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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

10 Summary

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 vyet,
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



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’étre, 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

Summary 11



« 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-
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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’étre
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



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-
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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.



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-
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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-



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 (Harremoés 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 Weizsacker 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”
(Weizsacker 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 (Harremoés et
al. 2001, Gee et al. 2013).

18 Introduction

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-



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
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Chapter 1

What are Gene Drives”?
I he science, the biology,

the techniques

Ricarda A. Steinbrecher and Mark Wells

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

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 GMQOs, 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 nucleus’, 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.

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.
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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/Cas%-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.

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 genes?” 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 SerebrovskKii
(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

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).
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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 laboratories® (see also Box 1), funders

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

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.

24 Chapter 1: What are Gene Drives?



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

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/Cas? or
RNA guided Gene Drive system

Whilst development of Gene Drives and GDOs
was moving relatively slowly, the advent of CRISPR/
Cas9*in 2012 (Jinek et al. 2012) radically changed
the pace of developments and advances, igniting a
fevered push for application.

CRISPR/Cas? has its origin in bacteria, where it
was found to act as a natural defence system®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.

4 CRISPR/Cas? stands for: ‘clustered regularly interspaced short palindromic repeats’ / ‘CRISPR-associated” protein 9

5 Itis not tested or known whether this is the cause of CRISPR evolution in bacteria or indeed if there is another cause.
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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 Cas?. 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 (HDR®), 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.

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
dCas?, 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.

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).
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Figure 2: Genome editing and the DNA repair
pathways: Top row: After having constructed a
site-specific nuclease (SDN)” 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-
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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).

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

It is well established that CRISPR/Cas? 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/Cas?9
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-

tionships in a collection of CRISPR/Cas?-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/Cas? 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/Cas? 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-

8 And in the presence of a PAM site.
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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 sites’.

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-

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.

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)
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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-

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.
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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.

3.3.1 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



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 drives'®, 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 Cas?. Assessment of drive activity
in genetically diverse backgrounds further revealed
substantial differences in conversion efficiency and

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/Cas? 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).

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)
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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)'".
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/Cas? 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)'?

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

of CRISPR/Cas? 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-Cas? 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-Cas? 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

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 cells®?.” (Grunwald et al. 2019, 105)
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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 cell™.

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 (lhry 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 (lhry 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/Cas?, 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

13 More than 90,000 publications on this protein can be found on Pubmed
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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/Cas% homing gene
driveandthe 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 agentin 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
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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-



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).

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’™* (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,

14 or sometimes parasitic genetic elements or selfish DNA.
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Figure 4

allele for green (recessive)

2 pairs of chromosomes

Hetero- homo-
zygous Locus for seed colour logous
allele for yellow seed (dominant)
non-homo-
logous
allele for purple
2ygous Locus for flower colour logous

allele for purple

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

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

36 Chapter 1: What are Gene Drives?

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).

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).



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).

Figure 5

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)."

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

Selfish genetic elements & drive mechanisms

Over-replicators

Transposable
elements

Homing
elements

HEGs

(homing endonuclease genes)

ZFN-based HEGs

TALEN-based HEGs

Sex-ratio distorter

CRISPR-based HEGs

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

T-haplotype

Semele

Transmission distorters

Meiotic drive Translocations

X-shredder

Chromo-
somal
trans-

locations

systems

e

Toxin-antidote

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.

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)
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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 elements'® (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: () those
that move by copy & paste mechanisms (via an
RNA intermediate); and (1) those that move by cut
& paste mechanisms, often referred to as ‘DNA
transposons’. Transposition of class-l 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 Il 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

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 Il 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)". For example, the genome of silk-

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
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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 Il 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 Il 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

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:

. TEsdonotintegrate 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, lvics, 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-

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

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 2005'). 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

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)
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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-

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-
sighed 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 (TALENSs). 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/Cas?, 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 resistance' (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

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).
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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.

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 1930s2°, 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).

20 Bennet 1977, referenced in Herrmann and Bauer 2012.
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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

Species

Drosophila
melanogaster
(fruitfly)

Saccharomy-
ces cerevisiae
(yeast)

Anopheles
stephensi
(mosquito)

Anopheles
gambiae
(mosquito)

Mus (mouse)

Anopheles
gambiae
(mosquito)

D.melano-
gaster

Trait

Yellow body
colour

Colour
change

anti-Plas-
modium
falciparum
effector genes
(refractory)

Female
sterility

White coats

Female
sterility

Sex-conver-
sion to males

Kind

Loss of func-
tion (X-linked
gene)

Gene addition,
Gene correc-
tion, Gene
disruption
Introgression
(population
modification)

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

Loss of func-
tion

Loss of func-
tion, suppres-
sion

Loss of func-
tion, suppres-
sion

Conversion
rate (homing

E10))
97%

>99%

99.5% (in
germline) ~50%

in egg

91.4 t0 99.6%
initially.
69-98% at later
generations

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

100%

Resistance

Not tested
[3% 71

Not found

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

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

Yes

unlikely

30% (third
of which
in-frame
mutations)
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Institute

University of
California,
San Diego, US

Harvard Med-
ical School,
Boston, US (+)

University of
California,
San Diego &
Irvine, US

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

Univesity of
California, US

Imperial Col-
lege London,
UK

University of
Gottingen,
Germany

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).

REF

(Gantz and
Bier 2015)

(DiCarlo et al.
2015)

(Gantz et al.
2015)

(Hammond et
al. 2016)

(Grunwald et
al. 2019)

(Kyrou et al.
2018)

(KaramiNejad-
Ranjbar 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 meiosis?' and the
“production of gametes?? 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.

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-
ifled selfish element either on the male sex chro-
mosome (the Y-chromosome), or on an autosome
(@ 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 0% 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

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).
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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 equilibrium2® (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

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.?* 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.

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.
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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 (/-Ppol 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

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 footnote?® 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-

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)
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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’ (UDMEY). 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, UDMEt 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-

Figure 6
Construct T1 Construct T2
(for allele t1) (for allele t2)
Suppressor G Suppressor B
Promoter B Promoter G

Lethal gene Lethal gene
(toxin) (toxin)

Desirable gene Desirable gene

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.

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
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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/Cas? as
an RNA-guided homing-endonuclease gene drive
mechanism, but rather uses a deactivated form of
Cas? (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-
ifled 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, lvy, et al. 2018).
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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



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, Marshall, 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-
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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.



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...”

(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.

[t 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 frequency? 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

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



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

Threshold-
dependent

Threshold- | Temporally

independent | self-limiting

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.

Modification /
replacement with
payload gene (PLG)

Intended as Confineability
Suppression
drive (eradi-

cation)

Transposable -
Elements

HEGs -

yes

yes

CRISPR-HEG - yes

autosomal
X-shredder

yes =

Y-linked =
X-shredder
T-haplotype =

yes

yes
Medusa
Medea

yes -
yes =

Engineered
Transloca-
tions

yes =

Engineered
Underdomi-
nance

yes =

(toxin-anti-
dote) killer-
rescue

yes =

(canin
theory be
engineered
for that)

Theoretical: in theory
(Daisy)

Chain-Drive

= Probably not (*1) no
yes Maybe (in theory - no
with tightly linked
PLG
yes Maybe (in theory - no
with added PLG
yes = medium-high
(Mendalian
inheritance)
yes = no
yes yes no
yes =
yes, theoretically
(esp. if PLG is placed
between toxin &
antidote genes)
yes yes (though
can replace
population)
yes depends on
design & threshold
yes

hypothetically not necessarily
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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-
tems?’, 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

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/Cas?-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/Cas%-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

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

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

Gametes

a
b

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.

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
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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.
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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 (Cas?) 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.



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 inhibitors?®, which

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.

/ 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

28 A separate DARPA funding stream with in the ‘safe genes’ program
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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/Cas?. 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-
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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,
drive, drive catchers.

reversal

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



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, lvy, et al. 2018) and Medea (Chen et al.
2007; Buchman, Marshall, 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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Chapter 2

Potential applications

and risks

Ricarda Steinbrecher, Mark Wells, Ruthi Brandt, Elisabeth Blicking, Doug Gurian-Sherman

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/Cas?, 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

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.
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).

For ex-

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.!

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-

1 See tables and special studies for references.
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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.
[t 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)

Predominantly:
Cotton, Maize, Oilseed rape
(canola), Soya bean

Apple, Papaya,
Plum, Eucalyptus,
Poplar

Also approved:

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

Creeping Bentgrass,

In containment: For release:

Carnation, Petunia, Pigs, Goats, Mosquitoes
Rose Salmon, Mice (sterile), Pink
(for research) 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/Cas?-based gene drives (including homing
drives). Being equipped with an active CRISPR/Cas?
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 systems? 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;

and assessing gene drive risks thus ascends to an
unprecedented and potentially intractable level of
complexity.® 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 2¢).

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).

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)
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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, lvy,
and Hay 2018);

- optimising expression of CRISPR/Cas? (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 2¢, 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
threadworm# (Strongyloides stercoralis), as well as

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.

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

Table 2a: Insects

Species

Geographic range'

Problem it is aiming to
address

Intended application

[T R R R

=

Population suppression

Anopheles gambiae Morbidity and mortality
African malaria " o3 from malaria in sub-Sa-
mosquito - haran Africa

predicted distribution;

red=present; blue=absent

(MAP 2019, Wiebe et al. 2017)

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

Anopheles stephensi Morbidity and mortality

Asian malaria mosquito
surrounding regions

he

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

from malaria in India and

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

Population modification to
‘interrupt parasite transmis-
sion’

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?

Autosomal
'X-shredder’

In theory local
(may spread)

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

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.

Type of gene drive | Global or ‘local’ Phenotype Readiness of technology | PI?, institution and
1 2 3 4 5 & 7 8]funderSource

A. Crisanti

Imperial College
Gates/DARPA/BBSRC
(Galizi et al. 2016, Galizi
etal. 2014,

Facchinelli et al. 2019)

Homing Probably global Intersex and
CRISPR-Cas? (no localisation sterile females
strategy clear) (Kyrou et al)
Homing Probably global Resistance to
CRISPR-Cas? (no localisation malaria parasite,

strategy clear)

P. falciparum
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A. Crisanti

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

V. Gantz, E. Bier and A.
James

UCSD
NIH/TATA/DARPA
(Gantz et al. 2015)]
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Species Geographic range' Problem it is aiming to Intended application
address

Voo | [ | |

Aedes aegypti

etal. 2015)
Aedes aegypti

Culex quinquefasciatus
Southern house mos-
quito

blue=present (Samy et al. 2016)

Culex quinquefasciatus
Southern house mos-
quito

’..predicted to occur primarily  Transmission of Zika
Yellow fever mosquito  in the tropics and sub-tropics,
with concentrations in northern
Brazil and southeast Asia in-
cluding all of India...”

and Dengue in California

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

. Transmission of vec-
- tor-borne diseases

Transmission of avian

malaria in Hawaii

Probably population modi-
fication

Population suppression

Population suppression

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

Drosophila
melanogaster

Drosophila
melanogaster

Common fruit fly (Miller 2000)

cosmopolitan, present on all
continents except Antractica

NA (Laboratory model)

Providing proof of concept
for homing CRISPR-Cas?
gene drive

Drosophila NA (Laboratory model) To provide proof of con-
melanogaster cept for specific gene drive
system
Drosophila NA (Laboratory model) To provide proof of con-
melanogaster cept for specific gene drive
system(UD MEL)
Drosophila NA (Laboratory model) To provide proof of con-
melanogaster cept for specific gene drive
system
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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probably Homing
CRISPR-Cas?

CRISPR-Cas?9 Dai-
sy chain drive

CRISPR-Cas?
Daisy chain drive

Under-dominance?®

Homing CRISPR-
Cas9

Under-dominance
by reciprocal chro-
mosome translo-
cations

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

MEDEA (Maternal
Effect Dominant
Embryonic Arrest)

Intention appears
to be ‘local’

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

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

In theory ‘local’

Not intended for
release.®

Not intended for
release: in theory
local

Not intended for
release: in theory
local

Not intended for
release: in theory
local

Resistance to Zika
Virus

Sterile females

Sterile females

Resistance to
avian malaria par-
asite (Plasmodium
gallinaceum)

Yellow colour (due
to lack of pigment)

Red fluorescence
throughout body

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

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

Type of gene drive | Global or ‘local’ Phenotype Readiness of technology | PI?, institution and
1 2 3 4 5 6 7 8]funderSource

O. Akbari
UCSD
NIH/DARPA
(DARPA 2017)

Esvelt and Alphey
MIT/Pirbright
DARPA

(DARPA 2017,
BBSRC 2018)

K. Esvelt and L. Alphey
MIT/Pirbright

DARPA

(BBSRC 2018,

DARPA 2017)

F. Reed
University of Hawaii
(Goldman 2016)

V. Gantz and E. Bier
UCSD

NIH

(Gantz and Bier 2015)

B. Hay

California Institute of
Technology

US Army, USDA, DARPA,
NIH and others
(Buchman, lvy, et al.
2018)

B. Hay

California Institute of
Technology

NIH and others
(Akbari et al. 2013)

B. Hay

California Institute of
Technology

NIH and others
(Chen et al. 2007,
Akbari et al. 2014)
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Species Geographic range' Problem it is aiming to Intended application
address

Drosophila

melanogaster

Drosophila
melanogaster

Drosophila
melanogaster

A (Laboratory model)

NA (Laboratory model)

To provide proof of concept
for specific gene drive varia-

tion (ClvR) using CRISPR/
Cas? as ‘toxin’

Aim is demonstrating under-
dominance system

Drosophila suzukii
Spotted wing
drosophila

Ceratitis capitata
Mediterranean fruit fly

Diaphorina citri
Asian citrus psyllid

Rhodhnius prolixus

Kissing

Lucilia cuprina
Australian sheep

blowfly

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

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

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

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

bug

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

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

Economic impacts caused
by damage to fruit crops

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

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

Blowfly infection of sheep
causes lesions which

can cause death and/or
welfare issues

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

Population suppression

Population modification or
replacement

Population suppression

Population suppression,
(eradication in New Zea-
land)

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

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

MEDEA

Homing CRISPR-
Cas9

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

Probably homing
CRISPR-Cas9

Probably homing
CRISPR-Cas?

Not intended for
release’

Not intended for
release: in theory
local

In theory local but
capable of spread

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

Both global and
local are being
considered

Need for localisa-
tion noted but no
strategy as yet

Intention is proba-
bly ‘local’ to New
Zealand

Red and green
fluorescence
markers

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

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

Either infertility or
sex ratio distor-
tion

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

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

All male offspring

8

Type of gene drive | Global or ‘local’ Phenotype Readiness of technology | PI?, institution and
1 2 3 4 5 6 7 8]funderSource

B. Hay

California Institute of
Technology

USDA

(Oberhofer, vy, and Hay
2019)

F. Reed

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

O. Akbari

UCSD

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

E. Wimmer

University of Gottingen'®
(KaramiNejadRanjbar et
al. 2018)

B. Hay and others
California Institute of
Technology
CitrusRDF

(Turpen 2017)

N. El-Sayed'
University of Maryland
PAF

recommended for
funding

(Darrow et al. 2016)

NA
(Dearden et al. 2018)
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Species Geographic range' Problem it is aiming to Intended application
address

Tribolium castaneum present on all continents ex- Economic impacts of

Red flour beetle cept Antractica (IRAC 2019) consumption of stored
grains

Vespula vulgaris North America, Asia, Europe ‘Wasps attack native

Common wasp (Holartic species) and Australia birds and insects and

and New Zealand deplete critical food

resources’

Vespula germanica ¥ ‘Wasps attack native

birds and insects and
deplete critical food
resources’

German wasp

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

Listronotus bonariensis South America (Argentina, Economic impacts of
Argentine stem weavil Brazil, Chile, Bolivia, Uruguay), damage to pasture grass
Australia and New Zealand

Population suppression

Population suppression,
(Eradication in New Zea-
land)

Population suppression,
(Eradication in New Zea-
land)

Population suppression,
(Eradication in New Zea-
land)

14 Not clear how localisation would be achieved

Table 2b: Small Mammals

Species Geographic range!' Problem it is aiming to Application
address

Mus musculus - Generating new lab
House mouse 3 mouse strains carrying
multiple modifications is
laborious

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

Mus musculus Impacts of invasive
populations on island
biodiversity

Mus musculus Economic costs of rodent

‘pest’ populations in UK
and elsewhere

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

Population suppression to
eliminate invasive popula-
tions

Population suppression to
eliminate invasive popula-
tions

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

1 Please see separate bibliography for sources for maps and geographic range.
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Type of gene drive | Global or ‘local’ Phenotype Readiness of technology | PI?, institution and
1 2 3 4 5 6 7 8]funderSource

Probably homing Not clear (early Infertility or sex M. Wade and G. Zentner
CRISPR-Cas? stage) ratio distortion Indiana University

NIH and others

(Drury et al. 2017,

Scott et al. 2018)

Probably homing Intention is ‘local’” Infertility or sex NA
CRISPR-Cas9 to New Zealand™  ration distortion (Dearden et al. 2018)
Probably homing Intention is ‘local’ Infertility or sex NA
CRISPR-Cas9 to New Zealand™  ratio distortion (Dearden et al. 2018)
Probably homing Intention is ‘local’ Infertility or sex NA
CRISPR-Cas? to New Zealand™  ratio distortion (Dearden et al. 2018)

Type of gene drive | Local or global Phenotype Readiness of technology | PI, institution and funder
propagated 12345678

Homing Theoretically all white coats K. Cooper
CRISPR-Cas? global but current (with V. Gantz and E.
efficiency likely too Bier)
low to effectively UCSD
spread in wild NIH and others

(Grunwald et al. 2019)

T-haplotype Not clear (but no daughterless D. Threadgill
localisation strate- Texas A&M
gy given) DARPA

(Leitschuh et al. 2018)

Homing Not clear (but no daughterless P. Thomas

CRISPR-Cas? localisation strate- University of Adelaide
gy given) DARPA

(GeneDriveFiles 2017)

Homing Not clear sterile females B. Whitelaw

CRISPR-Cas? or Roslin Institute, UK

CRISPR-Cas9 BBSRC

X-shredder (McFarlane, Whitelaw,

and Lillico 2018)
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Species Geographic range' Problem it is aiming to Application
address

Peromyscus leucopus e Increasing incidence of Population modification (t
White footed mouse ' | Lyme’s disease in humans reduce tick borne trans-
mission of Lyme disease to
humans)

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

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

Felis silvestris House Feral cat populations Population suppression
cat, wild cat & feral cat in Australia preying on (eradication of Australian
native wildlife feral cat population)

Wild cat range (excluding feral
populations)

Trichosurus vulpecula ‘Predator on native birds  Population suppression

Brushtail possum and invertebrates, eats (eradication in New Zea-
native plants, carrier for  land)
bovine TB’

Rattus rattus ‘Predator on native birds ~ Population suppression
Common rat and invertebrates, eats (eradication in New Zea-
native plants, carrier for land)
diseases’

Mustela erminea ‘Predator on native birds  Population suppression
Stoats and invertebrates, eats (eradication in New Zea-
native plants, carrier for land)
diseases’
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Type of gene drive | Local or global Phenotype Readiness of technology | PI, institution and funder
propagated 1234567 8

Homing Theoretically Intention: Resist- Esvelt
CRISPR-Cas? ‘local’ (daisy-chain ance to tick bites MIT
drive) and poten-  or resistance to NIH/DoD
tially global Lyme disease Greenwall Foundation
(Borrelia burgdor- (Esvelt 2017)
feri)
Homing Not clear Sterile females B. Whitelaw
CRISPR-Cas? or Roslin Institute, UK
CRISPR-Cas9 BBSRC
X-shredder (McFarlane, Whitelaw,
and Lillico 2018)
Probably homing Not clear Sterile females O. Edwards?
CRISPR-Cas? or daughterless CSIRO
females Australian Wildlife
Conservancy

(AustralianWildlifeCon-
servancy 2017, 2018,

Kachel 2018)
Probably homing Intention is ‘local”  Not yet selected NA
CRISPR-Cas? to New Zealand, (Dearden et al. 2018)
but not clear
how this will be
achieved
Probably homing Intention is ‘local”  Not yet selected NA
CRISPR-Cas? to New Zealand, (Dearden et al. 2018)
but not clear
how this will be
achieved
probably homing Intention is ‘local”  Not yet selected NA
CRISPR-Cas? to New Zealand, (Dearden et al. 2018)

but not clear
how this will be
achieved
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Table 2c: Fish, Birds, Mollusks, Nematodes, Flatworms & Fungi

Species Geographic range Problem it is aiming to Application
address
Fish
Pterois volitans Indian Ocean, Red Sea, Inva- ‘This invasive species Population suppression
Lionfish sive in Gulf of Mexico, Car- has the potential to harm  (eradication in Gulf of Mex-
ibbean and Western Atlantic reef ecosystems... .. atop ico, Caribbean and Western
(FFWCC 2019) predator that competes Atlantic)
with overfished native
stocks’

I ) A I
Sturnus vulgaris ..--.-?75 - Not stated but probably Population suppression

Common starling : impacts of invasive star-  (eradication in Australia )

lings on agriculture and

i, competition with native

‘_ species

Dark colours= native; Light
colours = invasive

Biomphalaria glabrata  Parts of Brazil, and Venezuela, Human health impacts Populations modification
Snail the Lesser Antilles (Mavarez et of infection with schisto-
al. 2002) some parasites for which
the snail is an intermedi-
ate host
I B B R
Caenorhabditis Probably circum-tropical (Sud- NA Aim is development and
brenneri haus and Kiontke 2007) testing of daisy chain drive

and related concepts

Necator americanus Circum-tropical and some Human health impacts of  Population suppression
temperate regions (Palmer, soil transmitted helminth
Reeder, and Dunn 2000) infection

hematoges || R

Ancylostoma Mainly South East Asia, and Same project
duodenale Mediterranean (Palmer, Reed-
er, and Dunn 2000)

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

Strongyloides Endemic in Central and South ~ Same project
stercoralis America, sub-Saharan Africa,

India and South East Asia (Var-

atharajalu and Kakuturu 2016)

1 Itis not clear if this work has been funded or not
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Type of gene drive | Local or global Phenotype to be | Readiness of technology Pl, institution and funder

propagated 123 4567 8
Homing Not clear if or Not yet selected P. Venturelli
CRISPR-Cas? how it would be Ball State University
localised Funder unknown

(Vacura et al. 2018)

Probably Homing  Not clear if or Not yet selected
CRISPR-Cas? how it would be (Moro etal. 2018)
localised (GISD 2019)

Probably Homing  Proposal to local-  Resistance to J. Teem
CRISPR-Cas? ise with daisy drive infection with ILSI Foundation
technology schistosome Funder not clear
parasites (Teem 2016)
S ) A I I

CRISPR-Cas9 or Local (not intend-  Either a) change K. Esvelt

CRISPR-Cpf1 Dai- ed for release) in fluorescence; MIT

sy chain drive (and or b) right hand DARPA

variants) coiled; or c) (Esvelt 2017)
short (dumpy)

Probably homing Not clear Possibly biasing 1 M. Berriman,

CRISPR-Cas? sex ratios Sanger Institute

J. Lok

Uni. of Pennsylvania
Recommended for
funding

(Darrow et al. 2016)
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Species

Geographic range

Flatworms

Schistosoma mansoni Africa, the Middle East, South

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

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

Problem it is aiming to Application
address

Human health impacts of  Population suppression
schistosomiasis (bilhar-

zia) caused by infection

with this parasite

Same project as above

Saccharomyces Found globally in domesticat-
cerevisiae ed, human and wild environ-
Brewer’s yeast ments. (Can hybridize with

closest relative S. paradoxus)
(Peter et al. 2018)

Saccharomyces Found globally in domesticat-
cerevisiae ed, human and wild environ-
Brewer’s yeast ments (Peter et al. 2018)
Saccharomyces Found globally in domesticat-
cerevisiae ed, human and wild environ-
Brewer’s yeast ments (Peter et al. 2018)
Candida albicans A commensal organism in

humans and animals (including
mammals, and probably birds,

reptiles, and fish)

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

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

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)

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

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 Funde

d preliminary research (genome sequences,

molecular genetics tools, etc)

4 Funde

d research on gene drive construction

(with no results published yet)
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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



Type of gene drive

CRISPR-Cas?-
based ‘W-shred-
der’?

Probably Homing
CRISPR-Cas? (as

Gantz and Bier use

this technology)

Homing
CRISPR-Cas9

Homing
CRISPR-Cas9

CRISPR-Cas9

Local or global

Population

level “locally or
globally” Drive is
invasive

Not intended for
release

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

Not intended for

release (Contained:
Cas9 expressed on

episome separate

from drive and tar-
get sequence not in

wild type)

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

Phenotype to be
propagated

All male off-
spring

Not public

Pink colour

Sensitivity to
hygromycin

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

Readiness of technology
1 2 3 45 6 7 8

Pl, institution and funder

P. Brindley

George Washington
University

(with K. Esvelt)

Thomas Mather
(Philanthropist)

(Brindley and Esvelt 2019)

S. Kryazhimskiy and J.
Meyer (collaborating
with O. Akbari, V. Gantz
& E. Bier)

UCSD

DARPA

(Aguilera 2017)

G. Church

Harvard Medical School
DOE,

NSF and others
(DiCarlo et al. 2015)

G. Finnigan

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

Collins

MIT

Various including
NIH

(Shapiro et al. 2018)

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)

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)®

« 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)

5 https://www.cbd.int/doc/meetings/bs/mop-08/official/bs-mop-08-08-add1-en.pdf
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« Isthe 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 160° 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)’ 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

X-shredder, here making the mosquito produce en-
donucleases® 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/Cas%-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.

6 See Table 3

7 Results have very recently been published on the I-Ppol X-shredder in simulated natural environments see Facchinelli et al, 2019.

8 Two versions of this approach have been described one using CRISPR/Cas? (Galizi et al. 2016) and another employing an altered homing endonu-
clease gene |-Ppol from the slime mold Physarum polycephalum (Galizi et al. 2014)
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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/Cas@ 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/Cas?
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)°.

‘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/Cas? homing drive proposed by Kevin Esvelt,
known as the ‘daisy drive’, has also gained much

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 literature!.
To consider the implications of any particular gene

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.
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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

Figure 1

The life cycle of the mosquito

water surface

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

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 contexts',

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-

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.

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).
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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 toxin'?, 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 insects'™ (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 clutches and survival rate of fledglings
were decreased (Poulin, Lefebvre, and Paz 2010)'®;
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.

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
bacteria'® 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-

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.

Chapter 2: Potential applications and risks 93



Figure 2

Trophic interactions of larval and adult mosquitoes
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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 (Ostman, Lundstréom, 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
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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



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. Itis 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

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 species'’, 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

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

see text for

Number of species | Number of known vectors | Examples of human Gene drive targets
of human disease pathogens carried

Anopheles 40-70
Culex 769 >15
Aedes 931 >84
Psorophora 49 >10
Haemagogus 28 >4
Armigeres 58 >2
Mansonia 25 >8

Total 163-193

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)'8, 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

2 Mansonia vectors in West Africa, while (Chiang
1993) lists 6 additional vectors in South and South
East Asia.

Anopheles gambiae;

Malaria, filariasis T

West Nile virus, filariasis  Culex quniquefasciatus

Dengue, yellow fever,
Zika

Aedes aegypti, Aedes
albopictus

West Nile virus Currently none

Yellow fever Currently none

filariasis Currently none

filariasis Currently none

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

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).
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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
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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/Cas? (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/Cas? 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/Cas®. 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, Dobafio, 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, Dobafio, 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

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 infections' (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-

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).
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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-
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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



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 sapiens?® 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.

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
1991). In other environments,
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.

Coman includ-

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; KeckéSova 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

20 The subspecies of Mus musculus are estimated to have diverged from a common ancestor around 500,000 years ago (Geraldes et al. 2008)
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Figure 4

Trophic interactions of house mice
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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 presentin
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
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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



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)
(Mufioz 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.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)?" 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.
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:

Communications between researchers

“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 thatinclude 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/Cas? drive
using a visual trait (white coats) to test the feasibility
and performance of such an approach. However, so

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/Cas?
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.

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.
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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 predators?, 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, SouthEastFarallonlslandsEIS 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

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

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)
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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/Cas? 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.

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 high?* (DI-
ISE 2018). The ambition of rodent removal projects
is also increasing as expertise develops. In 2005
New Zealand’s Campbell Island, at 117 km?, 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 km?, 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-

24 For comparison, failures have been reported on 100 islands
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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 (eamaranthus 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.
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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).



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
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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, | 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



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
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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



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/Cas? 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/Cas? 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).
to date has not been found that demonstrates any
proof of concept for gene drives in plants.

Research

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/Cas? 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
etal. 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-
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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



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 lowa
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 lowa. 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.
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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.



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 vyielded 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.
rootworm is considered the worst corn insect pest

Western corn

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).2°

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
(Grabetal. 2018).2¢

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 aphid?’, 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-

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

25 Itis 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.
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et al. 2002).%8 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).%? 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.”®°

In research for this report, it was similarly noted
that the preponderance of the research on Drosoph-

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/Cas?9
(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.
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).

The same

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

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 Itis 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
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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.*

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).

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-

31 Weed resistance was predicted by environmentalists, but even they did not anticipate the scale of harm from this process.
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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.

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/Cas?) (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 GDOs3?

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);

32 The term GDO was coined by van der Vlugt et al. 2018 and is also used in Simon et al. 2018
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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.

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 concern® 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 bacteria®, 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.

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/Cas? is basically a bacterial defence system. It was transformed by molecular biologists into a tool.
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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.

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).%¢

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

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.
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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,
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.

unintended movements,

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
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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/Cas?
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.



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.
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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
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Chapter 3

Soclal Issues

1 Introduction

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

2 Gene Drive science
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 Boéte
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 Boéte 2013, 47).

Tamara Lebrecht, Helen Wallace, Irina Castro

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.

INn context: science in

In wealthy OECD countries, the idea of the
knowledge-based economy' 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

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).
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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
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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 Boéte 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
Boéte 2013, 54).



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 S11 million
from DARPA, and part of the project funding