
nical and Technological Advice (SBSTTA) had met 
earlier in 2018, and had reached agreement on most 
of its recommendations on synthetic biology, in-
cluding the need to apply a precautionary approach 
to organisms containing engineered gene drives.

However, language asking Parties and other 
Governments to “refrain from” the release, includ-
ing experimental release, of such organisms could 
not be agreed upon. Some Parties wanted a mor-
atorium on environmental releases of organisms 
containing engineered gene drives, but others were 
opposed.

After protracted negotiations, a final compro-
mise on the paragraph addressing organisms con-
taining engineered gene drives was agreed upon 
(Decision 14/19, paragraph 11):

Calls upon Parties and other Governments, tak-
ing into account the current uncertainties re-
garding engineered gene drives, to apply a pre-
cautionary approach*, in accordance with the 
objectives of the Convention, and also calls upon 
Parties and other Governments to only consid-
er introducing organisms containing engineered 
gene drives into the environment, including for 
experimental releases and research and devel-
opment purposes, when:

a.  Scientifically sound case-by-case risk assess-
ments have been carried out;

b.  Risk management measures are in place to 
avoid or minimise potential adverse effects, 
as appropriate;

c. Where appropriate, the “prior and informed 
consent”, the “free, prior and informed con-
sent” or “approval and involvement”* of po-
tentially affected indigenous peoples and lo-
cal communities is sought or obtained, where 
applicable in accordance with national cir-
cumstances and legislation; 

[* denotes two footnotes, discussed below]

These conditions should therefore be met when 
Parties and other Governments are considering the 
release of organisms containing engineered gene 
drives into the environment, including for field trial 
and research purposes.

Both the decisions on synthetic biology and that 
on risk assessment and risk management under the 
Cartagena Protocol on Biosafety further stipulate 
that before GDOs are considered for release into 
the environment, specific guidance may be use-
ful, to support case-by-case risk assessment. The 
Parties to the Cartagena Protocol will consider, in 
2020, whether additional guidance materials on risk 
assessment is needed for such organisms.

Therefore, it would also be prudent and respon-
sible for Parties and other Governments to wait until 
such international guidance specific to the obliga-
tions in the Cartagena Protocol is available, before 
considering any introduction of GDOs into the envi-
ronment.

Precautionary approach

In addition, a footnote to the words ‘precaution-
ary approach’ recalls a series of inter-related deci-
sions by the CBD Parties (XIII/17, XII/24 and XI/11), 
which set out further important principles. The de-
cisions urged Parties and invited other Governments 
to take a precautionary approach to synthetic biol-
ogy and to do the following, as spelt out in Decision 
XII/24 (paragraph 3) and summarised below:
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a.  establish effective risk assessment and manage-
ment procedures and/or regulatory systems to 
regulate environmental release, consistent with 
Article 3 of the Convention (which reiterates the 
principle in international law that States have a 
responsibility to ensure that activities within their 
jurisdiction or control do not cause damage to 
the environment of other States; an issue of par-
ticular concern with GDOs, given the high poten-
tial for spread and transboundary movement);

b. approve field trials only after appropriate risk 
assessments have been carried out in accord-
ance with national, regional and/or international 
frameworks;

c. carry out scientific assessments with regard to 
potential effects on the conservation and sus-
tainable use of biodiversity, taking into account 
risks to human health and addressing also other 
issues such as food security and socio-economic 
considerations with the full participation of in-
digenous and local communities;

d. encourage provision of funding for research into 
risk assessment methodologies and promotion 
of interdisciplinary research that includes relat-
ed socio-economic considerations; and

e. cooperate in the development and/or strength-
ening of human resources and institutional ca-
pacities, including on methodologies for risk 
assessments, taking into account the needs of 
developing countries for financial resources, ac-
cess to and transfer of technology, establishing 
or strengthening regulatory frameworks and for 
risk management.

Decision XIII/17 additionally noted that the above 
elements “can also apply to some living modified or-
ganisms containing gene drives” (paragraph 2).

The precautionary approach is itself to be taken 
“in accordance with the preamble of the Convention 
and with Article 14” (Decision XI/11, paragraph 4).

The preamble of the CBD notes that, “where 
there is a threat of significant reduction or loss of 

biological diversity, lack of full scientific certain-
ty should not be used as a reason for postponing 
measures to avoid or minimise such a threat”. This 
provides Parties the right to take precautionary 
measures, including bans and moratoria, even in a 
situation where scientific knowledge is lacking.

Article 14 of the CBD meanwhile sets out prin-
ciples applying to impact assessment and intended 
to minimise adverse effects, spelling out elements 
such as environmental impact assessment and al-
lowing for public participation in such procedures; 
dealing with the consequences of extra-territorial 
impacts by promoting reciprocity, notification, ex-
change of information and consultation; immediate 
notification as well as action to prevent imminent or 
grave danger or damage beyond national jurisdic-
tion; and emergency responses and international 
cooperation for joint contingency plans when there 
is a grave and imminent danger to biological diver-
sity. Furthermore, the issue of liability and redress, 
including restoration and compensation for damage 
to biodiversity, is to be examined.

All these elements are particularly pertinent to 
GDOs, and are now part of the package of precau-
tionary conditions that should apply to such organ-
isms, when their introduction into the environment, 
including for experimental releases and research 
and development purposes, is being considered. 

“Prior and informed consent”, “free, prior and 
informed consent” or “approval and involvement”

An additional footnote in the COP 14 decision 
(14/19), on “prior and informed consent”, “free, 
prior and informed consent” or “approval and in-
volvement”, refers to the COP decision (XIII/18) that 
adopted the Mo’otz Kuxtal Voluntary Guidelines for 
the development of mechanisms, legislation or oth-
er appropriate initiatives to ensure the “prior and 
informed consent”, “free, prior and informed con-
sent” or “approval and involvement”, of indigenous 
peoples and local communities when accessing 
their knowledge, innovations and practices, for fair 
and equitable sharing of benefits arising from the 
use of their knowledge, innovations and practices, 
and for reporting and preventing unlawful appro-
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priation of traditional knowledge. These guidelines, 
while voluntary, set out standards for the interna-
tional community on this issue.

The Voluntary Guidelines set out in detail the 
meanings, principles and procedural considerations 
of the terms (paragraph 7):

a.  Free implies that indigenous peoples and 
local communities are not pressured, intimi-
dated, manipulated or unduly influenced and 
that their consent is given, without coercion; 

b. Prior implies seeking consent or approval suf-
ficiently in advance of any authorization … re-
specting the customary decision-making pro-
cesses in accordance with national legislation 
and time requirements of indigenous peoples 
and local communities; 

c.  Informed implies that information is pro-
vided that covers relevant aspects, such 
as: the intended purpose … ; its duration 
and scope; a preliminary assessment of the 
likely economic, social, cultural and en-
vironmental impacts, including potential 
risks; personnel likely to be involved … ; 
procedures [that it] may entail … ; 

d. Consent or approval is the agreement of the 
indigenous peoples and local communities 
… or the competent authorities of those in-
digenous peoples and local communities, as 
appropriate, … and includes the right not to 
grant consent or approval; 

e. Involvement refers to the full and effective 
participation of indigenous peoples and local 
communities, in decision-making processes 
…. Consultation and full and effective partic-
ipation of indigenous peoples and local com-
munities are crucial components of a consent 
or approval process.

Whether “prior and informed consent”, “free, 
prior and informed consent” or “approval and in-
volvement” is the standard applied, depends on the 
national requirements of each country; it is not a 

menu of options to choose from. The implementation 
of these requirements, which is voluntary, is howev-
er subject to national rules. For example, Malaysia’s 
Access to Biological Resources and Benefit Sharing 
Act requires any person intending to access tradition-
al knowledge associated with biological resources to 
show evidence that the prior informed consent of the 
relevant indigenous and local community has been 
obtained. Failure to do so could result in penalties 
such as fines and imprisonment. The law does not 
specify full details of how the prior informed consent 
is to be obtained; therefore, the Guidelines offer use-
ful guidance to CBD Parties in this respect.

According to the Voluntary Guidelines, these re-
quirements should be implemented within a context 
of “full respect for indigenous peoples and local 
communities”, which means “a continual process of 
building mutually beneficial, ongoing arrangements 
… , in order to build trust, good relations, mutual 
understanding, … and includes the full and effec-
tive participation of indigenous peoples and local 
communities, taking into account national legisla-
tion and customary laws, community protocols and 
practices of indigenous peoples and local commu-
nities…” (paragraph 8). 

The grant of “prior informed consent”, “free, 
prior and informed consent” or “approval and in-
volvement” is temporal unless otherwise agreed. 
The Voluntary Guidelines also set out procedural 
considerations related to relevant authorities and 
other elements, and details on respecting commu-
nity protocols and customary law. 

No similar international guidelines exist yet for 
obtaining the “prior and informed consent”, “free, 
prior and informed consent” or “approval and in-
volvement” of potentially affected indigenous peo-
ples and local communities when considering the 
release of GDOs. However, since the COP 14 de-
cision refers to the Voluntary Guidelines in relation 
to the differentiated levels of consent and approval 
required from indigenous peoples and local com-
munities at national level, it would be prudent and 
responsible to only consider introducing GDOs into 
the environment when these details, as set out in the 
Voluntary Guidelines, are met.
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Box 2: Conflicts of interest
A conflicts of interest procedure to limit the in-

fluence of private sector industry and other eco-
nomic and vested interests from unduly influenc-
ing decisions in CBD fora was also adopted at COP 
14 (Decision 14/33). This decision is not specific to 
gene drives or GDOs; however, it was adopted as 
a direct consequence of specific cases of conflicts 
of interest in relation to gene drive experts.   

In 2017, a number of civil society organisa-
tions made public their findings from open re-
cords requests in the US and Canada (under the 
US Freedom of Information Act and the Canadi-
an Access to Information Act), dubbing them the 
‘Gene Drive Files’. These findings revealed that a 
number of experts that had been appointed to the 
CBD’s AHTEG on Synthetic Biology were working 
for institutions that received over US$100 million 
combined in US military and philanthropic funds, 
expressly to develop and test gene drive systems.

And yet, these experts were part of the expert 
group advising the COP’s decision-making on the 
very same subject. These conflicts of interest had 
not been declared, partly because there was no 
requirement to do so in the CBD processes. They 
were only revealed because of the due diligence 
done by civil society. 

The COP 14 decision contains a procedure for 
avoiding or managing conflicts of interest in tech-
nical expert groups that serve the CBD’s COP, the 
Cartagena Protocol’s Conference of the Parties 
serving as the meeting of the Parties (COP-MOP), 
and the Nagoya Protocol on Access and Benefit 
Sharing’s COP-MOP, or any of their subsidiary 
bodies. It applies to all nominated experts, re-
gardless of who they are nominated by. 

It contains, in an appendix, an ‘Interest Disclo-
sure Form’, that any person nominated to serve 
on a technical expert group such as an AHTEG, 
including as Chair, would have to complete and 
submit to the CBD Secretariat. COP 16, to be held 
in 2022, may consider updates and amendments 
to the current procedure.

The procedure specifies that conflicts of inter-
est “constitutes any current circumstances or in-
terest that could lead a person to reasonably be-
lieve that an individual’s objectivity in carrying out 
his or her duties and responsibilities for a specific 
expert group may be in question or that an unfair 
advantage may be created for any person or or-
ganization.”

Each nominated expert must complete the 
interest disclosure form prior to the selection of 

experts to disclose “any situations, financial or 
otherwise, that might be perceived as affecting 
the objectivity and independence of the con-
tribution that the expert makes and thus affect 
the outcome of the work of the expert group.”

In the interest disclosure form, various relevant 
financial and professional interests and activities 
are specified, such as employment and consulting 
relationships, financial investments, intellectu-
al property and commercial interests, sources of  
private-sector research support, and former em-
ployment and/or other affiliation(s). In addition, 
relevant financial interests, of not just the indi-
vidual concerned, but also their employer or the 
organisation nominating them, must be declared.

Apart from contact details, the contents of the 
interest disclosure form are publicly available 
upon request. This allows for the information pro-
vided or withheld by the nominated expert to be 
verified, thus providing some integrity to the pro-
cedure. It is also possible for any member of the 
public to bring relevant information that indicates 
a potential conflict of interest to the attention of 
the CBD Secretariat.

This conflict of interest procedure will help to 
maintain the integrity of the expert advice provid-
ed to the CBD processes. This is fundamental to 
good governance and is necessary in any policy 
and decision-making arena where technical inputs 
and expertise are required, such as in the case of 
gene drives and GDOs.

Limitations

The COP or ‘Conference of the Parties’ is the su-
preme decision-making body of the CBD, which is 
an international treaty that is legally binding on the 
countries that are Party to it. Decisions of the COP 
are not legally binding per se, in the same way that 
the CBD itself is binding on countries that are Party 
to it.

A COP decision (and a COP-MOP decision of the 
Cartagena Protocol and the Nagoya – Kuala Lumpur 
Supplementary Protocol) is a formal agreement be-
tween Parties that are signatories to a legally bind-
ing international treaty, which creates a variety of 
implementation obligations on those Parties. Among 
other things, decisions of the COP may be consid-
ered as a “subsequent agreement between the Par-
ties regarding the interpretation of the treaty or the 
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application of its provisions” (Vienna Convention on 
the Law of Treaties, Article 31.3).

The CBD only has general provisions that are ap-
plicable to GDOs, as highlighted above. There are 
currently no specific regulatory mechanisms to ad-
dress GDOs, as specific regulation of LMOs is cov-
ered by the Cartagena Protocol on Biosafety, which 
was negotiated to give effect to the CBD provisions 
related to potential adverse impacts of LMOs re-
sulting from biotechnology. Nevertheless, decisions 
of the COP further the work of the Convention, and 
are necessary for developing broader policy meas-
ures related to GDOs, such as its recent decision 
on GDOs or on issues relevant to the governance 
of GDOs, such as on conflicts of interest and on the 
free, prior and informed consent of indigenous peo-
ples and local communities as illustrated above.

The CBD has no mechanisms for its enforce-
ment, but a dispute settlement system between 
Parties in the event that there are differences in the 
interpretation or implementation of the CBD, and 
this has never been used. At the same time, when 
Parties implement international treaties at the na-
tional level, domestic laws are usually enacted to do 
so, and these may give legal enforceability to these 
rules developed internationally.

Despite these weaknesses in terms of applica-
tion, it is a mature environmental treaty which has 
been in force for more than 25 years. It has two 
Protocols and a Supplementary Protocol (which are 
legally binding international treaties linked to their 
parent, the CBD), subsidiary bodies and working 
groups and numerous work programmes. It has the 
buy-in of 196 countries which implement it nation-
ally through their national biodiversity strategies 
and action plans. 

Global peer scrutiny and public accountability, 
rather than the legal enforceability of the CBD, will 
have to continue to pressure countries to adhere to 
international rules. For example, the CBD decision in 
2000, calling on Parties not to approve genetic use- 
restriction technologies (GURTs) for field testing or 
for commercial use (Decision V/5, paragraph 23), 
was a result greatly helped by a highly visible and 

concerted global campaign by civil society. The 
GURTs decision effectively resulted in a moratori-
um on the technology, because of the high level of 
public concern. 

The United States is the only country in the world 
that is not a Party to the CBD. This is a familiar 
problem across numerous other international fora, 
and is discussed in more detail in Section 3.2. GDOs 
are mainly being researched and developed in the 
US and Europe, but any COP decision on GDOs will 
not apply to the US as a non-Party. 

Having said that, a significant number of ma-
jor producer and exporter countries of GMOs are 
Parties to the CBD, but not the Cartagena Protocol 
on Biosafety. Hence, decisions of the CBD COP on 
these issues have a wider international reach than 
does the Cartagena Protocol. 

2.1.2 Cartagena Protocol on Biosafety

Scope, objectives and key provisions

The Cartagena Protocol on Biosafety entered 
into force on 11 September 2003. As of 2019, there 
are 171 Parties to the Protocol. It is the first and only 
international law to specifically regulate genetic en-
gineering and GMOs. (In the Protocol, GMOs are 
known as living modified organisms, or LMOs.) 

As a global agreement that attempts to balance 
the competing interests of environment and health 
protection and commercial and trade interests, the 
Protocol straddles both somewhat awkwardly. This 
balance is reflected in the indeterminate preambular 
paragraphs of the Protocol that deal with this issue, 
that attempt to safeguard interests on both sides:

Recognizing that trade and environment agree-
ments should be mutually supportive with a view 
to achieving sustainable development, 

Emphasizing that this Protocol shall not be in-
terpreted as implying a change in the rights and 
obligations of a Party under any existing interna-
tional agreements, 
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Under ing that the above recital is not intended 
to subordinate this Protocol to other internation-
al agreements. 

As such, the Protocol does not go far enough 
from the perspective of the protection of biological 
diversity and human health. In practice, countries 
implement the Protocol at the national level, work-
ing through their national interests and considera-
tions, which may include obligations under other 
international agreements or fora such as the World 
Trade Organization (WTO). More specific limitations 
are discussed later in this section.

The Protocol’s scope is all LMOs that may have 
adverse effects on biological diversity, “taking also 
into account” risks to human health (Article 4). This 
includes plants, food, pharmaceuticals, animals, 
insects, trees, LMOs for industrial use, etc. Living 
modified (LM) pharmaceuticals for humans are not 
covered by the Protocol if they are addressed by 
relevant international agreements made by other 
organisations (such as the World Health Organiza-
tion, for example). The Protocol deals mainly with 
the transboundary movement (import and export) 
of LMOs, including illegal and unintentional trans-
boundary movements. 

Its objective is “to contribute to ensuring an ad-
equate level of protection” in transferring, handling 
and using LMOs that may have adverse effects on 
biological diversity, “taking also into account” risks 
to human health, with a specific focus on trans-
boundary movements (Article 1). 

The language on human health is taken from the 
CBD. The constructive ambiguity around the lan-
guage of “taking also into account risks to human 
health” allows some countries to argue that any 
risks to human health can be taken into account 
only if they result from an adverse effect on bio-
logical diversity. At the same time, other countries 
argue that any adverse effects on human health can 
be “taken into account” independent of adverse ef-
fects on biological diversity (Mackenzie et al. 2003, 
11-12). This may lead to differences in national im-
plementation.

For the first time in international law, there is 
clear recognition that LMOs are inherently different 
from other, naturally occurring organisms, that they 
may carry special risks and hazards, and therefore 
need to be regulated internationally. The Protocol 
addresses the fact that LMOs may have biodiver-
sity and human health impacts, and that these im-
pacts need to be risk-assessed. The Protocol also 
recognises that socio-economic considerations can 
be taken into account when making decisions on 
LMOs, an issue that is particularly important for de-
veloping countries.

Crucially, the Cartagena Protocol puts the Pre-
cautionary Principle into operation in decision- 
making i.e., in the absence of scientific certainty, a 
party should err on the side of caution and could 
restrict or prohibit the import of LMOs on account 
of their potential adverse effects. In addition, the 
Protocol requires that Parties must consult the pub-
lic when making decisions on LMOs, in accordance 
with their laws and regulations.

Its ‘advance informed agreement’ (AIA) proce-
dure governs only the first transboundary move-
ment between Parties of a LMO for intentional in-
troduction into the environment. This procedure 
essentially operationalises the principle of prior 
informed consent, that exports of LMOs require the 
informed approval of the importing country. It also 
establishes the right of the importing Party to say 
‘no’ to a given request for import.

The AIA procedure involves three key steps. 
First, the Party of import must be notified by the 
Party of export or the exporter (such as the LMO 
developer, which could be a biotechnology compa-
ny) of the latter’s intent to send LMOs. Thus, coun-
tries have an international right to be notified that a 
LMO is going to be shipped to them.

The Party of import then evaluates the risk as-
sessment which has been submitted by the Party 
of export or exporter, or alternatively conducts its 
own risk assessment if it is not satisfied with the risk 
assessment submitted, which is usually conducted 
by the developer of the LMO. Precaution is also one 
of the general principles of risk assessment.
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Finally, the Party of import makes its decision 
based on precaution. The decision could be for 
unconditional approval, approval with conditions, 
prohibition, a request for additional relevant infor-
mation or extension of the time period for further 
consideration of the application. For example, in 
2018, the South African authorities did not approve 
an application for the general release (including for 
planting) of a GM maize variety engineered to be 
drought tolerant, insect resistant and herbicide tol-
erant (Executive Council under the GMO Act 2018). 
The decision was reached because the data provid-
ed by the applicant were insufficient to demonstrate 
the efficacy of the drought tolerance and insect re-
sistance traits.

The AIA procedure thus places obligations on 
exporters to first seek the informed approval of 
importing Parties before the first transboundary 
movement for deliberate release into the environ-
ment (e.g. field trials, commercial plantings) can 
occur. It reverses the burden for importing Parties 
that usually have limited capacity and information 
to know what is entering into their territories and to 
regulate them accordingly. It also affords rights to 
importing Parties and places corresponding obliga-
tions on exporter countries. 

In implementing this obligation, Parties either 
apply their domestic regulatory framework that is 
consistent with the Cartagena Protocol or apply the 
AIA procedure directly. In most cases, countries 
with domestic regulatory procedures would pro-
ceed in accordance with them. As such, for Parties 
that have national biosafety laws implementing this 
obligation, LMOs for deliberate release into the en-
vironment are no longer allowed to enter their ter-
ritory unless their prior informed consent is sought, 
a risk assessment is carried out and a decision to 
allow the import is given. This is the case for most 
of the biosafety laws in force today, although imple-
mentation and enforcement may vary. 

However, the Protocol excludes some LMOs 
from the AIA procedure – LMOs in transit, in con-
tained use, and those intended for food, animal 
feed or for processing. Nonetheless, these LMOs 

are still covered by the Protocol, and all other provi-
sions of the Protocol apply to them. 

LMOs that are intended for food or feed, or 
for processing (LMO-FFPs) are the bulk of trad-
ed LMOs. A separate procedure applies for such 
commodity shipments: countries that make a final 
decision on domestic use must notify the Biosafety 
Clearing-House (BCH), an online portal adminis-
tered by the Secretariat of the CBD. Potential im-
porting countries can make a decision under its do-
mestic laws that are consistent with the objective of 
the Protocol, or according to the procedure in the 
Cartagena Protocol for LMO-FFPs. In some domes-
tic laws, Malaysia’s Biosafety Act for example, ap-
plications for approval are necessary for the import 
of LMOs for intentional introduction into the envi-
ronment as well as for LMO-FFPs, as both types of 
LMOs could end up propagating in the environment, 
despite their intended purpose. 

Parties implement their obligations under the 
Cartagena Protocol through national measures. In 
doing so, Parties interpret and apply their interna-
tional obligations, often crafting comprehensive na-
tional biosafety laws and regulations dealing with all 
aspects of biosafety regulation, and sometimes with 
higher biosafety standards (see Section 3.2). 

Relevance to gene drive organisms

As living organisms containing engineered gene 
drives fulfil the criteria of (i) being a living organism; 
(ii) possessing a novel combination of genetic mate-
rial; and (iii) resulting from the use of modern bio-
technology, the Cartagena Protocol is fully applica-
ble to them. Therefore, the Protocol’s requirements 
pertaining to the transboundary movement, transit, 
handling and use of all LMOs that may have adverse 
effects on the conservation and sustainable use of 
biological diversity, including consideration of risks 
to human health, apply. 

At the current juncture of development of GDOs, 
the applications are still at the laboratory research 
stage. It is thus also worth remembering that while 
LMOs destined for contained use are exempt from 
the AIA procedure, Parties have the right to subject 



268 Chapter 5: Legal and regulatory issues

all LMOs to an approvals procedure, including risk 
assessment, prior to decisions on import, release 
or even contained use. In addition, Parties have the 
right to set standards for contained use within their 
jurisdiction. 

As mentioned above, Parties to the Protocol im-
plement their international obligations through na-
tional biosafety laws and regulations. Therefore, 
these national biosafety rules in relation to con-
tained use must also be examined closely (see Sec-
tion 3.2).

Ad Hoc Technical Expert Group on Risk  
Assessment and Risk Management

Article 15 deals with risk assessment and is 
the core business of the Cartagena Protocol, upon 
which decisions on import, release, etc. are made. 
In 2008, Parties established an AHTEG on Risk As-
sessment and Risk Management, and tasked it with 
developing further guidance on specific aspects of 
risk assessment and risk management. 

The resulting ‘Guidance on Risk Assessment of 
Living Modified Organisms and Monitoring in the 
Context of Risk Assessment’ comprises three parts: 
(i) a ‘Roadmap’ for risk assessment of LMOs, which 
explains how to conduct a risk assessment; (ii) a se-
ries of guidelines on conducting risk assessments on 
specific kinds of LMOs and traits – Living modified 
(LM) plants with stacked genes or traits; LM plants 
with tolerance to abiotic stress; LM trees; and LM 
mosquitoes that act as vectors of human and animal 
diseases; and (iii) guidance on monitoring of LMOs 
released into the environment.

The guidance on risk assessment of LM mos-
quitoes includes some general consideration of 
self-propagating or self-sustaining strategies that 
rely on gene drive systems. Elements for consider-
ation include characterisation of the LM mosquito, 
unintended effects on biological diversity, vertical 
and horizontal gene transfer, persistence of the 
transgene in the ecosystem, evolutionary respons-
es, unintentional transboundary movement, risk 
management strategies, and finally, containment 
of the LM mosquito. However, the guidance is not 

focused on one particular type of technology or ge-
netic mechanism; thus additional and more specific 
guidance may be necessary when conducting a risk 
assessment of a gene drive mosquito.

The AHTEG on Risk Assessment and Risk Man-
agement also recommended the development of 
additional guidance on risk assessment of LMOs 
developed through synthetic biology. To facilitate 
this, the AHTEG prepared an outline of guidance on 
‘Risk Assessment of LMOs developed through syn-
thetic biology’. 

The outline recognised that synthetic biology 
may lead to the development of LMOs containing 
new and significantly different features from those 
in the original organism or from those in nature. The 
potential of gene drives to alter wild populations, 
species and ecosystems was one consideration spe-
cific to risk assessment that was identified. The out-
line noted that synthetic biology tools, such as high 
throughput DNA sequencing and computational 
analyses, may make it easier to develop LMOs con-
taining gene drive systems. It highlighted that gene 
drives may cause irreversible adverse effects on 
beneficial organisms and ecosystems and that risk 
assessment methodologies may need to be adapted 
in order to fully assess these effects. 

At COP-MOP 9 in 2018, Parties adopted a de-
cision (9/13) that establishes a new AHTEG on Risk 
Assessment and Risk Management (paragraph 8). 
It calls for broad international cooperation, knowl-
edge sharing and capacity-building to support Par-
ties and others in assessing the potential adverse 
effects of, inter alia, LMOs containing engineered 
gene drives (paragraph 5). 

Importantly, specific work on LMOs containing 
engineered gene drives is set out as well. GDOs are 
the subject of a study commissioned by the CBD Ex-
ecutive Secretary, which would be subsequently re-
viewed, and analysed by the AHTEG, in order to in-
form the application of criteria intended to facilitate 
the process of identifying and prioritising specific 
topics that may warrant consideration for develop-
ing risk assessment guidance (paragraph 11(a) and 
Annex II). Parties will also consider GDOs as a topic 
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for possible additional guidance on risk assessment 
at COP-MOP 10 in 2020 (paragraph 7).

Ad Hoc Technical Expert Group on Socio-economic 
Considerations

GDOs will clearly have socio-economic impacts, 
which will need to be assessed and taken into ac-
count in decision-making.

Under the Protocol, Parties have the right to take 
into account socio-economic considerations that 
arise from the impact of LMOs on biological diver-
sity, “especially with regard to the value of biolog-
ical diversity to indigenous and local communities” 
when taking decisions on importing LMOs (Article 
26). Under national laws, socio-economic consid-
erations or assessments may also be required as 
part of decision-making on GMO applications. This 
issue has been particularly important to developing 
countries, which are concerned about impacts on 
the livelihoods and culture of their local communi-
ties and indigenous peoples.

Under the CBD, COP 13 invited Parties to take 
into account socio-economic, cultural and ethical 
considerations when identifying the potential ben-
efits and adverse effects of synthetic biology organ-
isms, components and products (Decision XIII/17, 
paragraph 8). For example, there is concern that the 
use of synthetic biology to engineer microbes that 
can excrete compounds that mimic valuable sub-
stances, such as those found in vanilla, stevia, shea 
butter and silk, will threaten the market for natu-
ral products and adversely affect the livelihoods of 
farmers and indigenous peoples who cultivate or 
harvest the products (BICSBAG 2018).

COP-MOP 7 established an AHTEG on So-
cio-Economic Considerations in 2014. In 2016, 
the AHTEG’s composition was extended to include 
a representative of indigenous peoples and local 
communities. The outcome of its work is the ‘Guid-
ance on the Assessment of Socio-Economic Con-
siderations in the Context of Article 26 of the Cart-
agena Protocol on Biosafety’. However, the AHTEG 
has not addressed GDOs specifically to date.

The Guidance provides principles for the assess-
ment of socio-economic considerations and out-
lines the stages of the assessment process. Parties 
and other Governments are invited to make use of 
the Guidance. 

The AHTEG however noted that further work was 
needed, in particular on the application of meth-
odologies and examples of application of socio- 
economic considerations. As decided by the Parties 
to the Cartagena Protocol at COP-MOP 9 in 2018, 
the AHTEG will continue its work to supplement the 
Guidance, following the collection of information 
and case studies via submissions from Parties and 
discussion in an online forum (Decision 9/14). 

Decisions on unintentional transboundary  
movements

The issue of unintentional transboundary move-
ments is particularly relevant to GDOs. While the 
central pillar of AIA in the Protocol is important for 
all LMOs in general, when it comes to GDOs, more 
attention must be paid to unintentional movements 
across borders. Gene drives are designed to spread 
genetic modifications, and the likelihood of the re-
sulting spread of GDOs or escape from containment 
is high. In such cases, Article 17 of the Cartagena 
Protocol on ‘unintentional transboundary move-
ments and emergency measures’ applies.

The provisions of Article 17 are triggered when 
a Party knows of a release in its jurisdiction that 
leads, or may lead, to an unintentional transbound-
ary movement of a LMO that is likely to have sig-
nificant adverse effects on biological diversity, 
taking also into account risks to human health. As 
soon as it knows, a Party is required to notify af-
fected or potentially affected States, the Biosafety 
Clearing-House, and, where appropriate, relevant 
international organisations. Information that must 
be provided includes the estimated quantities and 
characteristics and/or traits of the LMO, the cir-
cumstance and estimated date of the release, the 
intended use of the LMO, information about the 
possible adverse effects on biological diversity, as 
well as the possibility of risks to human health, with 
possible risk management measures.
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Incidents of unintentional transboundary move-
ments of LMOs worldwide have occurred with 
alarming frequency. A total of 396 known contami-
nation incidences and illegal releases were recorded 
across 63 countries between 1997 and 2013 (Price 
and Cotter 2014). A well-known example is that of 
Starlink corn, which entered the global food sup-
ply, even though it had not been approved in the 
US (where it was grown) for food purposes, and was 
subject to numerous recalls (Price and Cotter 2014, 
11). Another example involving a Party to the Proto-
col was the unintentional export from China of rice 
products containing a GM variety not approved for 
human consumption (Zi 2005), which led to recalls 
in European and other countries (Price and Cotter 
2014, 11). In this and similar cases, Article 17 re-
quires the Party responsible to also immediately con-
sult the affected or potentially affected States in or-
der to determine appropriate responses and initiate 
necessary action, including emergency measures.

In the context of GDOs, the application of these 
obligations may soon become all too commonplace, 
if the rules that were put in place with more ‘conven-
tional’ LMOs in mind continue to be utilised. A rel-
evant issue to be considered is whether, for GDOs, 
an extended model of AIA should be considered, 
which can facilitate prior informed collective con-
sent amongst all potentially affected parties, before 
any release can occur (see Section 4.2).

In recent COP-MOPs, a number of decisions 
have been taken on Article 17, bringing its imple-
mentation forward. Among other things, COP-MOP 
6 urged Parties to put in place appropriate meas-
ures to prevent unintentional transboundary move-
ments of LMOs, and to establish a mechanism for 
emergency measures, in cases where significant ad-
verse effects on biological diversity or risks to hu-
man health are likely (Decision VI/16, paragraph 1).

COP-MOP 8 adopted operational definitions of 
the terms ‘unintentional transboundary movement’ 
and ‘illegal transboundary movement’ (Decision 
VIII/16, paragraph 1). In Article 25 of the Protocol, 
Parties are required to adopt domestic measures 
aimed at preventing and penalising illegal trans-
boundary movements, which are in contravention of 

domestic measures taken to implement the Protocol 
(usually national biosafety laws). Such measures, 
for example, could include the rejection of ship-
ments of unapproved LMOs, such as when China 
rejected GM corn from the US in 2013 because that 
particular variety had not yet been approved in Chi-
na, making it illegal (BBC News 2013).

The operational definition of unintentional trans-
boundary movement attempts to limit the measures 
required under Article 17 (notification and consul-
tation) only to situations where the LMO in question 
is likely to have significant adverse effects in the af-
fected or potentially affected States, on biological 
diversity, or carries risks to human health. Howev-
er, the fact is that in many jurisdictions, unintention-
al transboundary movements are also illegal trans-
boundary movements, and measures to prevent and 
penalise illegal transboundary movements would 
also apply to those unintentional transboundary 
movements, regardless of whether or not the LMO 
concerned is likely to have significant adverse ef-
fects on biological diversity or human health.

Network of Laboratories for the Detection and 
Identification of LMOs

The detection and identification of GDOs would 
be paramount, especially in a situation of uninten-
tional release into the environment. Detection and 
identification become particularly important for 
GDOs in the context of liability and redress. There 
could, however, be challenges in obtaining the se-
quence information and reference materials that 
are necessary for countries to be able to detect 
and test for GDOs in their territory. Without these, 
regulation of unintentional and illegal transbound-
ary movements cannot be effectively enforced. Re-
grettably, competent authorities are sometimes not 
readily provided sequence information and refer-
ence materials in such cases, and this is particularly 
so for LMOs in field trials. The same is likely to be 
true for GDOs as well.

In 2010, Parties to the Cartagena Protocol on Bi-
osafety established the Network of Laboratories for 
the Detection and Identification of LMOs. The Net-
work operates largely electronically, as a hub where 
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experts can interact and exchange experiences on 
the use and development of LMO sampling and de-
tection techniques (CBD, n.d.). The Network has 
developed technical tools and a draft training man-
ual for capacity-building activities on detection and 
identification. It will be reviewed and finalised, and 
online discussions and meetings of the Network, 
along with capacity building efforts, particularly for 
developing countries, will continue (Decision 9/11). 

The AHTEG on Synthetic Biology suggested that 
the Network might be able to contribute to the as-
sessment of the availability of tools for the detection 
of organisms developed through synthetic biology 
techniques, which include GDOs (AHTEG on Syn-
thetic Biology 2017, paragraph 36). It could also as-
sist with the identification of best practices, as well 
as advising on any gaps and challenges in existing 
methodologies that might need to be addressed. 

COP 14 of the CBD therefore requested the Ex-
ecutive Secretary to collaborate and convene dis-
cussions, including through the Network, for shar-
ing experiences on the detection, identification and 
monitoring of organisms, components and products 
of synthetic biology, and to continue inviting lab-
oratories, including analytical laboratories, to join 
the Network (Decision 14/19, paragraph 17(f)). The 
specific challenges posed by the detection and iden-
tification of GDOs need to be taken up in this work.

Limitations

The Cartagena Protocol is deficient in several re-
spects. It was the lowest common denominator that 
could be agreed among big GMO exporter coun-
tries and importing countries with little capacity. 
Since it was negotiated with ‘conventional’ GMOs in 
mind, its deficiencies as an instrument for regulating 
GDOs are even more pronounced.

The major GMO-producing and exporting coun-
tries are also not Parties to the Protocol; this in-
cludes the US, Canada, Australia, Argentina and 
Chile. However, as discussed earlier and in Section 
3.2, other pathways for biosafety compliance exist, 
and these countries and their exporters will nev-

ertheless have to comply with the national laws of 
countries implementing the Protocol.

Most countries did not have national biosafety 
legislation or regulations prior to becoming Parties 
to the Protocol. When developing them, the Proto-
col’s focus and standards were domesticated into 
their national laws, along with domestic regula-
tory issues. For countries with national biosafety 
laws and regulations, this is really where scrutiny is 
needed.

With regards to GDOs, most of the current re-
search is taking place in the US, Australia, New 
Zealand and in the EU, of which the latter two are 
Parties to the Protocol; the Protocol’s membership 
is not as universal as the CBD’s. However, sever-
al prominent proposals for research (including field 
trials) and eventual deployment are in countries that 
are Parties to the Protocol. It is highly irresponsi-
ble for gene drive research and deployment to take 
place in the absence of effective international gov-
ernance, and even more so in countries that are not 
Parties to this Protocol. 

The Protocol, as an international instrument, is 
largely focused on intentional transboundary move-
ments of conventional LMOs. For the big producer 
and exporter countries, unimpeded trade in com-
modities has been their major concern. Because of 
this concern to allow trade in commodities to con-
tinue, the Protocol is structured around AIA and the 
procedure for LMOs intended for direct use as food 
or feed, or for processing, with provisions on un-
intentional and illegal transboundary movements. 
With GDOs, this structure is deficient, as gene 
drives are designed to spread genetic modifica-
tions. A single country’s approval structure with in-
adequate provisions dealing with unintentional and 
illegal releases is clearly insufficient.

The Protocol’s approach is centered around bi-
osafety assessment and decision making. Indeed, it 
has often been criticized as being facilitative of LMO 
approvals. This is a valid concern. In practice, coun-
tries are also legally bound by other international in-
struments that they are Party to, such as those under 
the WTO, which may have competing paradigms. 
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The Protocol, like the CBD itself, also lacks 
strict enforcement measures. Its provisions on com-
pliance are largely facilitative and focus on coop-
eration, advice and assistance, unlike the WTO’s 
dispute settlement mechanism for example, which 
entails fines and other censures.

Furthermore, under the Protocol, socio-eco-
nomic issues are merely considerations that coun-
tries may take into account, or not, in their deci-
sion-making. Socio-economic issues are treated as 
conceptually separate from risk assessment. With 
GDOs, these issues and their assessment are argu-
ably even more pressing than they have been with 
LMOs. Enlarging the space to address the broad-
er questions such as problem formulation, alter-
native solutions, research and technology choices 
and power relations in respect to decision-making 
structures, is also a major challenge that needs to 
be addressed.

2.1.3 Nagoya – Kuala Lumpur  
Supplementary Protocol on Liability  
and Redress 

Box 3: Liability and redress
Liability is an obligation of a (natural or legal) 

person to provide compensation or take redress 
measures for damage resulting from an action or 
a situation for which that person is responsible. 
Liability arises when it is established in fact and 
in law that there has been damage caused. It must 
further be established that there is an identifiable 
person who is responsible. At that point, the issue 
of compensating for or redressing the harm done 
can be dealt with (Nijar 2007).

The purpose of liability rules can be four-fold; 
they have a (i) preventive function, in that they 
provide incentives for the implementation of and 
compliance with existing rules; (ii) they include an 
absorptive function, by internalizing the environ-
mental, health, socio-economic and other costs of 
an activity; (iii) they also have a punitive function, 
as they impose sanctions against wrongful conduct 
and help implement the ‘Polluter Pays’ principle; 
and (iv) they exert a corrective function, that re-
quires the restoration of the damage (Secretariat 
of the Convention on Biological Diversity 2011).

Scope, objectives and key provisions

The Nagoya – Kuala Lumpur Supplementary 
Protocol on Liability and Redress to the Cartagena 
Protocol on Biosafety is a separate treaty that deals 
specifically with the issue of liability and redress for 
damage resulting from the transboundary move-
ments of LMOs. It entered into force in March 2018, 
and there are currently 44 Parties. 

As an international law only newly in force, it is 
expected that more countries will become Parties. 
However, this may be a slow process, given that 
some countries still do not have their national bi-
osafety systems in place, much less any liability and 
redress rules for LMOs. It is also probable that not 
as many countries as are Parties to the Cartagena 
Protocol will become Parties to the Supplementa-
ry Protocol, as the political landscape has shifted, 
16 years after the entry into force of the Cartagena 
Protocol. Developing countries, who were the strong 
proponents for international liability and redress 
rules, are now more involved in experimenting with, 
planting and commercialising LMOs. The applica-
tion of these liability rules to real situations of dam-
age arising from LMOs has not yet been tested, so it 
remains to be seen how effective the Supplementary 
Protocol will be.

The Supplementary Protocol’s objective is “to 
contribute to the conservation and sustainable use 
of biological diversity, taking also into account risks 
to human health, by providing international rules 
and procedures in the field of liability and redress 
relating to living modified organisms” (Article 1). 
This mirrors the objectives and the language of the 
Cartagena Protocol.

The Supplementary Protocol requires Parties to 
provide at the national level for rules and proce-
dures that address damage from LMOs where such 
damage falls under the definition set out in its Ar-
ticle 2. As discussed earlier, under the Cartagena 
Protocol and hence also under the Supplementary 
Protocol, GDOs clearly fall within the definition of 
LMOs.
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Damage is defined in the Supplementary Proto-
col as an adverse effect on the conservation and sus-
tainable use of biological diversity, and also takes 
into account risks to human health. This means that 
damage is not restricted to damage to biological di-
versity alone; damage to human health is also con-
sidered. Like the Cartagena Protocol, there is ambi-
guity about exactly how to interpret this inclusion of 
human health; this is left to Parties to implement at 
national level.

The Supplementary Protocol applies to damage 
resulting from LMOs that find their origin in a trans-
boundary movement (Article 3). The LMOs referred 
to are those (i) intended for direct use as food, feed 
or for processing; (ii) destined for contained use; 
and (iii) intended for intentional introduction into 
the environment. It also applies to damage resulting 
from unintentional transboundary movements and 
illegal transboundary movements. 

Furthermore, domestic law implementing the 
Supplementary Protocol shall also apply to dam-
age resulting from transboundary movements of 
LMOs from non-Parties. This means that Parties 
are obliged in their domestic laws to ensure that 
all transboundary movements of LMOs, even from 
non-Parties, are addressed. This is an important 
issue, as some of the major producers and devel-
opers of LMOs, such as the United States and Ar-
gentina, are non-Parties to the Cartagena Protocol 
and hence are also not Parties to the Supplemen-
tary Protocol. In practice, Parties’ national biosafe-
ty laws would apply to transboundary movements 
of LMOs regardless of whether the LMOs originate 
from countries that are Parties to the Protocol or 
not. The Supplementary Protocol simply makes this 
mandatory and explicit. However, if there is trans-
boundary movement between two non-Parties, the 
Supplementary Protocol will not apply, only the two 
countries’ domestic liability rules.

The central obligation that Parties to the Supple-
mentary Protocol assume is to provide for response 
measures in the event of damage, or a sufficient like-
lihood of damage, resulting from LMOs (Article 5). 

It must be pointed out that the Supplementary 
Protocol takes an ‘administrative approach’, where-
by liability would be a matter to be resolved be-
tween the liable entity and the executive arm of a 
government, and response measures are required 
of the operator (person or entity in control of the 
LMO) or the competent authority (the national entity 
responsible, usually an environment agency), if the 
operator is unable to take response measures. 

The operator is defined as any person in direct 
or indirect control of the LMO, and could include 
the permit holder, person who placed the LMO on 
the market, developer, producer, notifier, exporter, 
importer, carrier or supplier. This is determined by 
domestic law.

Response measures are defined as reasonable 
actions to (i) prevent, minimise, contain, mitigate or 
otherwise avoid damage, as appropriate; and (ii) re-
store biological diversity. Measures must be imple-
mented by, and in accordance with, domestic law. 
Response measures are required in both situations 
where damage to biodiversity has already occurred, 
and when there is a sufficient likelihood that dam-
age will result if timely response measures are not 
taken. 

It is understood that the operator is responsible 
for paying for the costs incurred in the exercise of 
its obligations under the Supplementary Protocol. In 
addition, the competent authority has the right to 
recover from the operator the cost and expenses of, 
and incidental to, the evaluation of the damage and 
the implementation of response measures. In terms 
of damage to biological diversity and the response 
measures required, the costs could be enormous. 
The Supplementary Protocol does not provide for 
financial guarantees, in case the operator does not 
or cannot pay. It merely acknowledges the right 
of countries to require financial security in their 
national laws. As with many of these agreements, 
the Supplementary Protocol lacks an enforcement 
mechanism.
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Relevance to gene drive organisms

As discussed earlier, under the Cartagena Proto-
col and hence also under the Supplementary Proto-
col, GDOs clearly fall within the definition of LMOs.

In relation to GDOs, impacts on the environment 
and biological diversity, human and animal health, 
and on socio-economic conditions are likely to be 
greater than with ‘conventional’ GMOs. High-risk 
technologies demand high levels of responsibility 
and accountability. The irreversible nature of their 
impact and possible wide geographic spread once 
released mean that there is high potential for seri-
ous harm. The likelihood of unintentional and illegal 
transboundary movement is high. 

A strict and legally binding international liability 
regime that is effective against the significant risks 
that GDOs pose is therefore essential. However, 
the Supplementary Protocol falls far short of what 
was envisaged when developing countries called for 
its negotiation. Instead of the international instru-
ment that would help to ensure the responsibility 
and accountability of the producers and exporters 
of LMOs, the threshold for establishing damage is 
high, and much of the burden has been shifted to 
the recipient countries themselves, without the ad-
vantage of the necessary financial guarantees. In 
the case of GDOs, these deficiencies are further 
amplified.

The Supplementary Protocol applies to dam-
age from LMOs and GDOs that find their origin in 
a transboundary movement. With GDOs currently 
being researched and developed, this may not al-
ways be the case. Not all GDOs may be imported 
or exported; they may be intended for domestic use 
only, but may still cause significant damage. How-
ever, the Supplementary Protocol also applies to 
damage resulting from unintentional transboundary 
movements and illegal transboundary movements, 
which is particularly relevant to GDOs.

Limitations

The Supplementary Protocol is newly in force 
but it currently has limited participation, with only 

44 Parties. This means that few countries have the 
necessary domestic rules to implement the Supple-
mentary Protocol and for liability and redress for 
LMOs/GDOs.  

The central approach of the Supplementary Pro-
tocol is an administrative approach, which may not 
be adequate to deal with the damages caused by 
LMOs and GDOs in particular (see Box 4). Civil li-
ability approaches, whereby victims of damage can 
turn to national courts for redress and enforcement 
of judgments, that are specific to LMOs and GDOs 
are not required, just permitted, and Parties’ rights 
to put in place domestic civil liability rules and pro-
cedures are preserved under the Supplementary 
Protocol. The first review of the Supplementary Pro-
tocol, five years after entry into force (in 2023), will 
include a review of the effectiveness of the provision 
of civil liability.

Box 4: Administrative approach, not civil liability
During the negotiations for the Supplementary 

Protocol, most developing countries had wanted 
a binding international regime that would set sub-
stantive rules on civil liability, whereby victims of 
damage from LMOs can turn to national courts for 
redress and enforcement of judgments. 

However, due to the compromises made dur-
ing the negotiations, the Supplementary Protocol 
takes an ‘administrative approach’, whereby lia-
bility would be a matter to be resolved between 
the liable entity and the executive arm of a gov-
ernment. ‘Response measures’ are required of the 
operator (person or entity in control of the LMO) 
or the competent authority (government agency), 
that is, if the operator is unable to take response 
measures. This is the approach taken in the EU 
Environmental Liability Directive, for example. It 
is however a novelty for an international environ-
mental liability regime and it remains to be seen 
how it will work at the international level with the 
subject matter of LMOs.

The administrative approach of the Supple-
mentary Protocol does however in effect employ 
a strict liability approach (see Box 5). When there 
is damage or sufficient likelihood of damage, then 
response measures should be implemented. Of 
course, a causal link needs to be established be-
tween the damage and the LMO in question.

Under the Supplementary Protocol, it is not 
necessary to establish the fault of the operator.
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The action or inaction of the operator is not the 
trigger for establishing liability and providing for 
response measures. Damage, or the sufficient like-
lihood of damage, is what triggers the response 
measures that need to be taken. 

In addition, the administrative approach itself 
theoretically allows for preventive action to “pre-
vent, minimise, contain, mitigate, or otherwise 
avoid damage”. It could also facilitate a speedier 
response in terms of restoring biological diversity, 
without having to go through a judicial process. 

Reference: Nijar 2013.

The standard of liability that Parties should ap-
ply for domestic civil liability rules is left to national 
legislation. The Supplementary Protocol does not 
require Parties to apply a strict liability standard 
for civil liability rules on LMOs, which is a limitation 
(see Box 5). 

Box 5: Strict liability is the necessary civil liability 
standard for GDOs

In common law jurisdictions, under a fault-
based liability regime, it is necessary to establish 
that a person has a duty of care towards the vic-
tim, that there has been a breach of that duty, and 
that the breach of that duty has caused the dam-
age. Multiple difficulties can arise with this, espe-
cially in the case of GMOs and GDOs. The burden 
of proof lies with the victim who has suffered the 
damage to show evidence of each element.

With strict liability, it is sufficient that the dam-
age is proven and a causal link between the dam-
age and the GMO/GDO is shown, which means 
that liability is established without proof of fault. 
The burden of proof is reversed, and instead the 
person responsible is required to show that its 
GMOs/GDOs are safe when there is damage. De-
fences are available and can be legally applied. 
Strict liability is commonly the standard for prod-
uct liability, for example.

This is aligned with the biosafety approvals pro-
cedure, where the operator seeks regulatory ap-
proval by demonstrating through risk assessment 
that the LMO is ‘safe’. The regulator applies the 
Precautionary Principle, and makes a decision.

It has been argued that the application of the 
Precautionary Principle and strict liability go hand 
in hand. The Precautionary Principle requires ac-
tion to avoid or minimise risks, even in the face of 
scientific uncertainty, and full scientific certainty is 
not necessary for taking preventive or precaution-

ary action. Strict liability assigns liability so long 
as causation between the GDO and the damage 
can be established. It dispenses with the need for 
establishing the breach of the duty of care of the 
responsible person. 

In the case of GDOs, the risks are inherent to 
their nature and construction. For strict liability, 
the focus is on the actual performance and condi-
tion of the GDO. For fault-based liability, the fo-
cus is on the care taken by the responsible person. 
As such, strict liability is the necessary standard of 
liability for GDOs. 

For activities involving ultra-hazardous risks 
especially, strict liability is already evolving to 
become customary international law. It has been 
argued that these risks include most of the serious 
risks arising from many other modern technolo-
gies, including activities which may cause a sub-
stantial change in the natural environment, signif-
icant pollution and the modification of biological 
processes. It is also the standard of liability in 
several international treaties dealing with environ-
mental harm from hazards ranging from nuclear 
activities to oil pollution.

References: Nijar 2000; 2007.

Besides the issue of rules and procedures on civ-
il liability, much of substance in the Supplementary 
Protocol is also left to national legislation. These 
include: defining the ‘operator’; criteria to address 
damage that occurs within national jurisdiction; the 
application of damage from import of LMOs from 
non-Parties; establishing the causal link between 
the LMO and the damage; exemptions or mitiga-
tions; time limits; financial limits; and the provision 
of financial security.

In addition, the most important element of the 
Supplementary Protocol is qualified by reference to 
domestic laws – response measures are to be imple-
mented “in accordance with domestic law” (Article 
5.8).

In contrast to a legally binding international civ-
il liability regime, which was what most developing 
countries had wanted, the administrative approach 
of the Supplementary Protocol places a large bur-
den for addressing damage on national authorities. 
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The competent authority, which is the govern-
ment agency responsible and could include a ded-
icated biosafety agency or a department of envi-
ronment, has to identify the operator, evaluate the 
damage and determine which response measures 
should be undertaken. If the operator fails to im-
plement appropriate response measures, the com-
petent authority may do so. Although the competent 
authority may recover costs and expenses from the 
operator, substantial resources and capacity are 
still required, which most developing countries may 
not have.

Despite this, financial security, in terms of in-
surance or other means of guaranteeing redress, 
is not required under the Supplementary Protocol. 
Parties only retain their right to provide for financial 
security in their domestic laws. Even so, this right 
is qualified by reference to consistency with rights 
and obligations under international law, taking into 
account the careful balance struck in the Cartagena 
Protocol’s preamble on the mutual supportiveness 
of trade and environment agreements. Compulsory 
insurance or other financial guarantees, as well as a 
supplementary compensation fund, are necessary, 
at a minimum, for GDOs.

However, in accordance with the provision on 
financial security in the Supplementary Protocol 
(Article 10), the first meeting of the Parties to the 
Supplementary Protocol in 2018 requested the Sec-
retariat to undertake a comprehensive study on fi-
nancial security for consideration at its next meet-
ing in 2020. The first review of the Supplementary 
Protocol, five years after entry into force (in 2023), 
will also include a review of the effectiveness of the 
provision on financial security.

Furthermore, the Decision adopted at COP-
MOP 5 on liability and redress states that where the 
costs of response measures have not been covered, 
such a situation may be addressed by additional 
and supplementary compensation measures. These 
may include arrangements to be addressed by the 
COP-MOP in the future. 

These opportunities must be taken and seriously 
addressed as part of the mandated future work of 

the Supplementary Protocol, given the urgency and 
gravity of the potential damage from GDOs.

Another considerable hurdle in the Supplemen-
tary Protocol is that response measures are to be 
taken only if damage is measurable or otherwise 
observable, and must take into account, wherever 
available, “scientifically-established baselines rec-
ognised by a competent authority that takes into ac-
count any other human induced variation and natu-
ral variation” (Article 2.2(b)). Damage must also be 
“significant”, for which determination is specified by 
the Supplementary Protocol (Article 2.3).

Only once a threshold of significant, measurable 
or observable damage has been met, that takes into 
account scientifically established baselines, does 
the requirement to take response measures arise. 
This is particularly challenging in the context of 
GDOs.

2.2 Other international agreements  
and standards of relevance to Gene Drive  
Organisms

This section will address some of the other in-
ternational agreements and standards of more rel-
evance to GDOs currently. The agreements and 
standards discussed here cover areas of specific 
governance of GDOs. These include the WTO’s 
Agreement on the Application of Sanitary and Phy-
tosanitary Measures (SPS Agreement) and two of 
the international standard setting bodies that are 
explicitly recognised by the SPS Agreement – the 
International Plant Protection Convention and the 
World Organisation for Animal Health. 

The other international standard setting body 
recognised by the SPS Agreement, the Codex Ali-
mentarius Commission, is not addressed in this sec-
tion. This is primarily because Codex provides for 
the international regulation of food safety, and gene 
drive applications are not envisaged yet for food 
crops. This fact is also a matter of technical chal-
lenge, as current CRISPR-based gene drives can-
not be easily developed in plants. However, there 
may be future applications that affect food safety, 
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for example if gene drives are successfully used to 
make weeds such as pigweed susceptible to herbi-
cides; if such modifications spread to related ama-
ranth species used for food in some countries, there 
could be unanticipated effects (NASEM 2016, 76), 
including on food safety. Gene drives could also 
theoretically be used as a tool for genome editing 
in livestock breeding (Gonen et al. 2016), resulting 
in gene drive animals potentially entering the food 
supply. These applications are pretty far in the fu-
ture, although should any come to fruition and raise 
potential international food safety issues, then the 
Codex would become relevant.

The other agreements and standards that are re-
viewed in this section are those that are relevant to 
the potential hostile use of gene drives, given the 
‘dual use’ nature of the technology. We also ex-
amine the UN Declaration on the Rights of Indige-
nous Peoples, which sets international norms on the 
rights of indigenous peoples, who could be affect-
ed by any release of GDOs, and to whom the CBD 
and its Protocols place particular importance, given 
their role as custodians of biological diversity. 

None of the agreements or standards reviewed 
in this section has a biosafety impetus as its start-
ing point. In particular, the SPS Agreement oper-
ates within a trade liberalisation context. (The un-
easy relationship between trade and environment is 
discussed in Section 2.1.2, in so far as it plays out 
between the WTO and the Cartagena Protocol on 
Biosafety.) It sets out the permissible measures for 
WTO members on sanitary and phytosanitary ac-
tion without falling foul of its international rules for 
advancing free trade.

2.2.1 Agreement on the Application  
of Sanitary and Phytosanitary  
Measures 

Scope, objectives and key provisions

The Agreement on the Application of Sanitary 
and Phytosanitary Measures (SPS Agreement) is one 
of the WTO’s agreements that were signed in 1994. 
WTO agreements are legally binding on WTO mem-

bers, and the WTO is the only international organi-
sation with a formal and enforceable dispute settle-
ment system, giving it considerable legal force. In a 
dispute, a sanction of last resort could be the raising 
of duties on imports from the losing party, provid-
ing a strong incentive for members to comply with 
WTO dispute panel rulings. As of July 2016, there 
are 164 WTO members.

The SPS Agreement deals with sanitary and phy-
tosanitary measures that “may, directly or indirect-
ly, affect international trade” (Article 1.1). These 
measures include laws, regulations, requirements, 
procedures and decrees. A WTO member intend-
ing to apply measures to restrict trade for the pro-
tection of the life or health of humans, animals or 
plants has to comply with the SPS Agreement.

Annex A of the SPS Agreement defines a sanitary 
or phytosanitary measure as any measure applied 
to: (i) protect animal or plant life or health from risks 
arising from the entry, establishment or spread of 
pests, disease, disease-carrying organisms, or dis-
ease-causing organisms; (ii) protect human or ani-
mal life or health from risks arising from additives, 
contaminants, toxins, or disease-causing organisms 
in foods, beverages or feedstuffs; (iii) protect human 
life or health from risks arising from diseases car-
ried by animals, plants or products thereof, or from 
the entry, establishment or spread of pests; or (iv) 
prevent or limit other damage from the entry, estab-
lishment or spread of pests.

WTO members are allowed to set their own 
standards, as long as the measures are applied 
only to the extent necessary to protect human, ani-
mal and plant life or health; are based on scientific 
principles and maintained with sufficient scientific 
evidence; are not a disguised trade restriction; do 
not arbitrarily or unjustifiably discriminate between 
members where identical or similar conditions pre-
vail; and are not more trade-restrictive than re-
quired to achieve an appropriate level of protection 
(Chee and Lim 2007, 430).

WTO members are encouraged to use interna-
tional standards, guidelines and recommendations 
where these exist, although they may use measures 
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that result in higher levels of protection if there is 
scientific justification (i.e. they have conducted an 
evaluation of available scientific information and 
have decided that the international standards are 
not sufficient to achieve their appropriate level of 
protection). Alternatively, there needs to have been 
a risk assessment conducted according to the SPS 
Agreement provisions as a basis for a sanitary or 
phytosanitary measure taken (Chee and Lim 2007, 
430).

In general, while the SPS Agreement allows WTO 
members to restrict trade on the basis of sanitary 
and phytosanitary measures, the logic and ration-
ale of free trade prevail. In effect, this means that 
any measures applied are the minimum necessary 
to protect human, animal and plant life or health.

Box 6: Existing application of the SPS Agreement 
to GMOs 

The application of the SPS Agreement to GMOs 
has been confirmed by the disputes brought in 
2003 by the United States, Canada and Argentina 
against the European Union: European Communi-
ties – Measures Affecting the Approval and Mar-
keting of Biotech Products.

The dispute settlement panel concluded that 
the European Communities (EC) applied a gen-
eral de facto moratorium on approvals of biotech 
products, which was in effect on the date of pan-
el establishment, i.e., August 2003. However, the 
moratorium itself was not an SPS measure as it was 
not applied for achieving the EC level of sanitary 
or phytosanitary protection. The decision to apply 
a general moratorium, however, was deemed a 
procedural decision to delay final substantive ap-
proval decisions. The EC was thus found to have 
acted inconsistently with its obligations in that it 
did not ensure that procedures are undertaken 
and completed without ‘undue delay’.

 The issue of undue delay is relevant, as the SPS 
Agreement also covers the operation of sanitary 
and phytosanitary measures, and these operation-
al measures include undue delays in a sanitary or 
phytosanitary-related approval process.

Similarly, the EC failure to consider for final 
approval applications concerning certain specified 
biotech products resulted in undue delay in the 
undertaking and completion of the approval pro-
cedures with respect to 24 of 27 biotech products.

The national marketing and import bans in 
some European countries on specific products 
already approved at Community level (so-called 
safeguard measures) were also subject to dispute. 
The panel found that the safeguard measures were 
not based on a ‘risk assessment’ as required by 
the SPS Agreement, and hence were inconsistent 
with requirements that SPS measures are based 
on scientific principles and not maintained without 
sufficient scientific evidence. The panel also found 
that there was sufficient scientific evidence for a 
‘risk assessment’, thus the safeguard measures 
were inconsistent with the SPS clause that allows 
provisional measures only where “relevant scien-
tific evidence is insufficient” (Article 5.7).

Reference: WTO 2017a, 120.

Relevance to gene drive organisms

It is likely that the SPS Agreement will apply to 
GDOs that enter international trade and that pose 
risks to animal or plant life or human health aris-
ing from the entry, establishment or spread of 
pests, diseases, disease-carrying organisms or dis-
ease-causing organisms. As yet, there are no such 
commercially traded GDOs, but this may be the 
case in the future. 

If this is the case, measures taken by WTO mem-
bers to address the risks of GDOs that are imported 
or exported would count as sanitary and phytosan-
itary measures and would have to comply with the 
requirements of the SPS Agreement. Such meas-
ures, which can also be biosafety measures, may 
include pre-marketing approval procedures, mon-
itoring obligations, restrictions and conditions, and 
bans or moratoria. 

Limitations 

The rationale of the SPS Agreement, while allow-
ing for sanitary and phytosanitary measures, is one 
that rests on ensuring that free trade can continue 
and that there is no disguised protectionism. WTO 
members, while balancing their biosafety interest, 
would need to navigate their biosafety measures 
related to GDOs in international trade carefully, if 
they are also sanitary and phytosanitary measures 
under the SPS Agreement. 
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Issues of undue delay and risk assessment, in-
cluding whether or not temporary bans can be ap-
plied, can be expected to remain challenging. As 
seen in the EC case, procedural delays may fall foul 
of the SPS Agreement, while meeting its risk as-
sessment requirements may be difficult. Moreover, 
recourse to Article 5.7, that is, the ability to apply 
provisional measures where scientific information is 
insufficient, is not that straightforward, as discussed 
below.

Articles 2 and 5.1 of the SPS Agreement stipu-
late that, while members have the right to take san-
itary and phytosanitary measures necessary for the 
protection of human, animal or plant life or health, 
such measures have to be applied only to the extent 
necessary, are based on scientific principles, and are 
supported by scientific evidence. The measures must 
therefore be based on a scientific risk assessment. 

In practice, the SPS Agreement provides a priv-
ileged role to scientific evidence in determining the 
proper scope of risk regulation (Peel 2004). This has 
resulted in a move away from broader and more ho-
listic views of risk assessment (see for example, ar-
guments by Wickson and Wynne 2012), to one that 
merely evaluates risk based on ‘sound science’. As 
a result, while the SPS Agreement preserves a mem-
ber’s right to determine an acceptable level of risk, 
levels that may be motivated by domestic social 
considerations or other legitimate policy concerns, 
these will tend to be marginalised by this approach, 
which overtly links the justification for SPS meas-
ures to the scientific evidence of risk (Peel 2004). 

In relation to GDOs, the question is whether 
such privileging of scientific evidence compromises 
our ability to thoroughly assess their implications. 
Where, for instance, the risk identified on the ba-
sis of scientific evidence suggests the risk is negli-
gible or very low, any implementation of stringent 
risk management measures will appear ‘dispropor-
tionate’ and likely WTO-incompatible, even though 
such measures may be justified if a more broadly 
oriented assessment had been conducted (Peel 
2004), such as one that includes socio-economic 

3 As determined by the Panel in Japan – Measures Affecting Agricultural Products and upheld by the Appellate Body (WTO, 2017b, 37).

considerations or acknowledges scientific uncer-
tainty (Wickson and Wynne 2012). 

Any biosafety measure will be questioned as to 
whether it is the least trade-restrictive measure. Ar-
ticle 5.6 of the SPS Agreement states that measures 
should be “not more trade restrictive than required 
to achieve their appropriate level of sanitary or phy-
tosanitary protection”. A measure is deemed not 
more trade restrictive than required, unless there is 
another measure reasonably available that achieves 
the appropriate level of sanitary or phytosanitary 
protection, and is significantly less restrictive to 
trade.

While this  might make sense from a trade per-
spective (i.e. ensuring that SPS measures still allow 
trade to continue), from the point of view of biosafe-
ty this is not necessarily fully protective of health 
and the environment. This could be especially so 
if there are scientific uncertainties, long time lags 
in the manifestation of risks (or in the collection of 
data or evidence), which are all valid scientific is-
sues, as might well be the case with GDOs. 

The SPS Agreement, in its Article 5.7, allows for 
temporary bans if they are provisional. Where sci-
entific evidence is insufficient, provisional measures 
may be taken on the basis of available pertinent in-
formation, provided additional information is sub-
sequently sought for a “more objective assessment 
of risk” and the measures are reviewed “within a 
reasonable time”. These requirements – that there is 
insufficient scientific evidence, that there is some in-
formation on which to justify the measure, that there 
is continued seeking of additional information, and 
that the measures are periodically reviewed – have 
been judged to be cumulative in nature and equally 
important.3 Whenever one of these requirements is 
not met, the measure concerned is inconsistent with 
Article 5.7. 

Thus, in order to justify maintaining a provisional 
measure, all the requirements have to be met and 
continuously demonstrated, placing significant ob-
ligations and regulatory burdens on the authorities 
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concerned. Moreover, the measures are only pro-
visional and temporary, excluding more permanent 
moves that may be necessary in order to be fully 
protective of health and the environment.

It is likely that the SPS Agreement would offer 
limited protection from the risks of GDOs, as its im-
perative is to circumscribe sanitary and phytosani-
tary protection in the interest of free trade.

2.2.2 International Plant Protection  
Convention 

Scope, objectives and key provisions

The International Plant Protection Convention 
(IPPC) is an international, legally binding treaty 
that sets international phytosanitary standards for 
plants. It has 183 contracting parties (as of Septem-
ber 2018) and the secretariat is hosted by the UN 
Food and Agriculture Organization (FAO). 

The IPPC aims to protect wild and cultivated 
plants by preventing the introduction and spread 
of pests of plants and plant products, and by pro-
moting appropriate measures for their control. The 
treaty is essentially a framework and a forum for 
international cooperation, harmonisation and tech-
nical exchange between its contracting parties.  Its 
implementation involves collaboration by National 
Plant Protection Organizations (NPPOs), which are 
established by governments for the purposes of the 
IPPC, and Regional Plant Protection Organizations 
(RPPOs), which are regional coordinating bodies. 

NPPOs are usually existing agencies with the 
mandate to address plant phytosanitary issues. For 
example, the US has its Animal and Plant Health In-
spection Service – Plant Protection and Quarantine 
(APHIS – PPQ), and in Malaysia there is the Crop 
Protection and Plant Quarantine Division of the De-
partment of Agriculture. An RPPO is an inter-gov-
ernmental organisation functioning as a coordinating 
body for NPPOs at regional level; for example, all 
members of the Pacific Community are members of  

4 See an example from the European and Mediterranean Plant Protection Organization: https://www.eppo.int/ACTIVITIES/plant_quarantine/alert_list

the Pacific Plant Protection Organisation. Such RPPOs  
provide advice on phytosanitary measures, for ex-
ample, by issuing an ‘Alert List’ as early warning 
of certain pests that could be potential risks4, or to 
highlight possible candidates for a Pest Risk Analysis.

 While the IPPC itself is legally binding, the 
standards developed and adopted under it are not. 
However, the standards are explicitly recognised by 
the SPS Agreement as international standards for 
plant health. Phytosanitary measures that conform 
to IPPC standards are deemed necessary to protect 
plant life or health and are presumed WTO consist-
ent, potentially shielding WTO members that con-
form to such standards from challenge at the WTO. 
This provides an incentive for WTO members to en-
sure that their phytosanitary measures conform to 
IPPC standards. 

International standards for phytosanitary meas-
ures (ISPMs) are developed through the work 
programme of the Commission on Phytosanitary 
Measures. Non-contracting parties to the IPPC are 
encouraged to observe these standards.

Box 7: Existing application of the IPPC to GMOs 
In April 2004, the Interim Commission on Phy-

tosanitary Measures endorsed a supplement on 
pest risk analysis for LMOs, resulting in an inte-
grated standard: ISPM No. 11 ‘Pest risk analysis 
for quarantine pests including analysis of environ-
mental risks and living modified organisms’. It in-
cludes guidance on evaluating potential phytosan-
itary risks to plants and plant products posed by 
LMOs.

ISPM No. 11 harmonises and standardises the 
way countries analyse risks that LMOs may pose 
to plant health. A country may use the standard to 
determine which LMOs pose a threat and if neces-
sary can prohibit or restrict their import and do-
mestic use. The standard is not just restricted to 
genetically modified (GM) plants, but also covers 
other LMOs that may be harmful to plants, such 
as GM insects, fungi and bacteria. Direct and 
indirect effects on plants or plant products are 
both considered.

The standard includes the assessment of the 
risks of LMOs to plants, in so far as they are pests 
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of plants (e.g. if a GM plant subsequently becomes 
a weed or if a GM insect becomes a pest). Phy-
tosanitary risks may result from certain traits in-
troduced into the organism, such as those that in-
crease the potential for establishment and spread, 
or from inserted gene sequences that do not alter 
pest characteristics but that might have unintend-
ed consequences. 

Once a LMO is determined to be a potential 
pest, it goes through a pest risk assessment pro-
cess, involving three steps: (i) pest categorisation; 
(ii) assessment of the probability of introduction 
and spread, including an analysis of both inten-
tional and unintentional pathways of introduction 
and intended use. The probability of gene flow and 
gene transfer should be considered, as should the 
probability of expression and establishment of 
that trait, while the survival capacity without hu-
man intervention of the LMO should also be as-
sessed; and (iii) assessment of potential economic 
consequences (including environmental impacts).

The conclusions from the pest risk assessment 
are then used to decide whether pest risk man-
agement measures should be taken. If no satisfac-
tory measure is available to reduce risk to an ac-
ceptable level, the final option may be to prohibit 
importation of the relevant commodities. This is 
viewed as a measure of last resort. Nonetheless, 
the implementation of phytosanitary measures are 
not considered permanent, and should be moni-
tored, reviewed and modified if necessary.

Relevance to gene drive organisms

The standards set by the IPPC have been iden-
tified to be possibly relevant to the components, 
organisms and products resulting from synthetic 
biology (Secretariat of the Convention on Biological 
Diversity 2015, 96-97). This would include GDOs. In 
particular, ISPM No. 11 as discussed in Box 7, is di-
rectly relevant.

Annex 3 of ISPM No. 11 identifies the potential 
phytosanitary risks from LMOs. Those relevant to 
GDOs include: changes in adaptive characteristics, 
which may increase the potential for introduction 
or spread, such as alterations in dispersal ability of 
pests; adverse effects of gene flow or gene transfer, 
such as the potential to overcome existing reproduc-
tive and recombination barriers which could result in 

pest risks; and adverse effects on non-target organ-
isms, such as changes in host range, including cases 
where the LMO is used as a biological control agent 
or organism otherwise claimed to be beneficial. 

These examples could reasonably be risks some 
GDOs are expected to pose, particularly given their 
potential for spread, both intended and otherwise. 
Currently, several agricultural insect pests are the 
targets of gene drive research, and a prominent ex-
ample is work on the spotted wing fruit fly, which is 
a pest of soft fruit (Buchman et al. 2018). While the 
modifications are aimed at population suppression, 
any unintended effects that might, for example, 
change the characteristics of the pests, would have 
to be evaluated according to ISPM No. 11.

The analysis of unintentional pathways of intro-
duction included in the pest risk assessment pro-
cess is also particularly significant, given the high 
potential for unintentional dissemination of GDOs.

Limitations 

The IPPC standard on LMOs would only apply to 
GDOs that enter international trade and are deemed 
to be plant pest risks. The determination of whether 
a GDO is a potential plant pest would be the crucial 
first step in order to conduct the pest risk analysis. 

However, the application of the standard to 
GDOs that are not imported and exported or that do 
not disrupt international trade is currently limited, 
with the exception of the possibility of identifying 
unintentional pathways of introduction. 

For WTO members, as the IPPC is essentially 
the implementation of the SPS Agreement applied 
to plant pest risks, the risk management measures 
that are recommended under ISPM No. 11 have to 
be non-discriminatory and least trade restrictive. 
This means that any measures taken have to be the 
minimum necessary to protect plant health, while 
ensuring that trade can continue as unimpeded as 
possible. This may not provide for adequate protec-
tion from the risks of GDOs.
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2.2.3 World Organisation for Animal 
Health standards

Scope, objectives and key provisions

In 1924, the international agreement that led to 
the creation of the Office International des Epizo-
oties (OIE) was signed. In 2003, the OIE became 
the World Organisation for Animal Health, but kept 
its historical abbreviation. It is an intergovernmen-
tal organisation responsible for improving animal 
health worldwide, and, as of 2018, has 182 mem-
ber countries. 

The OIE is recognised by the SPS Agreement 
as the international organisation responsible for 
standard-setting regarding animal health. Within 
this mandate, it publishes health standards for in-
ternational trade in animals and animal products. 
Phytosanitary measures that conform to OIE stand-
ards are deemed necessary to protect animal life or 
health and are presumed WTO consistent, poten-
tially shielding WTO members that conform to such 
standards from challenge at the WTO. This provides 
an incentive for WTO members to ensure that their 
phytosanitary measures conform to OIE standards. 

It publishes two codes and two manuals (Ter-
restrial and Aquatic), as the principal references 
for WTO members. The Terrestrial Animal Health 
Code and Aquatic Animal Health Code respective-
ly are intended to ensure the sanitary safety of in-
ternational trade in terrestrial animals and aquatic 
animals and their products. The codes traditional-
ly addressed animal health and zoonoses, but in  
recent years have covered issues such as animal 
welfare.

Box 8: Existing application of the OIE standards 
to GMOs

In May 2005, OIE members adopted a Reso-
lution on ‘Applications of Genetic Engineering for 
Livestock and Biotechnology’, which requested 
the constitution of an Ad Hoc Group on Biotech- 
nology to support the development of harmonised 
technical standards for the regulation of biotech-
nology-derived animal health products, and GM 
production animals.

Members also asked the OIE to prioritise the 
development and adoption of standards, recom-
mendations and guidelines for:
•  research on the use of live attenuated vaccines in 

animal health
• use of DNA vaccines
• animal health risks linked to cloning
•  assessing the health of embryos and production 

animals derived from cloning, and associated 
safety of cloned production animals and their 
products

•  exclusion of unapproved animals and products 
from the livestock population and segregation 
from the feed and food supply

•  identification, testing, and certification for in-
ternational trade in animals and their products  
for which biotechnology procedures have been 
employed.

Relevance to gene drive organisms

Should animal GDOs or GDOs used to con-
trol animal diseases be imported or exported, the 
standards set up by the OIE would be relevant to 
them. For example, gene drive research is being 
carried out on Australian sheep blowflies, which 
cause ‘blowfly strike’, resulting in lesions in infested 
areas of the sheep’s skin, thus affecting animal wel-
fare and productivity (see Chapter 2).

Limitations 

To our knowledge, there has been no work done 
yet at the OIE on GDOs. The OIE standards would 
only apply to animal GDOs or GDOs used to control 
animal diseases in international trade. As such, the 
standards would have limited relevance to GDOs 
currently. 

2.2.4 Convention on the Prohibition of the 
Development, Production and Stockpiling 
of Bacteriological (Biological) and Toxin 
Weapons and on their Destruction

Scope, objectives and key provisions

The Convention on the Prohibition of the Devel-
opment, Production and Stockpiling of Bacterio-
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logical (Biological) and Toxin Weapons and on their 
Destruction, also known as the Biological Weap-
ons Convention (BWC), entered into force in 1975. 
There are currently 182 State Parties who are legally 
bound by this treaty. 

The BWC was the first multilateral disarmament 
treaty banning an entire category of weapons of 
mass destruction (UNOG, n.d.). Article I prohibits 
the development, production, acquisition, transfer, 
retention, stockpiling and use of biological and toxin 
weapons. This applies to all naturally or artificial-
ly created or altered microbial and other biologi-
cal agents and toxins, as well as their components, 
regardless of origin and method of production and 
whether they affect humans, animals or plants, of 
types and in quantities that have no justification 
for prophylactic, protective or other peaceful pur-
poses. Also banned are the weapons, equipment or 
means of delivery designed to use such agents or 
toxins for hostile purposes or in armed conflict.

Parties are required to take any necessary meas-
ures at the national level to prohibit and prevent 
the development, production, stockpiling, acqui-
sition or retention of the agents, toxins, weapons, 
equipment and means of delivery (Article IV). Par-
ties, particularly those with substantial biological 
defence programmes, have to provide annual re-
ports on specific activities, including: data on re-
search centres and laboratories; information on 
national biological defence research and develop-
ment programmes; declaration of past activities 
in offensive and/or defensive biological research 
and development programmes; and informa-
tion on outbreaks of infectious diseases and simi-
lar occurrences caused by toxins (UNODA, n.d.). 

Box 9: Existing application of the BWC to GMOs
Advances in the life sciences have been ac-

knowledged to make these technologies inherently 
‘dual use’, meaning that they could be used for 
both peaceful and malevolent uses, and there may 
only be a fine line between the two. Clearly, this 
applies to genetic engineering and GMOs, making 
these relevant subject matters for the BWC.

As early as 1986, Parties recognised the “ap-
prehensions arising from relevant scientific and 

technological developments, inter alia, in the 
fields of microbiology, genetic engineering and 
biotechnology, and the possibilities of their use 
for purposes inconsistent with the objectives and 
provisions of the Convention” (Final Declaration 
of the Second Review Conference 1986, 3). They 
reaffirmed that the undertaking in Article I to never 
in any circumstances develop, produce, stockpile 
or otherwise acquire or retain microbial and other 
biological agents and toxins that have no justifica-
tion for prophylactic, protective or other peace-
ful purposes, applies to all such developments. 
Subsequent meetings have reiterated that “Article 
I applies to all scientific and technological devel-
opments in the life sciences and in other fields of 
science relevant to the Convention” (Final Doc-
ument of the Sixth Review Conference 2006, 9). 

In 2012, advances in genetic technologies such 
as gene synthesis, synthetic biology and whole  
genome-directed evolution were discussed. Par-
ties identified the need for enhanced national and 
international oversight of dual use research of con-
cern (Report of the Meeting of the States Parties 
2012, 6-7). In 2013, Parties discussed the need 
for appropriate oversight measures (Report of the 
Meeting of the States Parties 2013, 7-8). Howev-
er, “no concrete steps towards the development 
of an oversight framework, guiding principles or 
models to inform risk assessment and oversight of 
scientific research” have been taken to date (Sec-
retariat of the Convention on Biological Diversity 
2015, 93). Moreover, countries such as the United 
States, a BWC depository and central BWC actor, 
have largely relegated oversight of dual use re-
search of concern to voluntary committees com-
posed of professors and researchers.

Parties in 2014 and 2015 discussed various 
enabling technologies, including genome editing 
and synthetic biology tools (Report of the Meet-
ing of the States Parties 2014, 7-8; Report of the 
Meeting of the States Parties 2015, 7-8). They rec-
ognised that identifying research of dual use con-
cern necessitates greater national oversight along 
with a collaborative and informed assessment of 
the potential benefits and risks. The review of de-
velopments in the field of science and technology 
continues to be on the agenda, where genome ed-
iting was identified as a specific topic for discus-
sion in 2018 (Report of the Meeting of the States 
Parties 2017, 6).
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Relevance to gene drive organisms

The potential for malicious use of gene drives 
has been raised briefly at recent BWC meetings and 
indeed the BWC is considered the valid internation-
al forum for discussion of the security threats raised 
by gene drives. A presentation on gene drives was 
made at the Meeting of Experts in 2014, highlighting 
the potential security challenges (Oye 2014). Among 
the hostile scenarios envisaged were the use of gene 
drives to enable a species’ ability to host diseases, 
suppression of crops and livestock in agriculture, or 
suppression of pollinators and other keystone spe-
cies, all of which could have devastating impacts.

In the United States, where much of the research 
into gene drives has been occurring, the national 
security threat of gene drives has been discussed 
by the JASONs, a group of elite scientists which ad-
vises the US government on national security issues 
(Callaway 2017). The US Defense Advanced Re-
search Projects Agency (DARPA) has been report-
ed to be the largest funder of gene drive research 
(Neslen 2017). Another agency, the Intelligence Ad-
vanced Research Projects Activity (IARPA), which is 
part of the Office of the US Director of National In-
telligence, is funding work on the national security 
implications of gene drives, including for detection 
and monitoring (IARPA 2017).

DARPA states that its ‘Safe Genes’ project is de-
signed to develop “tools and methodologies to con-
trol, counter, and even reverse the effects of genome 
editing – including gene drives – in biological sys-
tems across scales” (DARPA, n.d.). The involvement 
of the US military in gene drive research has cre-
ated discomfort, particularly because one strategy 
used by biodefence programmes is to deliberately 
create the actual threat itself, with the justification 
that the activity is necessary in order to learn how to 
defend against it. The vicious circle of such applied 
‘threat assessment’ results in biodefence activities 
that are very similar to, and potentially difficult to 
distinguish from, offensive weapons development 
(Tucker 2004).

One scientist who has partnered with the DARPA- 
funded Genetic Biocontrol of Invasive Rodents 

(GBIRd) consortium has written, “Because the U.S. 
is funding these initiatives through the Department 
of Defense, rather than a civilian organisation, it’s 
not hard to see how some in the international com-
munity may perceive these as potential bioweapons 
programs, rather than investments in purely defen-
sive technologies” (Kuiken 2017).

GBIRd aims to use gene drives to eradicate inva-
sive rodents on island ecosystems, in order to pro-
tect threatened bird species (GBIRd, n.d.). DARPA 
however has no biodiversity conservation mission, 
raising questions about the agency’s motive in 
funding research with objectives seemingly outside 
its mandate. If understood as a threat assessment 
programme, however, DARPA’s motives in promot-
ing GBIRd become clearer – it is a politically more 
palatable proxy to achieve US national security  
research. 

Freedom of information requests have revealed 
that GBIRd plans to target the gene drives of specific 
genetically-defined populations by linking drive ac-
tivity to the presence of private or locally-fixed alleles 
– the small genetic differences that define related 
populations of animals, including humans (Edward 
Hammond, personal communication, 21 February 
2018). The implications of this research (Sudweeks 
et al. 2019), particularly in a bioweapons context, 
raise serious concerns. While GBIRd itself may be 
naively exploring conservation purposes for its gene 
drives, the dual use implications of population- 
targeted gene drives need to be seriously addressed, 
particularly when DARPA occupies a privileged po-
sition as funder, with full access to data and details. 

It is clear therefore that gene drive’s potential for 
dual use is established and the BWC is undoubtedly 
an important international forum to address this.

Limitations 

While the BWC, since its entry into force in 1975, 
sets an important international norm against a par-
ticularly egregious form of warfare, it has unfor-
tunately not been able to develop implementation 
mechanisms or any form of international regulation. 
It thus provides a forum for discussion, but suffers 
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from a lack of political will by the major powers to 
actually take action to address the serious issues. 

Lengthy efforts to negotiate a binding imple-
mentation regime, called the ‘Verification Protocol’, 
failed in 2001 (Leitenberg 2002). Most observers 
regard any return to discussions aimed at the adop-
tion of binding international measures to oversee 
biological research as politically impossible, for the 
forseeable future. There are, simply put, three rea-
sons for this: (i) no appetite among countries with 
large biodefence programmes to open up their fa-
cilities to verification procedures; (ii) strong resist-
ance from industry and other vested interests; and 
(iii) too many doubts about the reliability of an inter-
national inspectorate and the quality of information 
that would emanate from it (Winzoski 2007).  

Thus, while the meetings of the BWC provide 
a forum for exchange of information on new bio-
technologies with security implications, and their 
confidence building measures provide limited infor-
mation exchange, the BWC is institutionally hand-
icapped and impaired from adopting any binding 
measures pertinent to the biosafety of GDOs.

Nonetheless, serious efforts should be made to 
ensure that any security threat posed by the misuse 
of GDOs is able to be more effectively addressed by 
the BWC, given that it is the treaty with the compe-
tence and mandate on these issues. 

2.2.5 Convention on the Prohibition of 
Military or Any Other Hostile Use of  
Environmental Modification Techniques 

 Scope, objectives and key provisions

The Convention on the Prohibition of Military or 
Any Other Hostile Use of Environmental Modifica-
tion Techniques, also known as the Environmental 
Modification Convention or ENMOD, prohibits mili-
tary or any other hostile use of environmental mod-
ification techniques having widespread, long-lasting 
or severe effects as the means of destruction, dam-
age or injury to any other State Party. It is a legally 

binding treaty that entered into force in 1978 and 
has 78 State Parties (UNOG, n.d.).

‘Environmental modification techniques’ are de-
fined as “any technique for changing – through the 
deliberate manipulation of natural processes – the 
dynamics, composition or structure of the earth, 
including its biota, lithosphere, hydrosphere and at-
mosphere, or of outer space” (Article II).

ENMOD was essentially a response to US tac-
tics used in the Vietnam War, particularly the use of 
Agent Orange to defoliate forests and thereby deny 
cover to Vietnamese guerrillas, and attempts at 
cloud-seeding to cause rain, in order to stymie the 
movement of people and material during the war. 
Its design was meant to address modifications to the 
environment such as defoliants, altering weather, 
deliberate desertification and deliberate triggering 
of earthquakes. 

To understand ENMOD and how it came about 
in its final form, including the notorious ‘troika’ (see 
below), one must recall the political atmosphere of 
the mid-1970s. The only countries developing or, 
in the case of the US in Southeast Asia, using weap-
ons designed to modify the environment, were the 
‘superpowers’ (the US and the former Soviet Union) 
and their close allies. These countries exerted care-
ful control over the ENMOD process, and as a result, 
the negotiations, while formally based in the UN, 
did not have the character of a modern multilateral 
process. Drafts of the Treaty were exchanged be-
tween Washington and Moscow, with the two mega- 
powers agreeing on key details first. Both the US 
and the Soviet Union wanted to keep a free hand to 
use certain environmental warfare techniques, par-
ticularly in counterinsurgency (e.g. clearing vegeta-
tion in large margins around military bases). Under-
scoring the faux multilaterialism of the process, the 
last draft was prepared and accepted by Soviet and 
American negotiators, and then identical texts were 
submitted by the ‘opposing’ sides for adoption in 
Geneva (Pimiento Chamorro and Hammond 2001).
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Relevance to gene drive organisms 

Gene drives have the potential to artificially 
modify environments and may be misused for mili-
tary or hostile purposes (see the discussion on dual 
use issues in Section 2.2.4).

As environmental modification techniques in-
clude “any technique for changing – through the 
deliberate manipulation of natural processes – the 
dynamics, composition or structure of the earth, 
including its biota”, gene drives that result in pop-
ulation or species changes could arguably qualify 
as an environmental modification technique under 
ENMOD. As global gene drives may spread modifi-
cations to all populations of a targeted species and 
potentially result in widespread population chang-
es or population or even species extinction, they  
may be deemed an environmental modification 
technique.

Limitations 

While ENMOD could possibly be a forum to ad-
dress military or hostile use of some GDOs, there 
remain some substantial limitations to the applica-
tion of this treaty for such purposes. Firstly, it only 
applies to State Parties and that number is limited. 
Nonetheless, countries where most gene drive re-
search is occurring, such as the United States and 
several European countries, are State Parties.

However, ENMOD State Parties have not met 
recently, and interest in convening mandated con-
ferences of State Parties has waned considerably. 
The First Review Conference was held in Geneva in 
September 1984, with the attendance of 35 States 
Parties. The Second Review Conference took place 
in September 1992 with very little fanfare and no 
moves to strengthen the treaty, despite credible and 
current allegations that Iraq had waged environ-
mental warfare in Kuwait when it set hundreds of oil 
wells alight (Ross 1992). Attempts by the Secretary- 
General of the United Nations in 2013 to convene 
the Third Review Conference did not receive the re-
quired number of affirmative responses in order to 
proceed (Secretary-General of the United Nations 
2014).

Perhaps more significant is the fact that in order 
to be subject matter under ENMOD, the GDOs in 
question would have to meet the criteria of being 
used for military or for hostile purposes, and their 
effects would have to meet the high threshold of 
having widespread, long-lasting or severe effects 
(the so-called ‘troika’). While it is certainly possi-
ble to imagine a GDO that could have such effects, 
for example one containing a global gene drive that 
could cause an economically valuable population 
or species to become extinct, it is much harder to 
imagine a nation state using one as a weapon in 
what would also have to be generally considered a 
war under international law. Furthermore, efforts 
to clarify or eliminate the restrictive troika clauses 
have been made since the original negotiations, as 
well as at the review conferences; but consensus 
on removing the qualifiers has not been reached 
(UNOG, n.d.), leaving the difficult-to-meet troika 
threshold firmly in place.

Notably, any GDO used as a weapon would be 
a biological weapon under the BWC, which also 
prohibits development and stockpiling (except for 
“peaceful and prophylactic purposes”). Therefore, 
even before a State Party reached the point of vio-
lating ENMOD, which only prohibits hostile use and 
not development, it would have already violated 
the BWC. Notwithstanding the limitations under the 
BWC itself, the BWC would be the more applicable 
instrument in the case of military or hostile use of 
GDOs. 

2.2.6 United Nations Declaration on the 
Rights of Indigenous Peoples 

Scope, objectives and key provisions

The United Nations Declaration on the Rights of 
Indigenous Peoples was adopted by the UN Gener-
al Assembly in September 2007. A majority of 144 
states voted in favour, while Australia, Canada, New 
Zealand and the United States voted against and 11 
states abstained. However, the four countries vot-
ing against have since reversed their position and 
now support the Declaration (UN DESA, n.d.). Two 
abstaining countries have also since endorsed the 
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Declaration, bringing the current total of supporting 
countries to 150.

The Declaration, while not legally binding, is the 
most comprehensive international instrument on in-
digenous peoples’ rights. It establishes a universal 
framework of minimum standards for the survival, 
dignity and well-being of indigenous peoples. At the 
same time, it elaborates on existing human rights 
standards and fundamental freedoms, as applied 
to the specific situation of indigenous peoples (UN 
DESA, n.d.).

Individual and collective rights are addressed, in 
addition to various provisions dealing with cultur-
al rights and identity, rights to education, health, 
employment and languages. The Declaration out-
laws discrimination against indigenous peoples, 
promotes their full and effective participation in all 
matters that concern them, as well as their right to 
remain distinct and to pursue their own economic, 
social and cultural development (UNPFII, n.d.). 

Relevance to gene drive organisms

Indigenous peoples’ rights to the lands, terri-
tories and resources that they have traditionally 
owned, occupied or otherwise used or acquired 
are strongly protected in the Declaration. Two key 
principles are reflected in various provisions – that 
of free, prior and informed consent, and that of  
redress.

Article 32 of the Declaration focuses on the 
rights of indigenous peoples in relation to the devel-
opment or use of their lands and territories and oth-
er resources. States are obliged to consult with the 
indigenous peoples concerned “in order to obtain 
their free and informed consent prior to the approv-
al of any project affecting their lands or territories 
and other resources, particularly in connection with 
the development, utilization or exploitation of min-
eral, water or other resources” (Article 32.2). 

The issue of free, prior and informed consent is 
particularly relevant to the release of any GDO into 
the lands and territories of indigenous peoples, or 
that may affect their resources. For example, gene 

drive research on the Southern house mosquito is 
being conducted to address avian malaria in Ha-
waii, for which the mosquito is a vector, and which 
is affecting native birds (see Chapter 2). It would be 
feasible to assume that any proposed future release 
of the gene drive mosquito could occur in the lands 
and territories of indigenous peoples.

Indeed, this issue was recognised by the AHTEG 
on Synthetic Biology under the CBD, which point-
ed out that “a precautionary approach…, taking into 
account the need for the free, prior and informed 
consent of indigenous peoples and local commu-
nities, might be warranted in the development and 
release of organisms containing engineered gene 
drives, including experimental releases, in order to 
avoid potential significant and irreversible adverse 
effects to biodiversity” (AHTEG on Synthetic Biology 
2017, paragraph 25).

On this basis, SBSTTA, in July 2018, recom-
mended that “…the free, prior and informed con-
sent of indigenous peoples and local communities 
might be warranted when considering the possible 
release of organisms containing engineered gene 
drives that may impact their traditional knowledge, 
innovation, practices, livelihood and use of land 
and water” (Recommendation 22/3, paragraph 12).

This recommendation was taken up by COP 14 
in November 2018. The decision that was adopt-
ed includes the condition that, where appropriate, 
“prior and informed consent”, the “free, prior and 
informed consent” or “approval and involvement” 
of potentially affected indigenous peoples and local 
communities should be met when considering the 
release of GDOs into the environment, including for 
field trial and research purposes (see Section 2.1.1, 
‘Decision on gene drive organisms at CBD COP 14 
(November 2018)’).

Should indigenous peoples’ lands, territories and 
resources be confiscated, taken, occupied, used or 
damaged without their free, prior and informed con-
sent, Article 28 of the Declaration establishes the 
right of redress for indigenous peoples. States are 
further required to provide effective mechanisms 
for just and fair redress for any activities affecting 
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the land, territories and other resources of indige-
nous peoples, as well as to take appropriate meas-
ures to mitigate adverse environmental, economic, 
social, cultural or spiritual impacts (Article 32.3). 
In addition, States are obliged to provide effective 
mechanisms for the prevention of, and redress for, 
any action that has the aim or effect of dispossess-
ing indigenous peoples of their lands, territories or 
resources (Article 8).

This principle of redress is particularly relevant 
to GDOs and the potential damage they may cause 
in the lands and territories of indigenous peoples 
or to their resources, whether the impacts are en-
vironmental, economic, social, cultural or spiritual. 
For example, a gene drive may cause a biological 
resource that is used by indigenous peoples to be-
come extinct or to not perform as expected, or the 
modification could lower the value of the resource 
to indigenous peoples. The general rights of in-
digenous peoples over their land or territories and 
resources include that of their productive capacity 
(Article 29), and to genetic resources and seeds (Ar-
ticle 31). The issue of liability and redress is also a 
general important issue in the discussion on GDOs 
(see Section 2.1.3).

Limitations 

UN Declarations are generally not legally bind-
ing in nature, which is a major limitation. However, 
the Declaration on the Rights of Indigenous Peoples 
sets forth international legal norms and reflects the 
commitment of states to move in certain directions, 
abiding by certain principles (UNFPII, n.d.). These 
principles are considered universal for indigenous 
people and are important in further clarifying their 
rights. They can also be the standard by which gov-
ernments can be called to account on these matters.

The Declaration itself does not create new 
rights, but provides an interpretation of the human 
rights enshrined in other international human rights 
instruments of universal resonance, as they apply 
to indigenous peoples. It is in that sense that the 
Declaration has a binding effect for the promotion, 
respect and fulfilment of the rights of indigenous 
peoples worldwide (UNFPII, n.d.). Therefore, it is 

important that at national level, governments take 
action to codify these rights in national law, so as to 
ensure that these rights are fully respected, protect-
ed and fulfilled, including in relation to the impact of 
GDOs on indigenous peoples and their resources. 
However, so long as this is not done, then indigenous 
peoples remain vulnerable to violation of their rights.

2.3 Other guidelines of relevance to Gene 
Drive Organisms

2.3.1 Guidance Framework for Testing of 
Genetically Modified Mosquitoes 

Scope, objectives and key provisions

In 2009, the World Health Organization Special 
Programme for Research and Training in Tropical 
Diseases (WHO-TDR) and the Foundation for the 
National Institutes of Health (FNIH) co-sponsored a 
technical consultation meeting to assess GM mos-
quito technologies. Participants recommended that 
the World Health Organization (WHO) and FNIH 
establish a working group to develop a guidance 
framework for assessing the safety and efficacy of 
GM mosquitoes, including addressing any legal, 
ethical, social and cultural issues. 

The guidance framework was published in 2014. 
It proposes efficacy and safety testing standards for 
GM mosquitoes, in particular a phased testing path-
way, with systematic assessment at each step. Four 
phases are envisaged: Phase 1, laboratory testing in-
cluding caged trials; Phase 2, field testing under con-
fined conditions which limit release into the environ-
ment and which could include geographical, spatial 
or climatic isolation; Phase 3, staged open release 
trials; and Phase 4, deployment of GM mosquitoes as 
a public health intervention (WHO-TDR 2014, 7-10). 

According to this guidance framework, any GM 
mosquito development effort should provide proof 
of efficacy, acceptability and deliverability. Effec-
tive reduction in the transmission of the targeted 
pathogen(s) should be demonstrated, and the inter-
vention must not be detrimental to the environment 
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and human health. Risk assessment and risk man-
agement are core biosafety considerations, with 
independent ongoing safety review and monitoring 
during testing recommended.

The guidance framework also examines the fun-
damental considerations for addressing public en-
gagement and transparency needs in research on 
GM mosquitoes, as well as questions relating to eth-
ical implications, including the obligation to respect 
host communities. The framework reviews existing 
regulatory requirements and guidance, including 
that for biosafety, human subjects and GMO reg-
ulation. It also discusses additional regulatory con-
siderations such as public consultation, litigation, 
capacity and institution building, and transbound-
ary movement.

Relevance to Gene Drive organisms

The guidance framework includes discussion 
of GM mosquitoes with gene drives, as one of the 
mechanisms being researched for GM mosquitoes, 
in order to self-sustain the modification and spread 
it indefinitely through the target population.

However, the phased testing approach set forth 
in the guidance framework is, in our view, inappro-
priate for GM mosquitoes with genes drives, par-
ticularly if the gene drive is global in nature and any 
release into the environment (even in a ‘confined’ 
setting, or in geographical isolation as proposed 
by Phase 2), could mean spread and persistence. 
Indeed, the AHTEG on Synthetic Biology under the 
CBD concluded that: “Islands are not ecologically 
fully contained environments and should not be re-
garded as fulfilling the conditions in the definition 
of contained use as per Article 3 of the Cartagena 
Protocol unless it is so demonstrated” (AHTEG on 
Synthetic Biology 2017, paragraph 51 (b)). James et 
al. (2018, 28) further noted that in relation to mos-
quitoes, “genetic analyses indicate that neither lake 
nor oceanic islands will provide absolute confine-
ment or inability to spread beyond the island”.

Limitations

The guidance framework provides guidelines 
for testing of GM mosquitoes, including those with 
gene drives. It is not a legally binding document, nor 
was it developed inter-governmentally. Many of the 
contributors could be perceived as having conflicts 
of interest because they have either self-identified 
as having professional or even commercial interests 
in GM mosquitoes (see WHO-TDR 2014, 131). 

The guidance framework does not represent the 
views of the WHO or FNIH, nor does it provide rec-
ommendations on what to do. It merely claims to 
bring together what was known based on research 
evidence at the time about how best to evaluate 
GM mosquitoes. However, given that the guidance 
framework was published in 2014 and the draft was 
written in 2012, well before any proof of concept 
for gene drives was demonstrated, it will not be a 
sufficiently updated reference on gene drive mos-
quitoes. 

Nonetheless, the guidance framework recognis-
es that there is no standardised procedure for ad-
dressing potential transboundary movement of gene 
drive mosquitoes. It acknowledges the need for a 
“multilateral regulatory process” when it comes 
to regulation of gene drive mosquitoes, due to the 
possibility of transboundary spread (WHO-TDR 
2014, 99). Specifically, “a regional notification and 
agreement process may be advisable for planned 
introductions capable of autonomous internation-
al movement beyond the scope of provisions in the 
Cartagena Protocol” (WHO-TDR 2014, xxv).
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2.4 Regulation of contained use  

2.4.1 Why contained use regulations are 
necessary for Gene Drive Organisms 

Research and development of GDOs is current-
ly occurring in the laboratory, with no reported re-
leases into the environment yet. According to the US 
National Academies of Sciences, Engineering, and 
Medicine (NASEM 2016), gene drive organisms “are 
not ready for release into the wild” (Abbasi 2016, 

482). Yet, there are no stringent international rules 
on contained use research. As such, this places an 
increasing onus on ensuring that stringent contained 
use laboratory research on GDOs is practiced and 
regulated.

The concept of ‘contained use’ aims to ensure 
that contact with the environment is prevented by 
physical means and associated personnel practices. 
For example, the Cartagena Protocol on Biosafety 
defines contained use as “any operation undertaken 

Instrument Application Legally-binding? Number of 
Parties/ members

Key advantages in relation to gene drive 
organisms

Key gaps in relation to gene drive organisms

Convention on Biological 
Diversity

Conservation and sustainable use 
of biodiversity, fair and equitable 
benefit sharing 

Yes 196 Near-universal membership · Already begun to ad-
dress GDOs · Precedence with wider policy issues on 
GDOs/new technologies

Lack of implementation and enforcement
US not a Party

Cartagena Protocol on 
Biosafety

LMOs that may have adverse 
effect on biodiversity, taking into 
account risks to human health

Yes 171 Subject matter includes GDOs
Already begun to address GDOs
Specific regulation of GDOs, in so far as they are 
LMOs

Developed for conventional LMOs · Focused on  
decision-making by a country in the context of intentional 
transboundary movements · Inadequate provision for 
socioeconomic assessment · No elaboration of contained 
use rules · Lack of enforcement · US not a Party

Supplementary Protocol on 
Liability and Redress

Liability and redress rules for 
damage from LMOs

Yes 44 Subject matter includes GDOs  
Liability and redress rules important for GDOs  
Damage resulting from unintentional and illegal trans-
boundary movements is included

Damage must result from LMOs/GDOs from another 
country · Administrative approach places burden on 
authorities · No financial guarantees · Limited number of 
Parties currently · US not a Party

WTO Agreement on Sanitary 
and Phytosanitary Measures

Sanitary and phytosanitary 
measures that affect international 
trade

Yes 164 Economic aspects included in risk assessment  
Ability to take temporary precautionary measures 
with low likelihood of WTO challenge

Context of trade liberalisation · Focused on narrow 
scientific risk assessment with high tests to meet · Limited 
relevance to GDOs currently  

International Plant  
Protection Convention

Plant pest risks from international 
trade

Yes*   
* IPPC itself is le-

gally binding, but its 
standards are not

183 Applies to plant pest risks from all LMOs, which may 
be plants, insects, fungi, bacteria, etc.
Addresses unintentional pathways of introduction

Limited relevance to GDOs currently  

World Organisation for  
Animal Health standards

Animal health and zoonoses from 
international trade

No 182 Specific focus on animal health and animal disease 
agents

Limited relevance to GDOs currently

Biological Weapons  
Convention

Biological weapons Yes 182 Mandate clearly addresses hostile use with clear 
prohibition on development, use and stockpiling for 
such purposes

No oversight framework on biotechnology research
Lack of political will to develop implementation  
mechanisms 

Environmental Modification 
Convention

Environmental modification 
techniques

Yes 78 Prohibits hostile and military use Moribund; limited membership and political will 
High ‘troika’ threshold to meet

UN Declaration on the Rights 
of Indigenous Peoples

Rights of indigenous peoples, 
including free, prior and informed 
consent

No 150* Universal framework of minimum standards, sets 
international norms 
Free, prior and informed consent an established right

* Not legally binding, but endorsed by 150 members of 
the UN General Assembly

Guidance Framework for 
Testing of GM Mosquitoes

Testing of GM mosquitoes No N.A Specific focus on GM mosquitoes Not developed inter-governmentally 
Flaws in approach to gene drive mosquitoes 

Table 1: Summary of relevant international legal and regulatory instruments and processes
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within a facility, installation or other physical struc-
ture, which involves living modified organisms that 
are controlled by specific measures that effectively 
limit their contact with, and their impact on, the ex-
ternal environment” (Article 3). When these condi-
tions are not met, the situation is therefore one of 
‘intentional introduction into the environment’, as 
recently reiterated by the Parties to the Cartagena 
Protocol (Decision 9/12, paragraph 2). Such con-
ditions are also not likely to be met by ‘semi-field 
testing’ in outdoor cages that may be a stage in the 

development pathway of gene drive mosquitoes 
(James et al. 2018, 22-25), and hence should not 
be considered as contained use.

However, the risk of accidental or unintentional 
release from contained use into the environment al-
ways remains, either through laboratory accidents 
or human mistakes. The novel capabilities of syn-
thetic biology, gene drives in particular (due to their 
proliferative design), and their potentially increased 
impacts on biodiversity merit a serious assessment 

Instrument Application Legally-binding? Number of 
Parties/ members

Key advantages in relation to gene drive 
organisms

Key gaps in relation to gene drive organisms

Convention on Biological 
Diversity
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Developed for conventional LMOs · Focused on  
decision-making by a country in the context of intentional 
transboundary movements · Inadequate provision for 
socioeconomic assessment · No elaboration of contained 
use rules · Lack of enforcement · US not a Party
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Liability and redress rules for 
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Yes 44 Subject matter includes GDOs  
Liability and redress rules important for GDOs  
Damage resulting from unintentional and illegal trans-
boundary movements is included

Damage must result from LMOs/GDOs from another 
country · Administrative approach places burden on 
authorities · No financial guarantees · Limited number of 
Parties currently · US not a Party

WTO Agreement on Sanitary 
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Sanitary and phytosanitary 
measures that affect international 
trade

Yes 164 Economic aspects included in risk assessment  
Ability to take temporary precautionary measures 
with low likelihood of WTO challenge

Context of trade liberalisation · Focused on narrow 
scientific risk assessment with high tests to meet · Limited 
relevance to GDOs currently  

International Plant  
Protection Convention

Plant pest risks from international 
trade

Yes*   
* IPPC itself is le-

gally binding, but its 
standards are not

183 Applies to plant pest risks from all LMOs, which may 
be plants, insects, fungi, bacteria, etc.
Addresses unintentional pathways of introduction

Limited relevance to GDOs currently  

World Organisation for  
Animal Health standards

Animal health and zoonoses from 
international trade

No 182 Specific focus on animal health and animal disease 
agents

Limited relevance to GDOs currently

Biological Weapons  
Convention

Biological weapons Yes 182 Mandate clearly addresses hostile use with clear 
prohibition on development, use and stockpiling for 
such purposes

No oversight framework on biotechnology research
Lack of political will to develop implementation  
mechanisms 

Environmental Modification 
Convention

Environmental modification 
techniques

Yes 78 Prohibits hostile and military use Moribund; limited membership and political will 
High ‘troika’ threshold to meet

UN Declaration on the Rights 
of Indigenous Peoples

Rights of indigenous peoples, 
including free, prior and informed 
consent

No 150* Universal framework of minimum standards, sets 
international norms 
Free, prior and informed consent an established right

* Not legally binding, but endorsed by 150 members of 
the UN General Assembly

Guidance Framework for 
Testing of GM Mosquitoes

Testing of GM mosquitoes No N.A Specific focus on GM mosquitoes Not developed inter-governmentally 
Flaws in approach to gene drive mosquitoes 
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of risks stemming from contained use. A series of re-
cent incidents at high containment laboratories, in-
cluding repeated accidental releases by laboratories 
regarded as being highly professional and secure, 
draw attention to the inevitability of containment fail-
ure. Recent examples include accidental distribution 
of potentially pandemic influenza viruses by the US 
Centers for Disease Control and Prevention (CDC 
2014a), the discovery of improperly stored and for-
gotten samples of viable smallpox virus at the US Na-
tional Institutes of Health (CDC 2014b; Christensen 
2014), and numerous incidents of accidental distri-
bution of viable anthrax bacteria by the US Army’s 
Dugway Proving Ground (Chappell 2015).

For GDOs especially, the consequences are 
great, because even a small unintentional release, 
particularly of a global gene drive, can result in an 
extensive spread of the gene drive (Esvelt and Gem-
mell 2017, 2; Noble et al. 2017; Simon et al. 2018, 
3), possibly throughout an entire species. The very 
properties that make GDOs desirable – spread and 
persistence – mean that contained use will need to 
be especially stringent. As such, the safe handling 
of GDOs in contained use merits special attention. 
A combination of multiple stringent confinement 
strategies and safeguards to prevent the uninten-
tional release of gene drive systems from the lab-
oratory has been recommended by leading gene 
drive researchers (Akbari et al. 2015). 

Indeed, that subset of GDOs that are designed to 
eradicate populations or species (e.g. mosquitoes, 
rodents) may far more closely resemble dangerous 
pathogens than other types of GMOs. Such GDOs, 
currently under development, are intended to be 
‘infectious’ (through mating), lethal (i.e. severe in 
consequence), and difficult (probably impossible) to 
treat or to remove from the environment. They have 
the capacity, indeed are designed, to spread wide-
ly through a population or entire species. These are 
key characteristics that traditionally define danger-
ous organisms (usually pathogens) that are assigned 
to higher risk groups, and which in turn typically 
require high containment facilities and associated 
stringent personnel practices. 

The AHTEG on Synthetic Biology under the CBD 
has pointed out that the development and imple-
mentation of well-designed strategies, which in-
cludes physical containment, might be needed for 
the organisms, components and products of syn-
thetic biology (including GDOs) under contained 
use, in order to effectively limit their survival or 
spread and to prevent or minimise their exposure 
of the environment (AHTEG on Synthetic Biology 
2017, paragraph 18).

Despite this great need, amply demonstrated 
by numerous incidences of accidental releases of 
pathogens in contained use, however, “there are 
currently no dedicated guidelines on the required 
risk assessment and minimal control measures ap-
plicable to gene drive organisms in contained use” 
(van der Vlugt et al. 2018, 25).

2.4.2 Contained use regulations at the 
international level

LMOs destined for contained use are subject 
to the provisions of the Cartagena Protocol on Bi-
osafety, since its scope applies to the transbounda-
ry movement, transit, handling and use of all LMOs 
(Article 4). However, the Cartagena Protocol does 
exclude LMOs destined for contained use from its 
AIA procedure, if the transboundary movement is 
undertaken in accordance with the standards of the 
Party of import (Article 6). Nonetheless, the Proto-
col preserves the rights of Parties to subject LMOs 
in contained use to risk assessment prior to deci-
sions on import and to set standards for contained 
use within its jurisdiction. 

This all points to the importance of national regu-
lations on contained use for LMOs, which would also 
be applicable to GDOs, and indeed, many countries 
already may have such national standards.

However, there are no international contained 
use regulations or standards, and furthermore, 
there are none that are specific to GDOs. This is a 
major gap, especially because of the potential for 
unintentional releases of GDOs that might result in 
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transboundary movement or the crossing of nation-
al borders, requiring an international response. 

The need for internationally agreed standards 
for effective containment of GDOs, in order to avoid 
accidental releases from laboratory facilities, has 
been duly acknowledged by the AHTEG on Synthet-
ic Biology (AHTEG on Synthetic Biology 2017, par-
agraph 51(c)).

2.4.3 Regional standards and other  
contained use guidelines

Currently there do exist regional standards and 
other contained use guidelines that provide some 
useful insights for contained use regulation of 
GDOs, and their salient features are summarised 
below. The EU’s ‘Directive on the contained use of 
genetically modified micro-organisms’ is a regional 
law for EU member states. There are other non-le-
gally binding guidelines for contained use that have 
become the de facto international standards, al-
though they remain voluntary. These include the 
WHO’s ‘Laboratory Biosafety Manual’, the US De-
partment of Health and Human Services’ manual on 
‘Biosafety in Microbiological and Biomedical Labo-
ratories’, and the US National Institutes of Health’s 
(NIH) ‘Guidelines for Research Involving Recombi-
nant or Synthetic Nucleic Acid Molecules’.

EU Directive on the contained use of genetically 
modified micro-organisms 

The European Union’s ‘Directive on the con-
tained use of genetically modified micro-organisms’ 
is a regional standard that is legally binding on EU 
member states, which have to implement it through 
their national laws. The Directive is restricted to GM 
microorganisms, and is therefore largely concerned 
with the identification of the risks to human, animal, 
and plant health that could be caused by pathogenic 
properties. While there are currently no pathogenic 
GDOs, the parallels with pathogens, as discussed 
above, necessitate stringent regulations for con-
tained use, in that the aim is to prevent their escape 
into the environment. 

5  Risk Groups 1 to 4, ranging from a microorganism that is unlikely to cause human or animal disease, to a pathogen that usually causes serious 
human or animal disease and that can be readily transmitted, and for which effective treatment and preventive measures are not usually available.

Therefore, the general principles of the Direc-
tive are a useful framework for identifying potential 
adverse effects of GDOs and their likelihood of oc-
currence, as well as assigning risk classes to a con-
tained use activity with a GDO (van der Vlugt et al. 
2018). In addition, the Directive is already applica-
ble to any GDO that is a microorganism in contained 
use.

The Directive obliges EU member states to con-
duct a risk assessment of the contained use of GM 
microorganisms in terms of the risks to human health 
and the environment. The results are then used to 
assign four classes of activities, ranging from no or 
negligible risk and low-risk up to moderate-risk and 
high-risk, which correspond to four levels of con-
tainment. Notification to the competent authority 
is required prior to any contained use activity, with 
classes 3 and 4 requiring prior consent or approval 
from the competent authority. Emergency plans are 
required to be drawn up before any contained use 
activity commences.

Member states report regularly on laborato-
ry accidents involving GM microorganisms. In the 
event of an accident that could affect other mem-
ber states, there is a regional alert and consultation 
process. The member state concerned has to alert 
and consult other member states likely to be affect-
ed, on the proposed implementation of emergency 
plans. 

WHO Laboratory Biosafety Manual 

The WHO Manual is a reference and guidance 
document intended to help countries, particularly 
developing countries, implement basic concepts  
in biological safety. This is encouraged through  
the development of national codes of practice for 
the safe handling of pathogenic microorganisms 
in laboratories, although there is no obligation for 
countries to do so. The third edition, published in 
2004, adds text on the safe use of recombinant DNA 
technology.

Inherent in the Manual is the idea of classify-
ing microorganisms according to risk groups5 and 
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of designating laboratory facilities according to 
biosafety levels.6 Biosafety level designations are 
based on a composite of various factors, such as 
design features, construction, containment facili-
ties, equipment, practices and operational proce-
dures. Establishing the appropriate biosafety level 
for laboratory work requires a risk assessment that 
takes the risk group, facilities available and other 
factors into account.

The Manual sets out the factors to consider in 
conducting a microbiological risk assessment and 
advocates a precautionary approach when there 
is not enough information available. It details the 
minimum requirements necessary for all biosafety 
levels. Comprehensive guidelines are provided for 
basic laboratories – Biosafety Levels 1 and 2 – as 
these are fundamental to all laboratories regardless 
of their biosafety level. The guidelines for Biosafety 
Level 3 and 4 laboratories modify and add to the 
basic guidelines, and are designed for work with 
more hazardous pathogens.

The Manual also sets out guidelines for labo-
ratory animal facilities, including the designated 
containment levels. These apply the contained use 
standards to animals that are inoculated with micro-
organisms from the various risk groups. Additional 
precautions that are necessary for certain arthro-
pods, particularly flying insects, are also listed. 
These could possibly be adapted for use in relation 
to GDOs that are animals or flying insects.

The Manual includes a chapter on laboratory bi-
osecurity, which addresses situations when there is 
loss, theft, misuse, diversion or intentional release 
of pathogens and toxins. This is relevant to the dual 
use issue that is inherent to technologies such as 
gene drives. 

6  Laboratory facilities are designated as: basic – Biosafety Level 1 and Level 2; containment – Biosafety Level 3; and maximum containment – Biosafe-
ty Level 4.

7  Biosafety level 1 (BSL-1) is the basic level of protection and is appropriate for agents that are not known to cause disease in normal, healthy 
humans. Biosafety level 2 (BSL-2) is appropriate for handling moderate-risk agents that cause human disease of varying severity. Biosafety level 3 
(BSL-3) is appropriate for agents with a known potential for aerosol transmission, for agents that may cause serious and potentially lethal infections 
and that are indigenous or exotic in origin. Exotic agents that pose a high individual risk of life-threatening disease by infectious aerosols and for 
which no treatment is available are restricted to high containment laboratories that meet biosafety level 4 (BSL-4) standards (Department of Health 
and Human Services 2009, 3).

Biosafety in Microbiological and Biomedical  
Laboratories

The US Department of Health and Human Ser-
vices publication, ‘Biosafety in Microbiological and 
Biomedical Laboratories’, deals with safe microbi-
ological and biomedical laboratory practices. It is 
an advisory and guidance document recommend-
ing voluntary best practices for the safe handling 
and containment of infectious microorganisms and 
hazardous biological materials. Two principles of 
biosafety – containment and risk assessment – are 
paramount, aiming to protect laboratory workers, 
the environment and the public from exposure to in-
fectious microorganisms and to prevent laboratory- 
associated infections (LAI).

Four ascending levels of containment, offering 
increasing protection and referred to as biosafety 
levels 1 through 4, are currently established.7 The 
risk assessment process identifies the hazardous 
characteristics of a known or potentially infectious 
agent or material, the activities that can result in a 
person’s exposure to an agent, the likelihood that 
such exposure will cause a LAI, and the probable 
consequences of infection. The risk assessment 
guides the selection of appropriate biosafety levels. 
At each level, the microbiological laboratory prac-
tices, suggested safety equipment and facility safe-
guards are described. 

The issue of laboratory biosecurity is also dis-
cussed. The objective of biosecurity is to prevent 
loss, theft or misuse of microorganisms, biological 
materials and research-related information. A bios-
ecurity risk assessment is recommended to analyse 
the probability and consequences, while providing 
the basis for risk management decisions. These ele-
ments may be useful to address the dual use poten-
tial of gene drives and to safeguard against misuse.
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Arthropod Containment Guidelines provide 
principles of risk assessment, recommend biosafe-
ty measures for arthropods of public health impor-
tance and address the unique containment challeng-
es. Four Arthropod Containment Levels (ACL 1 – 4) 
add increasingly stringent measures and are simi-
lar to biosafety levels. The Guidelines are relevant 
to GDOs that are insects, for example, gene drive 
mosquitoes. As an example, one research project 
with mosquitoes containing population suppression 
gene drives reported that the work was conducted 
in ACL-2 and in a temperate region, which offers 
some level of protection due to the lesser ability of 
mosquitoes to survive in such climates (Kyrou et al. 
2018, 1067). In our view however, this may not be 
stringent enough and clear legally binding stand-
ards specific to GDO contained use experiments are 
still needed.

NIH Guidelines for Research Involving  
Recombinant or Synthetic Nucleic Acid Molecules 

The NIH Guidelines provide guidance for re-
search involving the construction and handling of: 
(i) recombinant nucleic acid molecules; (ii) synthet-
ic nucleic acid molecules, including those that are 
chemically or otherwise modified but can base pair 
with naturally occurring nucleic acid molecules; 
and (iii) cells, organisms, and viruses containing 
such molecules. A risk assessment is required, and 
four risk groups are established according to the 
pathogenicity of the agents. A final consideration of 
the risk is then the basis for setting the appropriate 
containment conditions or biosafety levels for the 
experiments. 

The Guidelines apply to all recombinant or syn-
thetic nucleic acid research within the US, if the 
research is conducted at or sponsored by an insti-
tution that receives support for such research from 
NIH, including research performed directly by NIH. 
All recombinant or synthetic nucleic acid research 
performed abroad that receives NIH funds must 
also comply. Voluntary compliance is encouraged 
of those not otherwise covered by the Guidelines 
and many institutions have reportedly adopted the 
Guidelines as current best practice.

The Guidelines are meant to be implemented 
primarily through Institutional Biosafety Commit-
tees (IBCs), which comprise researchers at the insti-
tution who have differing expertise, along with other 
stakeholders not affiliated with the institution, who 
represent community interests in regard to health 
and the environment. All research involving recom-
binant or synthetic DNA must be reviewed and ap-
proved by an IBC.

Questions have been raised about the effective-
ness of the IBC system in the US where it was de-
signed and where it remains the primary institution-
al level bulwark against GMO accidents. Numerous 
instances of IBCs that fail to meet, do not review 
research proposals, do not identify and review lab-
oratory accidents, and do not report or act to sanc-
tion personnel responsible for accidents, have been 
identified (Race and Hammond 2008).

Whether the IBCs have the necessary expertise 
or resources to determine adequate containment 
measures for GDOs remains a concern, more so in 
the case of their ability to address issues of biose-
curity or the intentional misuse of gene drives (Heit-
mann et al. 2016, 175; NASEM 2016, 170). It has 
however been suggested that the NIH could provide 
additional guidance specific to experiments using 
gene drive insects (Carter and Friedman 2016, 11).

The biocontainment measures that have been 
established by these standards and guidelines for 
pathogens or dangerous biological agents in labora-
tory facilities, discussed above, provide valuable in-
sight on how nations and other authorities can reg-
ulate GDOs in contained use. However, the current 
situation applied to GDO research in the laboratory, 
which is dependent on ad hoc adaptations of exist-
ing contained use standards or guidelines, with no 
obligation for reporting or inspecting what biosafety 
levels are actually being used, or for compliance, 
needs to be urgently remedied. It is imperative that 
the international community develop and apply ef-
fective international, GDO-specific contained use 
regulations as a priority. The key elements that we 
view as necessary for contained use regulations of 
GDOs are discussed further in Section 4.1.
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3  Towards an effective international legal 
and regulatory regime

3.1 A proposed home for international 
governance of Gene Drive Organisms

After consideration of the various relevant trea-
ties, regulatory bodies and other instruments cur-
rently in place, it would appear that the CBD and 
its Protocols are the best overall structure in which 
to locate development of international law pertain-
ing to GDOs. This would include responsibility for 
international contained use regulations (addressed 
in detail in Section 4.1), given the potential species 
and ecosystem implications, should escapes from 
the laboratory occur. The objectives of each of the 
three CBD instruments are multifaceted, but all of 
them include in their aims the conservation and sus-
tainable use of biological diversity. 

Of course, much more needs to be done to en-
able these instruments to be effective against the 
serious threats posed by GDOs, in particular to bi-
ological diversity. In fact, the purpose of some gene 
drive applications (see Chapter 2) is to supress pop-
ulations, but may result in population and species 
extinction, which is directly contrary to the objec-
tives of the CBD.

The CBD and the Cartagena Protocol on Bi-
osafety have near universal application, with the US 
as the most notable exception. There are currently 
196 CBD Parties and 171 Parties to the Cartagena 
Protocol. The Nagoya – Kuala Lumpur Supplemen-
tary Protocol has only recently entered into force, 
with currently 44 Parties. 

It is clear from the overview in Section 2 that 
GDOs are currently covered by the scope of the 
CBD, the Cartagena Protocol and the Supplementa-
ry Protocol, in so far as GDOs are LMOs, and in so 
far as GDOs are likely to have a significant adverse 
impact on biological diversity. GDOs have also be-
gun to be specifically addressed by the CBD and the 
Cartagena Protocol.

As such, the CBD and its Protocols can be said 
to be already ‘seized of the matter’, and that GDOs 
clearly fall under their jurisdiction, However, GDOs 
pose challenges and risks not foreseen when the 
Convention and its Protocols were negotiated, since 
‘conventional’ LMOs were what the first drafters had 
in mind. As such, much needs to be done to enable 
the CBD and its Protocols to adequately address the 
governance of GDOs beyond governance of LMOs.

The on-going work on synthetic biology and risk 
assessment and risk management by the respective 
AHTEGs is preliminary and this work needs to be 
taken further. COP and COP-MOP decisions are 
also necessary to affect their recommendations.

In the Cartagena Protocol, work has already been 
undertaken on other issues particularly relevant to 
GDO governance: in the AHTEG on Socio-economic  
Considerations; by the Network of Laboratories for 
the Detection and Identification of LMOs; and on 
unintentional transboundary movements of LMOs. 
Additional work on these issues specific to GDOs 
should be undertaken further. 

COP decisions on synthetic biology, including 
GDOs, have stressed the importance of the precau-
tionary approach but, it is important to emphasise, 
have not required mandatory risk assessment, risk 
management or regulatory procedures specific to 
GDOs to be in place or undertaken before any re-
lease occurs. The time is ripe for the COP to de-
cide on this as well as on any potential suspension 
of GDO activity, especially considering the absence 
of binding and effective regulation of GDOs at local, 
national or international levels to date. The COP 14 
decision (14/19) already moves in this direction (see 
Section 2.1.1). As such, implementation of these 
governance aspects, at international and national 
levels, should be a priority.
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Explicitly locating broader governance of GDOs 
under the CBD and allocating more specific regula-
tory governance to the Cartagena Protocol, with the 
Supplementary Protocol being designed to address 
liability issues, seems to be the obvious way to begin 
the serious work of ensuring that there are specific 
and binding international rules on GDOs.

Critical steps forward which should be initiated 
urgently include a thorough review of how the pro-
visions of the Cartagena Protocol and the Supple-
mentary Protocol may become actively responsive 
to the specificities and risks of GDOs. 

A number of options with regards to legal form 
could be identified to address the areas that need 
to be strengthened to meet the challenges of GDOs. 
Among those options available under the Conven-
tion and its Protocols include amendments to the 
Convention and its Protocols, new Protocols, new 
annexes, or COP and COP-MOP decisions. Work 
can be undertaken in the SBSTTA, new or existing 
AHTEGs, or any other subsidiary body established 
by the COP or COP-MOP. These considerations 
should be part of the review, as the form required 
should follow on from the function of new or amend-
ed rules, as required. 

In addition, serious efforts need to be made 
to ensure that the implementation of and compli-
ance with the CBD and its Protocols are improved. 
For example, the Cartagena Protocol is extremely 
weak in monitoring how it is being implemented and 
whether Parties are in compliance with its obliga-
tions. Parties monitor their own implementation of 
obligations and report on the measures that they 
have taken to implement the Protocol. Compliance 
procedures and mechanisms under the Protocol are 
facilitative and cooperative in nature, which means 
there is little in the way of enforcement of its pro-
visions and obligations, as well as few sanctions or 
other consequences if the Protocol’s obligations 
have been violated. For example, there have been 
failures in the transboundary notification process 
when GM mosquito eggs were exported/imported 
between Parties (GeneWatch UK 2014). Despite 
civil society bringing this to the attention of the Par-
ties concerned and the CBD Secretariat, no action 

was taken, as compliance measures are only trig-
gered by one Party against another.

Other international agreements, regimes and 
fora present opportunities for specific aspects of 
gene drive and GDO regulation. In particular, the is-
sue of potential dual use of gene drive technologies 
has to be addressed by the BWC, whose mandate 
clearly prohibits the hostile use of GDOs, and in-
cludes development, production, acquisition, trans-
fer, retention, stockpiling and use for such purposes 
(see Section 2.2.4). Furthermore, the UN Declara-
tion on the Rights of Indigenous Peoples rightly sets 
the international norms and standards on the issue 
of free, prior and informed consent (see Section 
2.2.6).

While international laws are legally binding, and 
this is necessary for establishing legal obligations 
that are actionable, there are of course limitations 
in terms of their implementation and enforcement, 
funding levels (which may be a combination of man-
datory and voluntary funds, and may be insufficient), 
adequate staffing, and so on. Nevertheless, binding 
international laws that oblige Parties to take action 
are far preferable to voluntary or self-regulation. At 
the international level, this usually means that some 
financial flows and capacity building efforts begin to 
occur, and support and infrastructure is provided 
to assist countries in their implementation. In the 
case of GDOs, having legal obligations extending 
beyond moral responsibility would increase the ac-
countability of the research and development that 
is already taking place, regardless of any current 
limitations.

3.2 The role of national biosafety laws 
and national contained use regulations

The Cartagena Protocol on Biosafety is legally 
binding on the countries that have become a Party 
to it through their national legal process. Parties to 
the Cartagena Protocol are legally obliged to take 
national measures to implement their international 
obligations (Article 2.1).
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In most cases, Parties to the Cartagena Proto-
col have national biosafety laws, regulations and 
administrative orders in fulfilment of this obligation. 
Parties interpret their international obligations and 
translate these into their national laws, regulations, 
etc. 

The Cartagena Protocol sets minimum stand-
ards for biosafety, which means that Parties to the 
Protocol can regulate LMOs for the protection of bi-
ological diversity more strictly than the Cartagena 
Protocol. In so doing, however, the stricter biosafety 
action must be “consistent with” the objective and 
provisions of the Protocol, and be “in accordance 
with” the other international law obligations of that 
Party (Article 2.4).

In practice, many countries have both adapted 
and added to provisions from the Cartagena Proto-
col in their national legislation and regulations. De-
pending on countries’ national interests, these laws 
range from those that are comprehensive, such as 
the European Union’s various Directives and Regu-
lations dealing with all aspects of biosafety, to those 
that may be narrower in scope and focused only on 
the minimum standards set by the Protocol.

However, some of the notable non-Parties to the 
Cartagena Protocol are the US, Canada and Argen-
tina, which are also major producers and exporters 
of GMOs. This means that these countries are not 
bound by this Protocol, which creates a significant 
problem for international level cooperation and 
action. This has been a long-standing issue, made 
worse more recently. At the same time, US partic-
ipation in international negotiations, for example, 
has been far from constructive, often undermining 
the processes and outcomes. In fora where the US 
in not a Party, procedural rules can limit its influ-
ence; however, in fora where the US is a Party, it has 
the full rights of any Party to engage in the process 
and negotiate. 

GDOs are currently being researched and de-
veloped, mainly in the US and Europe. The US has 
shown no intention to ratify the CBD or its Protocols 
since they were negotiated, and is very unlikely to do 
so, either in the current political context or indeed, 

in the foreseeable future. It should be recognised 
that even if a specific instrument were to be negoti-
ated for governance of gene drives and GDOs, it is 
highly unlikely that the US would become a Party to 
it. This is the reality that has to be worked with and 
around.

In this political context, if the Cartagena Proto-
col and the Supplementary Protocol are to be made 
effective to regulate GDOs, corresponding national 
rules will be the first line of defence for countries 
against the undesired spread of GDOs from other 
countries, especially non-Party countries.

If an importing or neighbouring country has 
national biosafety rules, producers and exporters 
from all over the world, including from countries 
which are not Party to the Cartagena Protocol, will 
have to comply with their national legislation. 

That means that while countries that are not Par-
ty to the Protocol have no international obligations 
to ensure that their companies or exporters com-
ply with the national legislation of other countries, 
the producers and exporters themselves will have 
to comply with the countries’ national rules if they 
wish to access that market.

Countries that will most require effective nation-
al laws, in addition to or in the absence of effec-
tive international rules governing GDOs, are those 
where research and development of GDOs is taking 
place, along with those countries which are likely 
to be recipients of GDOs for release. In addition, 
neighbouring countries in which research and/or 
release occur will almost certainly be affected. For 
example, in the case of the Target Malaria gene 
drive mosquito, contained use research is taking 
place in Europe, while Burkina Faso is the proposed 
first location of release, a situation which potentially 
also affects neighbouring countries in West Africa.
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3.2.1 Importance of contained use  
standards in national legislation and 
regulation for Gene Drive Organisms 

Contained use issues are particularly important 
in the case of GDOs, as discussed in Section 2.4.1.

Contained use is covered by the Cartagena Pro-
tocol, but not by the Protocol’s advance informed 
agreement (AIA) procedure – which confers an in-
ternational right on Parties to make a decision on 
imports of LMOs for release into the environment 
prior to its shipment – if the transboundary move-
ment is undertaken according to the contained use 
standards of the importing Party.

Some provisions in the Cartagena Protocol ex-
plicitly acknowledge the right of Parties to regulate 
at national level. Contained use is one such provi-
sion. The Cartagena Protocol acknowledges the 
right of Parties to make domestic decisions based 
on risk assessment for any contained use imports. 
It also acknowledges Parties’ right to set domestic 
standards for contained use (Article 6.2). As such, 
the necessity for domestic standards on contained 
use is underscored. 

No international regulations for contained use 
have been developed so far, and furthermore, there 
are none specific to GDOs. This means that do-
mestic rules for contained use are going to be very 
important, especially with the advent of GDOs. Ex-
isting national regulations, if any, would need to be 
re-examined for their adequacy as they were likely 
developed with ‘conventional’ GMOs in mind.

3.3 The Precautionary Principle and  
Polluter Pays Principle are fundamental

The Cartagena Protocol and the Supplementa-
ry Protocol are primarily concerned with the risks 
posed by ‘conventional’ LMOs; but the risks posed 
by GDOs go well beyond them. GDOs carry their 
own inherent risks beyond those posed by LMOs, 
which means it is paramount that any regulatory 
framework for GDOs be underpinned by the Pre-

cautionary Principle and the Polluter Pays Principle 
– as this section details. 

The Precautionary Principle is a normative princi-
ple that aims to guide environmental decision-making  
under conditions of scientific uncertainty. It has four 
central components: initiating preventive action as a 
response to scientific uncertainty; shifting the bur-
den of proof of a potentially harmful activity to the 
proponents; exploring alternative means to achieve 
the same aims; and involving stakeholders in the 
decision-making process (Kriebel et al. 2001).

Principle 15 of the Rio Declaration on Environ-
ment and Development states that: 

In order to protect the environment, the pre-
cautionary approach shall be widely applied 
by States according to their capabilities. Where 
there are threats of serious or irreversible dam-
age, lack of full scientific certainty shall not be 
used as a reason for postponing cost-effective 
measures to prevent environmental degradation.

This is reflected in the preamble of the CBD, 
which notes that “where there is a threat of signifi-
cant reduction or loss of biological diversity, lack of 
full scientific certainty should not be used as a rea-
son for postponing measures to avoid or minimise 
such a threat”.

The Cartagena Protocol on Biosafety addition-
ally reaffirms the precautionary approach in its pre-
amble, and substantively aligns its objective to be 
“in accordance with the precautionary approach 
contained in Principle 15 of the Rio Declaration on 
Environment and Development”, in its Article 1.

Precaution is further operationalised in the deci-
sion-making procedures of the Cartagena Protocol 
(Articles 10(6) and 11(8)):

Lack of scientific certainty due to insufficient 
relevant scientific information and knowledge 
regarding the extent of the potential adverse ef-
fects of a living modified organism on the conser-
vation and sustainable use of biological diversity 
in the Party of import, taking also into account 
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risks to human health, shall not prevent that Par-
ty from taking a decision, as appropriate, with 
regard to the import of the living modified organ-
ism… in order to avoid or minimise such potential 
adverse effects.

Precaution is also established as a principle in 
risk assessment (paragraph 4 of Annex III of the 
Protocol): “Lack of scientific knowledge or scientific 
consensus should not necessarily be interpreted as 
indicating a particular level of risk, an absence of 
risk, or an acceptable risk”.

In the biosafety context, the Precautionary Prin-
ciple essentially provides the policy space for coun-
tries to limit the use and release of GMOs where 
there is scientific uncertainty with regard to poten-
tially adverse environmental and health effects. The 
implementation of the Precautionary Principle pre-
supposes the following: that some threat of harm has 
been identified; that there is scientific uncertainty in 
relation to the potential harm; and that there are cri-
teria to guide proactive and precautionary measures 
(Myhr 2007, 459).

The ‘Polluter Pays’ Principle is affirmed in Princi-
ple 16 of the Rio Declaration:

National authorities should endeavour to pro-
mote the internalization of environmental costs 
and the use of economic instruments, taking into 
account the approach that the polluter should, in 
principle, bear the cost of pollution, with due re-
gard to the public interest and without distorting 
international trade and investment. 

The principle places the responsibility on the 
party producing the pollution to pay for any dam-
age to the environment or human health. It is linked 
to Principle 13 (Chee 2012, 45), which addresses 
the issue of liability and redress, calling on States 
to “develop national law regarding liability and 
compensation for the victims of pollution and other 
environmental damage”, as well as to cooperate to 
“develop further international law regarding liability 
and compensation for adverse effects of environ-
mental damage” that have a transboundary nature. 

With respect to GDOs, liability and redress is a 
clear pillar of biosafety; it ensures that if damage 
occurs, there will be compensation or redress made 
to the victims of that damage (see Section 2.1.3). 
The Polluter Pays Principle further delineates who 
should bear the responsibility for providing that 
compensation.

Both the Precautionary Principle and the Pollut-
er Pays Principle are principles that underpin envi-
ronmental law. They are likewise essential to any 
regulations addressing gene drive technologies and 
GDOs, in order to ensure that harm is avoided and 
anticipatory action taken earlier – rather than later 
in the process – and that there is justice for victims 
of harm. However, the two principles need to be im-
plemented in national laws, and this has not always 
been the case. The result is that, in practice, these 
two important principles may be routinely ignored. 
The challenge then is to ensure that these princi-
ples are effectively put into operation for GDOs. In 
the next section, we turn to the key elements that 
are fundamental in a binding international legal and 
regulatory regime that is based on the Precautionary 
Principle and the Polluter Pays Principle.
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4  Key elements for binding international 
governance of Gene Drive Organisms

A legal and regulatory regime that is responsive 
to the particular challenges posed by GDOs will 
need to build on existing biosafety law, address the 
prevailing gaps and put in place specific elements 
that address these challenges. What follows are 
some of the key elements that we ascertain are crit-
ical and need to be operationalised in any govern-
ance and regulatory regime for GDOs. 

4.1 Strict international contained use 
standards specific to Gene Drive Organisms

Any release of a GDO, including a field trial, is 
a release into the environment. The regulatory dis-
tinction is between containment and release. It is 
essential, as argued in Section 2.4.1, that there are 
strict contained use standards specific to GDOs. 
This has to be developed at the international level 
as a priority and complemented by national rules. 
The standards have to be legally enforceable in or-
der to be effective. 

The AHTEG on Synthetic Biology recognised the 
need for internationally agreed standards for effec-
tive containment of GDOs (AHTEG on Synthetic Bi-
ology 2017, paragraph 51(c)). COP 14 called for the 
development or implementation of measures “to 
prevent or minimise potential adverse effects aris-
ing from exposing the environment to organisms, 
components and products of synthetic biology in 
contained use…” (Decision 14/19, paragraph 12). 
Scientists have also recommended that there be 
“international harmonization of standards for the 
minimum containment requirements for gene drive 
mosquitoes” (James et al. 2018, 18). 

There are parallels in the responsibility of scien-
tists working in the laboratory on self-propagating  
pathogens and on those working with GDOs: both 
have to ensure that these agents remain in the lab-
oratory and do not escape to the outside world 
(Akbari et al. 2015, 927). The biocontainment pre-

cautions that are set for pathogens or dangerous 
biological agents in laboratory facilities therefore 
provide some insight on how to regulate GDOs in 
contained use (see Section 2.4.3). 

The basic idea for regulating contained use ac-
tivities is to set ascending levels of containment, 
which correspond to increasing levels of protection; 
these range from the lowest biosafety level 1 (BSL-
1) to the highest at level 4 (BSL-4). Applied to GDOs, 
those GDOs with a high potential for spread or inva-
siveness, such as those containing global suppres-
sion drives, should be subject to higher containment 
stringency and management procedures (Benedict 
et al. 2018, 4; van der Vlugt et al. 2018). Current 
contained use measures, as applied to pathogens, 
may include some that are not relevant for GDOs, 
and others that may not provide adequately for the 
suite of controls necessary to contain GDOs. This 
means that there is a need to adapt the details ac-
cordingly, along with an additional focus on poten-
tial environmental hazards due to potential species 
and ecosystem effects (Simon et al. 2018, 3). 

A framework for risk assessment and risk man-
agement of GDOs in contained use, involving three 
risk classes, has been proposed by van der Vlugt et 
al. (2018). Risk classes are assigned after consid-
eration of the identity and nature of the potential 
adverse effects on human, animal and plant health 
and the environment; the severity of the adverse 
effects (e.g., expected persistence and spread); the 
likelihood that these adverse effects will occur; and 
connected to this, the characteristics of the activi-
ty with the GDO (e.g. scale of operations). Specific 
minimum requirements for physical measures and 
working practices are then proposed for risk man-
agement according to the risk classes. Generally, 
higher risk activities necessitate additional layers 
of physical containment, with more stringent access 
restrictions for the highest risk class, in order to re-
duce the likelihood of an unintentional release. Risk 
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management measures also include an emergency 
plan for the highest risk class.

At present, there is no standardised application 
of contained use standards to current GDO research 
and development, much less any internationally 
agreed regulations specific to GDOs. Current pro-
jects are adapting existing contained use standards 
(which range from the lowest biosafety level at BSL-
1, to the highest level at BSL-4, or the arthropod 
containment equivalents) but in our view, too much 
is left to the individual researchers or their institu-
tions, including the assignment of biosafety levels, 
monitoring and oversight requirements. This means 
that existing research may not sufficiently have in 
place the strict standards that are necessary for 
GDOs, especially those with global drives capable 
of potentially eradicating populations. For example, 
a freedom of information request has revealed test-
ing of population suppression gene drives in New 
World screwworm in Panama, only at a BSL-2 fa-
cility (Edward Hammond, personal communication, 
12 June 2018).

In our view, some GDOs, depending on their 
specific modifications, have parallels with patho-
gens that are classified as subject to BSL-3 and BSL-
4 containment and therefore should also be subject 
to these higher containment standards. Specifically, 
if these particular GDOs escape, they are difficult or 
impossible to control and can be expected to have 
very negative consequences. In particular, research 
in contained use of gene drive systems that are ca-
pable of introducing deleterious or lethal traits re-
quires the same safety level as for pathogens that 
would have similar effects if released. At least some 
GDOs would meet these criteria if they could result 
in widespread population or species extinction.

Multiple strategies are needed, as “any single 
confinement strategy could fail” (Akbari et al. 2015, 
927). These strategies may be molecular, ecolog-
ical, reproductive or physical. For example, work 
with gene drives in a location where the species un-
der study is also present (or which it might breed 
with), even if not necessarily directed toward lethal 
traits, should be subject to higher biosafety scruti-
ny, given that even the smallest containment failure 

could result in introduction of the trait into the wild 
population(s). To reduce this possibility, it has been 
recommended that laboratory work with GDOs 
should not occur in areas where the wild popula-
tion is present (Akbari et al. 2015, 928). There may 
be other situations where the wild population may 
not be present, but the environment is suitable for  
establishment and persistence of any escapees, 
which would require more stringent containment 
measures.

Furthermore, when it comes to insect GDOs, 
considerations beyond the provision of physical 
containment need to be taken into account. For ex-
ample, greater attention is needed to strain man-
agement, including its distribution and identity con-
firmation (Benedict et al. 2018, 4-5; James et al. 
2018, 18). This is because contamination within lab-
oratories may happen, for example, of non-trans-
genic or wild-type strains which are often kept in 
the same laboratory as references, whereby subse-
quent transfer to another laboratory of that refer-
ence strain may not be appropriately handled at the 
right biosafety level.

All the above elements should be factored in 
when devising rules for contained use of GDOs. 
These regulations must be specific to GDOs, as 
none currently exist. Furthermore, the necessary 
oversight of GDO laboratory research is present-
ly too piecemeal and is not sufficiently stringent. A 
strong case can therefore be made for requiring the 
licensing of experiments with GDOs in contained 
use (see Box 10), which would allow for appropriate 
oversight by the government agencies concerned. 
This national level action can be immediately imple-
mented to complement the international rules for 
contained use of GDOs that are urgently needed.

Working out these specific details for GDOs 
in contained use requires time and effort and this 
should be a priority, given that research and devel-
opment on GDOs is already underway in numerous 
laboratories around the world. Even if there are no 
releases of GDOs into the environment, there is a 
need to urgently address the issue of contained use 
in research and development, so that the risks of 
unintentional escape are effectively minimised. 
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Box 10: Licensure
In addition to generally-applicable biosafety 

rules, one option to ensure that GDO-specific bi-
osafety requirements are observed, particularly in 
the context of large research institutions that si-
multaneously handle many protocols for research 
involving GMOs, is to require licensure of GDO 
experiments. Review and approval of GDO con-
tained use applications by a national body enables 
more thorough, consistent and unified government 
oversight, and can create an important legal pre-
sumption that any unlicensed GDO experiment 
will be sanctioned, thereby discouraging poorly 
planned or inadequately equipped experimenta-
tion with potential legal penalties.

In addition to creating clarity and even-handed 
oversight, national licensure enables the creation 
of review panels that possess specialised exper-
tise in gene drives and GDOs and their implica-
tions, a great advantage that is unlikely to be avail-
able at individual research institutions. In addition, 
because in some countries general biosafety rules 
apply unevenly to research sectors (e.g. exemp-
tions for privately-funded research), by requiring 
licenses for GDO experiments governments can 
ensure that biosafety loopholes are not exploited 
and that experiments, of which the government is 
unaware, do not proceed.

Finally, given the strong transboundary po-
tential of some GDOs, national level licensing of 
GDO experiments places a government in a more 
informed position, and likely gives it more op-
tions and the ability to respond more quickly, if 
transboundary issues arise, either from domestic 
research or the spread of an unauthorised GDO 
from abroad.

Strict containment measures should also apply 
to GDOs that are transported, to ensure that there 
are no escapes at this stage (James et al. 2018, 
18-19). In this regard, Article 18 of the Cartagena 
Protocol on Biosafety relating to handling, trans-
port, packaging and identification of LMOs applies, 
although to date, no specific international rules and 
standards exist.

While robust and stringent regulations for con-
tained use are being developed, meaningful public 
participation is also necessary at all stages and es-
pecially at this particular one, so that research and 
development trajectories incorporate and address 

citizens’ concerns and views from the start. Public 
engagement was highlighted by the National Acad-
emies of Sciences, Engineering, and Medicine as 
essential and integral to the planning, assessment, 
and regulation of gene drive research (Heitmann et 
al. 2016, 175, emphasis added).

Due consideration should also be given as to the 
most appropriate forum for the development of in-
ternational contained use regulations and/or stand-
ards for GDOs (see discussion in Section 3.1). Under 
the Cartagena Protocol, no standards for contained 
use have been developed thus far. Developing such 
rules at the international level is therefore a priority. 

The most suitable venue for such a process cur-
rently would be the CBD and its Protocols, which 
have clear jurisdiction over GDOs and where dis-
cussions in this regard are already advanced. While 
other fora, such as the WHO, could be involved 
in the discussions, its remit or sphere of activity is 
much more limited and would only apply to certain 
aspects of the technology, such as gene drive mos-
quitoes deployed for vector control. 

At the same time, domestic regulations for con-
tained use remain very important. Existing national 
rules, if any, would need to be re-examined for their 
adequacy with regard to GDOs. 

4.2 Joint-decision making for intentional 
release into the environment

4.2.1 State responsibilities 

Principle 2 of the Rio Declaration on Environ-
ment and Development recognises that state re-
sponsibilities in relation to environmental matters 
extend beyond national jurisdiction: “States have… 
the responsibility to ensure that activities within 
their jurisdiction or control do not cause damage to 
the environment of other States or of areas beyond 
the limits of national jurisdiction” (see Box 11). This 
principle is reflected wholesale in Article 3 of the 
CBD. 
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Box 11: State responsibility under international law
States have a responsibility under international 

law to not cause harm in the environment of an-
other State. This obligation is a clear principle of 
international law. If there are activities that present 
a risk of environmental harm, States also have an 
obligation to notify and consult with other poten-
tially affected States. Both actions and omissions 
may result in States being held liable for violations 
of their international obligations. 

These obligations remain on all States even if 
they are not a Party to an existing international 
agreement on liability and redress for a particular 
environmental harm, such as for damage result-
ing from LMOs under the Nagoya – Kuala Lumpur 
Supplementary Protocol on Liability and Redress. 
A State does not discharge its obligations to not 
cause harm in the environment of another State by 
becoming a Party to an environmental liability and 
redress treaty, even if the responsibility for the ac-
tivity in question lies with a private entity.

  Reference: Nijar 2000.

Furthermore, Principle 14 of the Rio Declaration 
calls for States to effectively cooperate to discour-
age or prevent the relocation and transfer to other 
States of any activities and substances that cause 
severe environmental degradation or are found to 
be harmful to human health. Fundamentally, the 
idea is that there should be cooperation among na-
tion states to ensure there is no relocation or trans-
fer beyond borders of any materials having adverse 
effects on the environment or health.

4.2.2 Joint decision-making

Joint decision-making can range from interna-
tional rule-making by consensus, where countries 
make decisions jointly, to decision-making on spe-
cific applications by all potentially affected coun-
tries, in cases where any unilateral decision involv-
ing transboundary implications would be unfair (see 
Box 12). 

Box 12: Joint decision-making in practice
Making decisions jointly is not an alien concept 

in international treaties and this is also the case 

8 See https://ec.europa.eu/food/plant/gmo/authorisation_en for further information on GMO authorisations in the European Union.

for the CBD and its Protocols. Parties adopt deci-
sions based on consensus, which means that they 
have to agree jointly when their governing bodies 
meet. This is also applied to decisions on specif-
ic actions in international law, such as those that 
restrict or ban the use of a substance. For exam-
ple, the Montreal Protocol on Substances that De-
plete the Ozone Layer sets legally binding limits 
on national production and consumption of ozone- 
depleting substances, which Parties jointly agreed 
to. The Stockholm Convention on Persistent Or-
ganic Pollutants likewise prohibits, and/or elim-
inates or otherwise restricts, the production and 
use, as well as import and export, of certain per-
sistent organic pollutants, the list of which was 
jointly decided. Both the Montreal Protocol and 
Stockholm Convention have built-in provisions 
that set out the procedures by which Parties can 
add new chemicals to the list of those that are 
prohibited or restricted, which also requires joint 
decision-making.

The member states of the European Union 
practice a version of joint decision-making when 
it comes to EU-wide GMO approvals8. Wheth-
er for cultivation or for food and feed purposes, 
a GMO has to undergo an approval process, en-
tailing risk assessment and decision-making by all 
member states. A decision to approve or reject a 
GMO is reached by a qualified majority. If there is 
no such majority, the European Commission may 
convene an Appeal Committee. If that Committee 
fails to reach an opinion by a qualified majority, 
the Commission then takes the responsibility for 
the final decision. If there is authorisation, member 
states can still legally restrict or prohibit GM crop 
cultivation in their territories or adopt safeguard 
clauses to address new risks to health or the envi-
ronment that may be subsequently identified, thus 
preserving their right to make decisions in their na-
tional interest.

Given the transboundary nature of the potential 
spread and adverse effects of GDOs, a key element 
in their governance is therefore the need for deci-
sion-making by all potentially affected countries 
(Sustainability Council of New Zealand 2018, 24-
27). This means that countries that are affected be-
yond the country of release must also have a stake 
in any release decision.
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Joint decision-making has also been termed 
‘collective consent’, a concept that recognises that 
granting approval for certain activities should in-
volve all affected parties (Sustainability Council of 
New Zealand 2018, 24-27). Applied to gene drives, 
this means that every country has a right to give or 
withhold its approval for a GDO release in another 
jurisdiction that could directly or indirectly impact 
its territory. Those proposing a release “should be 
required to seek the prior consent of those nations 
that are vulnerable to the effects of a gene drive 
GMO in another jurisdiction or to the flow on effects 
of a gene drive release elsewhere” (Sustainability 
Council of New Zealand 2018, 26). 

Even gene drive developers recognise that mov-
ing forward without the permission of every other 
country harbouring the target species would be 
highly irresponsible (Esvelt and Gemmell 2017, 3). 
They also agree that “regulatory approval must be 
obtained from every country that would be affected 
by an eventual deployment” (Min et al. 2018, S52). 
This is reflected in proposals for a multi-country 
or regional coordination, authorisation and deci-
sion-making process for gene drive mosquitoes 
(James et al. 2018, 12; James and Tountas 2018, 
4793).

Joint decision-making is not about harmonising 
decisions at a regional level or allowing a regional 
entity to make a decision on behalf of all the coun-
tries; it is about ensuring that every country that is 
likely to be affected has a right to be consulted and 
to potentially withhold their approval. 

4.2.3 Implementing joint decision- 
making under the Cartagena Protocol on 
Biosafety

Under the Cartagena Protocol on Biosafety, the 
principle of prior informed consent is already im-
plemented through its advance informed agreement 
(AIA) procedure (Article 7), details of which are 
elaborated in Articles 8 to 10, and Article 12 (see 
Section 2.1.2).

The governance of movements of LMOs between 
countries that are Party to the Cartagena Protocol is 
premised upon obtaining AIA for intentional intro-
duction into the environment of a LMO in another 
country. The obligation is on the Party of export to 
either obtain the consent, or require its exporter to 
obtain the consent, of the receiving Party before 
the transboundary movement can take place. If any 
transboundary movement occurs outside of this 
agreement, the provisions of Article 17 and Article 
25 become relevant. The transboundary movement 
becomes unintentional and illegal in most cases (see 
Section 4.3).

In the context of GDOs, while AIA remains an im-
portant central tenet, joint decision-making would 
require extended modalities to be able to deal with 
the specific nature of GDOs and to account for the 
wider number of Parties that may be involved in a 
decision. Because gene drives have the propensity 
to spread genetic modifications in a transbounda-
ry manner and at the point of release, their effects 
cannot necessarily be confined to one country or to 
a specific import. 

Furthermore, because a GDO domestic release 
will very likely result in spread and transboundary 
movement, there needs to be consideration of a 
shift, both in time and space, of when and where 
AIA is exercised. Essentially, the prior consent 
should be sought before the time and point of do-
mestic release in one country, not at the time when 
the crossing of the border of another is anticipated 
or sought, as is currently the case with LMOs.

Detailed arrangements as to how such a system 
of joint decision-making could be implemented un-
der the CBD and/or the Cartagena Protocol on Bi-
osafety should be considered. Questions of whose 
consent should be sought for a particular applica-
tion, what modalities should determine how col-
lective consent is obtained and how far in advance 
such consent should be obtained, should be care-
fully considered. Whether or not, and how these 
details could be codified in the current legal texts or 
taken up in future decisions of the Parties would be 
another issue meriting serious discussion.
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4.3 Effective measures for dealing with 
unintentional transboundary movements

Unintentional transboundary movements oc-
cur when there is inadvertent crossing of national 
borders of a GMO. For example, a GM rice variety 
had only been approved for field trials in China, but 
entered the food supply (Zi 2005) and was export-
ed, resulting in unintentional transboundary move-
ments to various countries, including the EU. Since 
the GM rice variety had not been authorised in the 
EU, it was also an illegal transboundary movement. 
This led to the EU imposing emergency controls on 
all rice products from China (Price and Cotter 2014, 
11). These restrictions required consignments to 
be certified as not containing GM rice and imports 
subjected to sampling and document checks at the 
EU port of entry. The measures were first imposed 
in 2008 and further measures in 2011, resulting 
in delays and lost export revenue for Chinese rice  
exporters.

The characteristics of many GDOs make them 
amenable to unintentional transboundary move-
ments, whether from contained use or from a do-
mestic release. Gene drives are designed to spread 
genetic modifications in natural ecosystems and will 
not respect national boundaries. The transbounda-
ry nature of gene drives makes it highly possible that 
there will be unintentional and illegal transboundary 
movements of GDOs, for which only limited proce-
dures are provided for in the Cartagena Protocol. 
(Article 17 of the Protocol on unintentional trans-
boundary movements and emergency measures 
and Article 25 on illegal transboundary movements 
have been discussed in Section 2.1.2).

Near certain unintentional transboundary move-
ments of high risk organisms are a key reason why 
joint decision-making is important to consider for 
GDOs (see Section 4.2). When unintentional and il-
legal transboundary movements occur, the country 
into which the GDO has entered will not be able to 
make its own assessment and decision on organ-
isms that will likely be impossible to recall. Thereby, 
the central tenets of the Cartagena Protocol – the 
right of Parties to have their prior informed consent 
sought as well as to be able to make decisions on 

LMO approvals based on risk assessment and in ac-
cordance with the precautionary approach – would 
be circumvented. 

Even if joint decision-making is successfully op-
erationalised, when potentially affected countries 
do give their prior informed consent for any GDO 
release, this would only mean that the transbound-
ary movement is permissible in those countries. 
There is still a high likelihood that unintentional 
transboundary movements will occur beyond these 
countries, to those that were not party to the joint 
decision. When this happens, procedures are need-
ed to deal with such incidents.

Principle 19 of the Rio Declaration establishes 
the concepts of notification and provision of infor-
mation in the case of transboundary environmen-
tal effects: “States shall provide prior and timely 
notification and relevant information to potentially 
affected States on activities that may have a signif-
icant adverse transboundary environmental effect 
and shall consult with those States at an early stage 
and in good faith.”

Article 17 of the Cartagena Protocol on Biosafe-
ty requires Parties to take appropriate measures to 
notify affected and potentially affected States, the 
BCH, and other relevant international organisa-
tions, when it knows of an occurrence (which could 
also include escape from contained use or during 
transport) under its jurisdiction that leads or may 
lead to an unintentional transboundary movement 
of a LMO. Notifications must be provided as soon as 
the Party knows of such situations, and relevant in-
formation must be communicated to the affected or 
potentially affected States. Consultations with these 
States are also necessary in order to enable them to 
determine appropriate responses and initiate nec-
essary action, including emergency measures. 

In the absence of joint decision-making on spe-
cific GDO applications, notification, provision of 
timely information and consultations with poten-
tially affected parties will all be necessary steps for 
dealing with unintentional transboundary move-
ments. However, these efforts may be too little and 
too late. Preventative and precautionary measures 
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are first required to address these scenarios, for 
example by ensuring strict contained use standards 
(see Section 4.1).

Nonetheless, should unintentional transbounda-
ry movement occur despite the best efforts to pre-
vent them, Article 17 requires measures to mitigate 
the effects, if at all possible. These should be fur-
ther strengthened and could include, for example, 
a regional or sub-regional rapid alert system that 
immediately notifies all affected and potentially af-
fected States. Such a rapid alert system is in op-
eration in the European Union, whose Rapid Alert 
System for Food and Feed shares relevant infor-
mation between its members and allows collective 
response (European Commission, n.d). This system 
has worked effectively to inform member states 
about GM contamination incidences in food and an-
imal feed. 

Furthermore, effective emergency and response 
measures are needed, including in a situation where 
there is damage or sufficient likelihood that damage 
will occur. This would require consequent links to 
liability and redress, as well as detection and iden-
tification to enable monitoring. There is also a need 
to adapt existing tools for detection of GDOs as well 
as to develop new ones. Measures such as these, 
which would attempt to deal with unintentional 
transboundary movements of GDOs as effectively 
as possible, need to be worked out in detail. 

4.4 Genuine public participation and free, 
prior and informed consent

The need for public participation has been rec-
ognised in relation to gene drives and GDOs (see 
for example, NASEM 2016). Principle 10 of the Rio 
Declaration on Environment and Development rec-
ognises the three interlinked pillars of appropriate 
access to information: facilitating awareness; par-
ticipation in decision-making processes; and access 
to judicial and administrative proceedings. It says:

Environmental issues are best handled with par-
ticipation of all concerned citizens, at the rele-
vant level. At the national level, each individu-

al shall have appropriate access to information 
concerning the environment that is held by public 
authorities, including information on hazardous 
materials and activities in their communities, and 
the opportunity to participate in decision-making 
processes. States shall facilitate and encourage 
public awareness and participation by making 
information widely available. Effective access to 
judicial and administrative proceedings, includ-
ing redress and remedy, shall be provided.

 Article 23 of the Cartagena Protocol on Biosafe-
ty places a clear obligation on Parties to promote 
and facilitate public awareness, education and par-
ticipation (including access to information) and also 
requires mandatory public consultation and disclo-
sure of results of decisions to the public in the deci-
sion-making process.

Two other regional agreements – the Aarhus 
Convention and the Escazú Agreement – on access 
to information, public participation and access to 
justice in environmental matters – also set out im-
portant rights and obligations in relation to this is-
sue (see Boxes 13 and 14). 

Box 13: The Aarhus Convention
The UN Economic Commission for Europe Con-
vention on Access to Information, Public Partici-
pation in Decision-Making and Access to Justice in 
Environmental Matters, also known as the Aarhus 
Convention, is a legally binding treaty that deals 
specifically with the issue of public participation. It 
entered into force in October 2001. The Conven-
tion covers Parties from the Pan-European region, 
including Europe, Caucasus and Central Asia, al-
though it is open for ratification by any other coun-
try. It has been ratified by 47 countries, including 
the European Community.

The Aarhus Convention grants the public rights 
and imposes obligations on Parties and public 
authorities as regards access to information and 
public participation. There are three pillars: ac-
cess to information; public participation; and 
access to justice. Public participation relies upon 
the other two pillars: the information pillar, to 
ensure that the public can participate in an in-
formed fashion; and the access to justice pillar, 
to ensure that participation happens in reality.

Activities involving GMOs were not initially  
subjected to the Convention’s participation 
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requirements, but were referred to national leg-
islation. However, in 2002, Parties to the Aarhus 
Convention adopted the Guidelines on Access to 
Information, Public Participation and Access to 
Justice with respect to Genetically Modified Or-
ganisms. Known also as the Lucca Guidelines, they 
create a non-legally binding framework that pro-
vides guidance on the practical application of the 
Aarhus Convention’s provisions relevant to GMOs. 

Efforts for a legally binding approach culminat-
ed in May 2005 when agreement was reached on 
an Amendment that provides a legal obligation for 
Parties to provide the public with early and effec-
tive information, along with a means of public par-
ticipation, prior to making decisions on whether 
or not to authorise a GMO release for experimen-
tal or commercial purposes. When decisions are 
made, due account has to be taken of the public 
participation outcomes. The GMO Amendment is 
however not yet in force, due to a lack of political 
will and strong opposition from the Parties which 
did not want a legally binding obligation.

Box 14: The Escazú Agreement
The Regional Agreement on Access to Information, 
Public Participation and Justice in Environmental 
Matters in Latin America and the Caribbean, also 
known as the Escazú Agreement, was adopted in 
March 2018. Rooted in the tenets of Principle 10 of 
the Rio Declaration, it is both a legal instrument for 
environmental protection as well as a human rights 
treaty. Not only does the Escazú Agreement ad-
dress key aspects of environmental management 
and protection from a regional perspective, focus-
ing on access rights to information, public partici-
pation and justice in environmental matters, it also 
includes the world’s first binding provision on hu-
man rights defenders in environmental matters. It 
aims to include those that have traditionally been 
underrepresented, excluded or marginalised. 

There are common elements in the aforemen-
tioned instruments which establish public partici-
pation as a right enshrined in legally binding trea-
ties. Important among these is that they refer to the 
active provision of information, that is, the right of 
the public to receive information and the obligation 
of authorities to proactively collect and dissemi-
nate information of public interest, without the need 
for a specific request. They also refer to the need 

for public participation across different stages in a 
process (in policy making, specific decisions, etc.). 
Obligations are placed on governments to ensure 
transparency and accountability of responses. As 
with other international treaties, these provisions 
need to be implemented and enforced at national 
levels.

Furthermore, the need to obtain the “prior and 
informed consent”, “free, prior and informed con-
sent” or “approval and involvement”, of potentially 
affected indigenous peoples and local communities, 
was reiterated at COP 14 as a condition that should 
be met before any introduction into the environment 
of GDOs, including for experimental or research 
and development purposes (Decision 14/19, para-
graph 11(c)) (see Section 2.1.1). 

There are no international guidelines yet for 
obtaining the “prior and informed consent”, “free, 
prior and informed consent” or “approval and in-
volvement” of potentially affected indigenous peo-
ples and local communities, when considering the 
release of GDOs specifically. However, there are 
international norms and standards set forth in the 
UN Declaration on the Rights of Indigenous Peo-
ples (see Section 2.2.6), which should be the basis 
on which any guidelines are developed. The Mo’otz 
Kuxtal Voluntary Guidelines on which the lan-
guage of the COP 14 decision is based also provide  
guidance. 

What specific international guidelines in relation 
to GDOs should look like in practice and how such 
consent is to be obtained at national and local lev-
els needs to be further discussed and deliberated, 
drawing also from other experiences of obtaining 
the free, prior and informed consent of indigenous 
peoples. What the COP 14 decision makes clear is 
that there should not be an a priori assumption of 
consent, as would be the case with ‘opt out’ models, 
for example, which have been suggested for con-
sideration by James et al. (2018, 32) for large scale 
field trials of gene drive mosquitoes. 
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4.5 Adapted risk assessment and  
risk management approaches with due 
acknowledgement of their limitations

COP 13 noted that risk assessment methodol-
ogies might need to be updated and adapted for 
living organisms developed through synthetic bi-
ology (Decision XIII/17, paragraph 6). The AHTEG 
on Synthetic Biology reiterated this, further adding 
that this might be needed to account for a universal 
lack of experience with the introduction of GDOs 
(AHTEG on Synthetic Biology 2017, paragraph 
41). In addition, “existing risk assessment consid-
erations and methodologies might not be sufficient 
or adequate to assess and evaluate the risks that 
might arise from organisms containing engineered 
gene drives due to limited experience and the com-
plexity of the potential impacts on the environment” 
(AHTEG on Synthetic Biology 2017, paragraph 44). 
The AHTEG further highlighted that risk manage-
ment strategies might similarly need to be adapted 
and complemented (AHTEG on Synthetic Biology 
2017, paragraph 48).

The novel features of GDOs that make them dis-
tinct from ‘conventional’ GMOs, and hence pose 
challenges for risk assessment, include: (i) outcross-
ing and spread of the transgenes as a prerequisite; 
(ii) transferring the laboratory to the field; (iii) the 
modification of wild populations as opposed to cul-
tivated plant species; (iv) the transition from indirect 
(modification against stressors) to direct modifica-
tion of stressors such as pests; and (v) modification 
of common goods (Simon et al. 2018). Adaptations 
to current risk assessment methodologies are there-
fore needed, in order to conduct rigorous assess-
ments for gene drives that are designed to spread 
genetic modifications and that may have irreversible 
impacts (see Chapter 2). However, such assess-
ments must also be able to indicate when the data 
are not strong enough to make a decision or when 
the risks are too high. 

In particular, there remains disagreement, in-
cluding at the AHTEG on Synthetic Biology, as to the 
utility of conducting the risk assessment in a step-
wise manner, that is, from contained use, to field 
trials and finally to open releases, with the results 

at each step informing the next step of the risk as-
sessment, an approach that is common for GMOs. 
It is our view that such an approach is not appropri-
ate at this stage of uncertainty about the impacts  
of GDOs on the environment, as it includes 
field-testing, which requires the release of GDOs 
into the environment. 

Some scientists have proposed a phased testing 
pathway moving from contained use to small-scale 
geographically isolated releases, and then to small-
scale and large-scale open releases for gene drive 
mosquitoes (James et al. 2018; James and Tountas 
2018). This is also the approach recommended for 
GDOs by the National Academies of Sciences, En-
gineering, and Medicine (NASEM 2016) and others 
(e.g. Hayes et al. 2018). However, even so-called 
isolated releases of GDOs (for example on islands), 
may lead to further spread (e.g. wind-blown mos-
quitoes or rats on cars, boats, planes etc.), which 
is why the AHTEG on Synthetic Biology noted that 
islands are not ecologically fully contained environ-
ments (AHTEG on Synthetic Biology 2017, para-
graph 51(b)). 

For global gene drives, a field trial already repre-
sents widespread release because of the propensity 
to spread, contradicting the intended procedure to 
keep the field release limited or confined to some 
extent (Simon et al. 2018, 3). The AHTEG on Syn-
thetic Biology likewise highlighted that “the step of 
release into the environment might be irreversible”, 
and therefore called for a precautionary approach 
(AHTEG on Synthetic Biology 2017, paragraph 45). 
There is consequently a need for substantially more 
data and modelling, as well as a reconceptualisation 
of current approaches to risk assessment, including 
taking into consideration the long-term effects on 
ecosystems (Courtier-Orgogozo et al. 2017, 879). 
Other contained use studies such as long-term 
caged trials in simulated environments or micro-
cosms could also yield useful data, provided that 
there is strict stringency for effective containment.

Both the COP 14 decision (14/19, paragraph 9) 
on synthetic biology and the COP-MOP 9 decision 
(9/13, paragraph 3) on risk assessment and risk 
management stipulate that before organisms con-
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taining engineered gene drives are considered for 
release into the environment, specific guidance may 
be useful to support case-by-case risk assessment. 
The Parties to the Cartagena Protocol will consider, 
in 2020, whether additional guidance materials on 
risk assessment is needed for such organisms.

Therefore, it would be prudent and responsible 
for Parties and other Governments, as well as any 
would-be developer, to wait until such international 
guidance specific to the obligations in the Cartagena 
Protocol is available, before considering any intro-
duction of GDOs into the environment.

4.6 Full assessment of socio-economic 
impacts including ethical concerns 

Gene drives and GDOs are likely to have sig-
nificant and wide-ranging social, cultural and eco-
nomic impacts, which should also be the subject of 
detailed assessment and informed decision-making 
(Sustainability Council of New Zealand 2018, 31). 
The socio-economic and ethical issues raised by 
GDOs have been discussed in Chapters 3 and 4. 

The Cartagena Protocol on Biosafety, in its Arti-
cle 26, establishes the right of countries to take into 
account socio-economic considerations that arise 
from the impact of LMOs on biological diversity 
when making decisions about LMOs. It is clear that 
because of the extensive implications of GDOs, both 
in society and on the environment, a wider consider-
ation of these issues that goes beyond scientific risk 
assessment is needed. As recognised by the National 
Academies of Sciences, Engineering, and Medicine, 
“a comprehensive approach to the development and 
governance of gene-drive modified organisms will 
need to go beyond considerations for public health 
and the environment” (NASEM 2016, 9).

However, the approach offered by the Cartage-
na Protocol is clearly not enough, as the provision 
is weak and does not amount to requiring or con-
ducting socio-economic impact assessments. Tak-
ing socio-economic considerations into account is 
not obligatory under the Protocol; it would be up 
to each Party to do so. There is also a lack of inte-

gration with the risk assessment process, with most 
regulators giving more weight to the assessment of 
environmental risks. Despite the development of 
the ‘Guidance on the Assessment of Socio-Econom-
ic Considerations in the Context of Article 26 of the 
Cartagena Protocol on Biosafety’ by the AHTEG on 
Socio-economic Considerations, this is still a work 
in progress.

Examples of national biosafety laws that attempt 
to incorporate socio-economic and ethical consid-
erations (see Boxes 15, 16 and 17) provide insight 
as to how countries might ensure that these impor-
tant issues find a place in biosafety regulation. How 
to factor in socio-economic and ethical considera-
tions when making decisions on GDOs is therefore 
a critical aspect of their governance, one that needs 
further elaboration.

Box 15: The Norwegian Gene Technology Act and 
socio-economic considerations

Section 1 of the Act states that “the purpose of 
the Act is to ensure that the production and use 
of GMOs … takes place in an ethically justifiable 
and socially acceptable manner, in accordance 
with the principles of sustainable development 
and without adverse effects on health and the en-
vironment.”

Section 10 of the Act states that “… in deciding 
whether or not to grant an application, considera-
ble weight shall (also) be given to whether the de-
liberate release will be of benefit to society and is 
likely to promote sustainable development”.

The Act also addresses ethical norms and val-
ues associated with humans and environmental 
ethical considerations. 

Assessments of sustainability of GMOs apply 
not just domestically but also globally, and sus-
tainability is recognised as an inter-generational 
issue. The assessments should include ecological, 
economic and social sustainability issues, including:
* Is biodiversity affected on a global scale? 
* Is the fulfilment of basic human needs like food, 

shelter, health affected? 
* Are emissions of greenhouse gasses affected? 
* Is the distribution of benefits or burdens be-

tween generations affected? 
* Is the distribution of benefits or burdens be-

tween rich and poor countries affected? 
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Benefit to society must be assessed prior to 
an approval, and has a domestic focus. Relevant 
questions in an assessment of benefit to society 
include:
* Is there a need for the product in terms of de-

mand or otherwise? 
* Will the product solve or possibly contribute to 

solving a societal problem? 
* Is the product significantly better than equiva-

lent products already on the market? 
* Does the product create problems for existing 

production which should be preserved? 

Excerpted from “The Norwegian Gene Tech-
nology Act and socio-economic considerations”, 
Norwegian Directorate for Nature Management 
2011.

Box 16: Swiss law and respecting the dignity of 
living beings 

Switzerland is the only country in Europe that 
has a constitutional duty to take the dignity of liv-
ing beings into consideration. Paragraph 2 of Arti-
cle 120 of the Federal Constitution on ‘non-human 
gene technology’ prescribes that in legislating on 
the use of reproductive and genetic material from 
animals, plants and other organisms, the dignity 
of living beings, as well as the safety of human be-
ings, animals and the environment, shall be tak-
en into account. The concept of ‘dignity of living 
beings’ has further been related to the value of 
the individual organism for its own sake (Federal 
Ethics Committee on Non-Human Biotechnology 
2008, 3).

The Gene Technology Act limits the scope of 
the term to animals and plants (Federal Ethics 
Committee on Non-Human Biotechnology 2008, 
3). Article 8 provides for ‘respect for the dignity 
of living beings’, whereby genetic modification in 
animals and plants must not violate the dignity of 
living beings. 

Violation is deemed to have particularly oc-
curred if the modification substantially harms 
species-specific properties, functions or habits, 
unless this is justified by overriding ‘legitimate in-
terests’. Whether the dignity of living beings has 
been respected is determined by evaluating the 
severity of the harm suffered by animals or plants 
against the significance of legitimate interests as 
identified in the law.

Box 17: Bolivian Law of the Rights of Mother Earth
The Plurinational State of Bolivia adopted the 

Law of the Rights of Mother Earth in 2010. It is 
considered to be the first environmental law that 
gives legal rights to nature.  

In 2012 the Government passed a revised ver-
sion of the original longer piece of legislation: 
the Framework Law of Mother Earth and Integral 
Development for Living Well  (La Ley Marco de la 
Madre Tierra y Desarrollo Integral para Vivir Bien).

The laws recognise the rights of Mother Earth 
(Pachamama, an indigenous goddess of the An-
des) as a whole, along with “all beings of which 
she is composed”. These rights are spelt out in the 
law: the right to life; to maintain the integrity of 
living systems and natural processes that sustain 
them, including capacities and conditions for re-
generation; the right to the diversity of life, without 
being genetically altered or structurally modified 
in an artificial way; the right to clean water; the 
right to clean air; the right to equilibrium, such 
that the interrelationship, interdependence, com-
plementarity and functionality of the components 
of Mother Earth are balanced, for the continuation 
of cycles and reproduction of vital processes; the 
right to restoration; and the right to pollution-free 
living.

The implementation of socio-economic consid-
erations in these examples varies. For example, 
Norway has a strict biosafety regime and has not 
approved any GM crop for cultivation. It routinely 
takes socio-economic considerations into account 
in decision-making. On the other hand, in Bolivia, 
GM soya was approved before the Law of the Rights 
of Mother Earth came into force. Competing nation-
al interests has meant that GM soya is still widely 
cultivated in Bolivia, due to the strong agribusiness 
and trade lobby. 



312 Chapter 5: Legal and regulatory issues

4.7 A technology assessment approach, 
including consideration of alternatives 

Given the discussion in Sections 4.5 and 4.6, it 
would seem that neither a risk assessment alone nor 
a risk assessment supplemented by considerations 
of socio-economic impacts is sufficiently adequate 
for technologies such as gene drives. To this end, Si-
mon et al. (2018, 3) suggest, for GDOs, “a technolo-
gy assessment approach that goes beyond mere risk 
assessment and that is generally not foreseen in leg-
islations”. Technology assessment is the study and 
evaluation of new technologies. It “involves the col-
lection, interpretation and evaluation of information 
and perspectives around contending technological 
options” (Ely et al. 2011, 7). 

Such a technology assessment approach is 
not new. It was identified as an important issue in 
Agenda 21, the comprehensive plan for action on 
sustainable development that was adopted by the 
world’s governments at the UN Conference for En-
vironment and Development (the Rio Earth Summit) 
in 1992. An essential aspect was the need to build 
technology assessment capacity “with due regard 
to appropriate safeguards on the transfer of tech-
nologies subject to prohibition on environmental or 
health grounds” (paragraph 34.26).

This was reaffirmed in the outcome document of 
the Rio-plus 20 process, ‘The Future We Want’ in 
2012. The section on technology includes a para-
graph on technology assessment: 

We recognise the importance of strengthening 
international, regional and national capacities in 
research and technology assessment, especially 
in view of the rapid development and possible 
deployment of new technologies that may also 
have unintended negative impacts, in particular 
on biodiversity and health, or other unforeseen 
consequences (paragraph 275).

One critical aspect of technology assessment 
would be consideration of the appropriateness 
of the technology compared with other means to 
achieve the same goals or to address a stated prob-
lem (see Chapter 4). A comparative approach al-

lows for a comparison of all the approaches that 
could achieve the same outcomes, and if there is 
one that is less risky, then this should be the pre-
ferred option (Sustainability Council of New Zealand 
2018, 29-30). This requires a move away from eval-
uation of the attributes of a single technology, to-
wards addressing a much broader range of options 
(Ely et al. 2011, 22). Such a comparison should be 
done at the start of technology development, when 
first considering a GDO as a possible response to a 
stated problem, and throughout any research and 
development. It would mean that investments and 
resources are not wasted on gene drives or GDOs if 
there are less harmful alternatives available or that 
could be developed and used (Sustainability Coun-
cil of New Zealand 2018, 30).

Furthermore, as technology assessment has de-
veloped tools for feedback loops to society (Simon 
et al. 2018, 3-4), the issue of public participation 
once again would take centre stage. People must 
have the ability to decide which technologies they 
want and to provide input to ensure that these tech-
nologies meet their needs and priorities. There is 
also a need to broaden the expertise involved, so 
that it is not just limited to a small group of experts, 
but rather ensures that there are multidisciplinary 
inputs and specifically brings in perspectives of 
marginalised groups, an approach that tries to ask 
the right questions from the start (Ely et al. 2011, 
21-22). 

At the same time, there is a need to open up the 
outputs of participation exercises to wider govern-
ance processes and policy debates, allowing plural 
policy outputs that recognise multiple perspectives 
and priorities, while highlighting new options, ne-
glected issues, areas of uncertainty and otherwise 
marginalised perspectives (Ely et al. 2011, 22-23).

4.8 Rigorous monitoring and detection

In the case of GMOs, monitoring is the systemat-
ic approach for observing, collecting and analysing 
data on potential adverse effects, based on a risk 
assessment following a GMO’s release. Many juris-
dictions provide for the monitoring of GMOs. For 
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example, in the European Union, Directive 2001/18 
on the deliberate release into the environment of 
GMOs requires the submission of a monitoring plan 
in applications for approval. The monitoring plan in-
cludes both case-specific monitoring based on the 
risk assessment, and general surveillance for unan-
ticipated adverse effects.

Monitoring is also an aspect of the Cartagena 
Protocol on Biosafety. Article 12 allows for reviews 
of decisions, particularly in the light of new scientif-
ic information on potential adverse effects. Article 
16 on risk management also indirectly envisages 
monitoring as well as “an appropriate period of ob-
servation prior to intended use”.  

Annex III of the Protocol further recognises mon-
itoring of the LMO, among other things, as appro-
priate “where there is uncertainty regarding the lev-
el of risk”. The source of this uncertainty could be, 
for example: unanticipated effects on human health 
or key ecological functions; interactions with future 
LMOs; changes in management of the LMO; or un-
certainty as to whether the conclusions of safety 
that may have supported a decision for environ-
mental release are indeed correct (Heinemann and 
Quist 2012, 2).

The ‘Guidance on Risk Assessment of Living 
Modified Organisms and Monitoring in the Context 
of Risk Assessment’, developed under the Protocol, 
includes a section on monitoring of LMOs released 
into the environment. Monitoring was included be-
cause it was viewed as important for risk assess-
ment and risk management and because no specific 
guidance on monitoring is available either interna-
tionally or from the Protocol.

The Guidance provides a robust, comprehensive 
approach for developing a monitoring plan that fo-
cuses on what to monitor, how to monitor, where to 
monitor, how long to monitor, and how to commu-
nicate the results of monitoring. It details two types 
of monitoring: case-specific monitoring to address 
uncertainties identified in the risk assessment; and 
general monitoring, to address uncertainties that 
were not identified in the risk assessment and which 
could include long-term effects that may be com-

plex, cumulative, synergistic or indirect (Heinemann 
and Quist 2012, 3).

Article 7 of the CBD also obliges Parties to iden-
tify the processes and activities that have had or 
are likely to have significant adverse impacts on the 
conservation and sustainable use of biological di-
versity, and to monitor their effects.

Monitoring could result in withdrawal of a par-
ticular GMO from commercialisation because ap-
provals are either time limited or subject to a re-
view of decisions. However, this is not possible with 
GDOs, purely for the fact that once released, a GDO 
cannot be withdrawn in a biological sense (Simon et 
al. 2018, 2). 

Monitoring in the case of GDOs would thus 
need to take the following approaches: tracking 
their movements and the potential spread of the 
trait through populations and across borders and 
ecosystems; and identifying unintended, harmful 
impacts during and after a GDO release, impacts 
that could lead to a change in or revocation of ap-
proval (Sustainability Council of New Zealand 2018, 
31-32). This type of monitoring would also be im-
portant to fulfil other biosafety functions, such as 
liability and redress.

Monitoring of GDOs is also dependent on the ca-
pacity for detection, particularly of any unintention-
al transboundary movements, and would be subject 
to any limits to detection (see Section 2.1.2).

4.9 Stringent liability and redress rules

For GDOs, a minimum requirement would be an 
international civil liability regime with a strict liabil-
ity standard (see Section 2.1.3). Although the Sup-
plementary Protocol’s approach is in effect a strict 
liability approach, it is also, however, an adminis-
trative regime requiring response measures to pre-
vent, minimise, contain, mitigate or avoid damage, 
and/or to restore biological diversity – responses 
which may not always be feasible because of the 
persistence and spread of GDOs. It also places a 
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heavy burden on national authorities, without pro-
viding the necessary financial guarantees.

The first review of the Supplementary Protocol 
will include its financial security and civil liability 
provisions. This will take place in 2023, five years 
after its entry into force (which was in 2018). It is im-
perative that the Supplementary Protocol’s rules on 
financial security and on civil liability are addressed 
at that time, and in a manner that also meets the 
challenges posed by GDOs. 

There is a need for the international community 
to seriously explore the possible options for pro-
viding financial security regarding GDOs, measures 
which might include compulsory insurance or oth-
er financial guarantees, as well as a supplementa-
ry compensation fund. Requiring financial security 
from the developers of GDOs is necessary in or-
der to ensure that adequate redress measures are 
undertaken in the event of adverse impacts from 
GDOs. Examples from other treaties on financial 
security are explored in Box 18. Such arrangements 
must be in place before any GDOs are considered 
for release. This should be considered in the com-
prehensive study on financial security that will be 
carried out and put for the consideration of COP-
MOP 10 in 2020. 

Box 18: Examples from other international  
liability instruments on financial security

The Basel Convention’s Protocol on Liability 
and Compensation for Damage Resulting from 
Transboundary Movements of Hazardous Wastes 
and their Disposal requires compulsory insur-
ance, bonds or other financial guarantees. Proof 
of means to address liability must be provided to 
the State before any transboundary movement can 
occur. The person who has suffered damage may 
sue the insurer directly or the person providing the 
bond or other financial guarantee, although a State 
can choose not to allow this.

The Convention on Civil Liability for Oil Pollu-
tion Damage 1969 (CLC) also requires compulso-
ry insurance or other financial security. The sums 
are fixed by the CLC and adequate evidence of the 
insurance or other cover must be provided. The 
claimant may sue the insurer or the financial secu-
rity provider directly. 

Under the CLC, the owner of a ship is strictly 
liable with limited exceptions. A ship owner is al-
lowed to limit his liability by constituting a fund. A 
government which has initially paid for the clean-
up costs is entitled to claim from the limitation 
fund if the State has allowed for this under its na-
tional law.

Still, there were concerns that the victims of oil 
pollution damage might be left uncompensated 
and that the financial burden on ship owners was 
too great. A further instrument known as the In-
ternational Convention on the Establishment of an 
International Compensation Fund for Oil Pollution 
1971 (The Fund Convention) was agreed upon, to 
provide for an additional source of compensation 
in the event for example that the ship owners can-
not pay or the claim exceeds the liability limits un-
der the Convention.

The oil industry contributes to the Fund. The 
amounts are determined by a formula and are 
derived from an initial levy and an annual pay-
ment. This means that the whole industry shares 
the costs and ensures that funds are available for 
clean-up costs in the event a country is unable to 
bear the costs. It also ensures that no victim goes 
uncompensated fully. 

Reference: Nijar 2000.

Countries do have recourse to their national civ-
il liability laws; however in most cases, no specific 
civil liability laws with strict liability standards for 
GMOs or GDOs are in place. Such specific civil li-
ability laws should be a priority for any country in 
which research and development of GDOs is hap-
pening or where potential deployment is planned. 
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5  The appropriate response to the legal 
and regulatory challenges posed by Gene 
Drive Organisms

9  More than 170 civil society organisations signed a ‘Common Call for a Global Moratorium on Genetically-engineered Gene Drives’ in 2016.  
See: http://www.synbiowatch.org/gene-drives/gene-drives-moratorium/?lores

5.1 Taking the time to get it right 

The elements discussed in Section 4 are not ful-
ly in place and urgent efforts need to be undertak-
en to ensure they are translated into effective rules 
that are binding on all countries in order to reme-
dy the serious gaps identified, before any release 
of GDOs is even contemplated. Even highly devel-
oped countries, let alone developing ones, are sim-
ply not equipped as yet to be able to manage gene 
drive technologies. The current legal and regulatory 
regime is not able to effectively regulate GDOs in a 
precautionary manner, and moreover already suffers 
from the many limitations described in this chapter.

For that reason, some parts of civil society have 
called for a ‘moratorium’9 on any further techni-
cal development and experimental application of 
gene drives, along with any environmental release 
of genetically-engineered gene drives. Others have 
proposed a ‘constraint period’, which would require 
withholding GDOs from any release into the envi-
ronment or field trials until global governance ar-
rangements are in place (Sustainability Council of 
New Zealand 2018, 49-50).

The International Union for Conservation of Na-
ture (IUCN), comprising governments and civil soci-
ety organisations, adopted a resolution in 2016 that 
called on its Director General and Commissions to 
refrain from supporting or endorsing research, in-
cluding field trials, into the use of gene drives for 
conservation or other purposes, until an assess-
ment of the implications of the technology and its 
potential impacts has been conducted (IUCN 2016). 

The Norwegian Biotechnology Advisory Board, 
an independent body appointed by the Norwegian 

government to advise it on biotechnology issues, 
recommended a moratorium on the use of gene 
drives until international regulations for handling 
and risk assessment are in place (Norwegian Bio-
technology Advisory Board 2017, 17). 

There is precedence internationally for such 
pauses in technology development: 

•  In 2000, Parties to the CBD adopted a deci-
sion which recommends that Parties not ap-
prove genetic use-restriction technologies 
(GURTs) for field testing “until appropriate 
scientific data can justify such testing”, nor for 
commercial use “until appropriate, authorized 
and strictly controlled scientific assessments 
with regard to, inter alia, their ecological and  
socio-economic impacts and any adverse ef-
fects for biological diversity, food security and 
human health have been carried out in a trans-
parent manner and the conditions for their safe 
and beneficial use validated” (Decision V/5, 
paragraph 23). GURTs raised serious concerns 
because the technology renders seed sterile, 
thus preventing farmers from re-using their 
own seed, a practice integral to agriculture, 
particularly in developing countries. 

•  In 2008, the CBD requested Parties to ensure 
that “ocean fertilization activities do not take 
place until there is an adequate scientific ba-
sis on which to justify such activities, including 
assessing associated risks, and a global, trans-
parent and effective control and regulatory 
mechanism is in place for these activities; with 
the exception of small scale scientific research 
studies within coastal waters” (Decision IX/16, 
part C, paragraph 4). 
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•  The CBD in 2010 called on Parties to ensure 
that no climate-related geoengineering activ-
ities that may affect biodiversity take place, 
“until there is an adequate scientific basis on 
which to justify such activities and appropriate 
consideration of the associated risks for the 
environment and biodiversity and associated 
social, economic and cultural impacts, with 
the exception of small scale scientific research 
studies…” that are subject to conditions (Deci-
sion X/33, paragraph 8(w)).  

The rationale for having such a similar ‘time-out’ 
in relation to GDOs would be to create a pause in 
terms of releasing GDOs into the environment, in-
cluding in field trials, therefore allowing the time to 
work out the details and to operationalise the nec-
essary legal and regulatory requirements, including 
those applied to contained use. Such regulations 
should be developed by, for example, relevant UN 
bodies, ensuring broad international consensus. In 
our assessment, the CBD and its Protocols are the 
best place to do this (see Section 3). 

This period of developing necessary interna-
tional and national rules for GDOs should also be 
coupled with robust and meaningful public partic-
ipation processes, as well as a reconceptualisation 
of risk assessment and risk management, which 
should be adapted to purpose them for the chal-
lenges and data limitations posed by GDOs. The 
right of communities or countries to withhold their 
consent also needs to be respected at all times.

Taking the time to get things right should not be 
construed as stopping the technology. Indeed, get-
ting it wrong – releasing GDOs before appropriate 
regulation is in place or settling for insufficient gov-
ernance – may be more costly, time-consuming and 
politically challenging than the front-end effort to 
get the settings right. Gene drive developers esti-
mate that “any unauthorized release of a gene drive 
system would quite likely delay applications by a 
decade or more” (Esvelt and Gemmell 2017, 4), 
and “…inappropriately conducted field trials have 
the potential to negatively impact the future success 
of other gene drive products; to undermine commu-
nity, stakeholder, and/or public confidence in the 

technology; and to contaminate the regulatory and 
funding environment” (James et al. 2018, 9).

5.2 What the CBD decision entails

The Parties to the CBD at COP 14, in November 
2018, considered language calling on Parties and 
other Governments, in accordance with the pre-
cautionary approach, to “refrain from the release, 
including experimental release, of organisms con-
taining engineered gene drives”.  While no explic-
it moratorium was decided upon at COP 14, strict 
precautionary conditions have been spelt out. They 
should be met before any introduction into the en-
vironment of GDOs, including for experimental or 
research and development purposes. The precau-
tionary conditions stipulated directly in the COP 
14 decision (14/19) relate to (i) carrying out risk 
assessments; (ii) having in place risk management 
measures; and (iii) obtaining the free, prior and in-
formed consent (or equivalent at national level) of 
potentially affected indigenous peoples and local 
communities (see Section 2.1.1). 

That decision also recalls previous COP deci-
sions that laid out additional elements. These col-
lectively include: 

•  effective regulatory systems consistent with 
the principle in international law of States’ re-
sponsibility to ensure that activities within their 
jurisdiction or control do not cause damage to 
the environment of other States (which is very 
relevant to GDOs given the high potential for 
transboundary spread);

•  addressing issues such as food security and 
socio-economic considerations with the full 
participation of indigenous peoples and local 
communities; 

•  establishing the right to take precautionary 
measures (which could include bans and mor-
atoria), even in a situation where scientific 
knowledge is lacking; 
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•  environmental impact assessment and allowing 
for public participation in such procedures; 

•  dealing with the consequences of extra- territorial 
impacts by promoting reciprocity, notification, 
exchange of information and consultation; 

•  immediate notification as well as action to pre-
vent imminent or grave danger or damage be-
yond national jurisdiction; 

•  emergency responses and international coop-
eration for joint contingency plans when there 
is a grave and imminent danger to biological 
diversity; and 

•  examining liability and redress, including res-
toration and compensation for damage to  
biodiversity.

Taken together, the Parties to the CBD have ef-
fectively raised the bar for any releases into the en-
vironment of GDOs. Most importantly, the interna-
tional community has pointed to the serious issues 
that must be addressed before any releases are 
even considered. This would mean that there has to 
be requisite time set aside to deliberate, and ade-
quate processes put into place, to properly address 
these precautionary conditions. 

The CBD decisions place implementation obli-
gations on Parties, to which the United States – a 
non-Party – and any would-be developer, who 
wishes to be seen as operating in good faith, should 
adhere. Gene drive research and development is 
not an unregulated space that can be experimented 
in at will. In practice, it is simply not acceptable to 
the international community for anyone to release 
a GDO without properly addressing the issues that 
Parties to the CBD have laid down. Neither would it 
be right for one country to approve a release with-
out the consent of other potentially affected coun-
tries and the local communities concerned.

5.3 Critical steps forward

In order to allow for the space and time to put 
in place legally binding governance arrangements at 
the international level, which should include the es-
tablishment and operationalisation of the elements 
identified in Section 4 and build on the CBD deci-
sions, the following are critical steps forward in the 
interim: 

Firstly, there should be no intentional releases 
into the environment, including field trials, of any 
GDO. While there have been calls for a ‘phased 
testing approach’ for GDOs, for example by the US 
National Academies of Sciences, Engineering, and 
Medicine, which recommended proceeding with 
laboratory research and highly controlled field ex-
periments (NASEM 2016), there still remain serious 
concerns at the intergovernmental level about any 
release into the environment of GDOs, however 
small or isolated, as evidenced by the recent COP 
14 decision (14/19) putting in place strict precau-
tionary conditions. 

For there to be well considered, internationally- 
agreed rules and procedures for the governance of 
gene drives and GDOs, there has to be a thorough 
pause, during which no field trials are conducted, 
because even small or isolated releases of GDOs 
can spread, thus defeating the purpose of this im-
portant waiting period.

Secondly, there should be strict contained use 
standards applied to existing research and devel-
opment in the laboratory, as well as strict measures 
for any transport of GDOs, to prevent escape. The 
best available standards should be applied imme-
diately while an intergovernmental process should 
be established to develop mandatory international 
laboratory safety standards for contained use re-
search involving GDOs. 

At the same time, there should be full transpar-
ency regarding on-going research projects; a register 
should be established and maintained to keep track 
of developments. This could be done under the 
CBD’s auspices, particularly through the horizon- 
scanning process that is envisaged for synthetic  
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biology developments. At the national level, govern-
ments can improve oversight by requiring the licen-
sure of experiments with GDOs in contained use.

Thirdly, monitoring and detection for uninten-
tional releases and unintentional transboundary 
movements of GDOs have to be conducted dur-
ing this period, with emergency response plans in 
place. This has to be done by both the authorities 
that have oversight and by entities conducting the 
research and development. Such monitoring is nec-
essary, as unintentional releases may occur at any 
time and governments should remain vigilant even 
during a period where no environmental releases 
are officially permitted. The tools and materials for 
detection of unintentional releases of GDOs must be 
quickly developed and/or adapted, in order to ena-
ble effective and timely detection and identification.

Finally, the international rules for this period of 
constraint, including for their enforcement and for 
liability and redress should there nevertheless be 
damage, must be effectively operational, including 
at national level. This is necessary because even 
during such a pause period there is a need for en-
forcement and to ensure that any unintentional and 
also rogue releases are adequately dealt with, par-
ticularly if any damage results.

Giving pause will allow governance arrange-
ments at the international level to be established 
and made operational, including mechanisms for 
joint decision-making by all potentially affected 
countries. All governments need to engage in fully 
informed discussions about the seriousness of this 
issue, aided by the relevant expertise and genuine 
public participation. In addition, the issue of dual 
use of gene drives must be effectively addressed at 
the appropriate fora. Ultimately, political will is re-
quired to ensure that the world puts in place effec-
tive, legally binding and enforceable rules that are 
necessary for gene drive technologies. 
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