Annotated bibliography:
Potential ethical issues and unintended
effects of CRISPR gene editing and gene drives
for invasive species control

August 2017
Naomi Cook, Alison Greenaway, Nick Kirk

Contents
Introduction .............................................................................................................................................. 3
Approach and literature search ............................................................................................................ 3
Summary of key themes ........................................................................................................................... 5
A context for gene editing and gene drives.......................................................................................... 5
Summary of the potential ethical issues and unintended effects of gene editing and gene drives .... 7
Bibliography............................................................................................................................................ 18
Context ............................................................................................................................................... 18
Goals: Biodiversity conservation and control of invasive species/disease ..................................... 18
Symbiology and synthetic biology .................................................................................................. 20
CRISPR gene editing ............................................................................................................................ 23
The importance of managing revolutionary technologies ............................................................. 23
Dual‐use technologies .................................................................................................................... 26
Appropriate use of metaphors for gene editing ............................................................................. 26
Gene editing – general ................................................................................................................... 28
Patenting and IP ............................................................................................................................. 34
Home editing .................................................................................................................................. 35
CRISPR gene drives, and their application in population suppression ............................................... 36
Intergenerational equity................................................................................................................. 43
Other techniques for invasive species control ................................................................................... 43
Trojan female technique ................................................................................................................ 43

Landcare Research

Page 2

Introduction
Techniques to locate and change specific genes in cells and organisms are becoming easier,
quicker and more effective with the use of the CRISPR‐Cas system (Baltimore et al. 2015;
Beets 2016; Caplan et al. 2015; Ledford 2015). CRISPR (clustered regularly interspersed short
palindromic repeats) are DNA sequences that naturally occur in microbes and, with the help
of Cas (CRISPR associated) enzymes, are used by microbes to combat invading viruses
(Zimmer 2015).
The ability of microbes to target specific DNA sequences in viruses is utilised by the CRISPR‐
Cas system of gene ‘editing’. While there are other systems used for gene editing (in
particular, transcriptor activator‐like‐effector nucleases (TALENs) and zinc finger nucleases
(ZFNs)), CRISPR is recognised as a revolutionary technology: easier, more accessible and
more versatile than previous technologies (Mariscal & Petropanagos 2016). Mariscal and
Petropanagos compare CRISPR to the Model T Ford and suggest that CRISPR is, or will be,
revolutionary ‘as a product, process and as a force for social change’ (p. 1).
In addition to changing individual cells (gene ‘editing’), it is possible to use CRISPR to make
self‐perpetuating change(s). In sexually reproducing populations, the introduction of gene‐
edited germ lines in a sufficient number of individuals can theoretically lead to population‐
level engineering over several dozen generations. However, this ‘drive’ is only functional if it
is designed precisely for the situation (Esvelt et al. 2014).
The impact of CRISPR gene editing and gene drives is likely to be huge. There are many
potential applications in different fields, including disease control, crop and livestock
management, germline research, human therapy, pharmaceuticals, and the control of
invasive species (Beets 2016). Along with the potential for revolutionising many fields comes
the likelihood of unforeseen consequences, ethical dilemmas, and a need for risk
management and governance (Moor 2005).
Because CRISPR is such a revolutionary ‘technology’, it is important that consideration of
these issues occurs early, because the more socially entrenched the technology becomes,
the more difficult this is (Mariscal & Petropanagos 2016). The development of revolutionary
technologies is particularly associated with complex social and ethical issues (Moor 2005).
To respond to these issues, an adaptive management approach is required, because it will
not be possible to identify all the risks upfront (Marchant 2011, cited in Beets 2016).
The purpose of this review is to identify the potential risks, ethical issues and unintended
effects of using gene editing and gene drives for the purpose of controlling invasive species.
While the CRISPR system has been the focus of the review, many of the risks may apply to
other existing or new technologies with the same function or impact as CRISPR. Also, some
of these risks may apply to other technologies or techniques that could be used for invasive
species control. (An attempt to classify in which context the risks apply has been made in
Figure 2, and the context is presented in Figure 1.)

Approach and literature search
The literature search began with a focus on the possible social and ethical considerations of
gene editing for biodiversity conservation in both an international and a New Zealand
context. Searches were refined to focus on CRISPR gene editing because of its position as a
disruptor of gene editing systems (Baltimore et al. 2015; Ledford 2015). The search was
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expanded to include associated CRISPR gene drives when it became apparent that the use of
gene drives was a distinct but equally – or more – powerful system, enabling the self‐
perpetuation and theoretical spread of an edited gene throughout a population (Esvelt et al.
2014).
The techniques of invasive species control that could theoretically use CRISPR or other gene
editing/drive systems (such as population suppression drives and the Trojan female
technique (TFT)) were also included in the search; TFT specifically because it is currently
receiving scientific attention in New Zealand due to its potential use in invasive species
control.
The review comprises 47 journal articles, reports, theses, popular articles and websites,
sourced principally through Google Scholar and Scopus searches, and from journal article
references, collected between 22 November 2016 and 20 February 2017.
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Summary of key themes
A context for gene editing and gene drives
Figure 1 provides a context for gene editing and gene drives within the fields of biodiversity
conservation and symbiology. This is not intended as a definitive, complete or necessarily
‘correct’ representation. Rather, it is intended to represent certain themes and arguments
presented by the literature within this review. For example, the term ‘symbiology’ is
proposed by Wickson (2016) as a way to capture and open up discussion about
‘biotechnological forms of life but also, arguably, existing crop plants, including both
traditionally bred and irradiated mutants’ (p. 806).
Figure 1 also attempts to distinguish between: technologies, techniques that develop
specific ways to deploy technologies, the goals and/or intended impacts, and the legacy
and/or new fields that develop to manage the outcomes of the technology. This
context/breakdown is provided because:
•

•

many of the ethical issues and effects of gene editing and gene drives also apply to
other technologies, techniques, goals and outcomes and should be discussed in this
context
it supports opening up the discussion around a need for a new language and frame
of reference.

Figure 1 Context and possible application of gene editing and gene drives to key technologies

Summary of the potential ethical issues and unintended effects of gene editing and gene drives
Figure 2 and Table 1 provide a summary of the potential ethical issues and unintended effects of gene editing and gene drives. Figure 2 categorises the effects according to the context provided in Figure 1. Table 2 also provides a summary of proposed ways
of handling the potential risks, as identified in the literature.

Figure 2 Mindmap summary of potential unforeseen effects of gene editing and gene drives

Table 1 Summary of potential unforeseen effects of gene editing and gene drives

Category

Potential risk / unintended effect

Comments / Potential control method(s)

Escapes from laboratories spread through wild populations during testing
(Oye et al. 2014)

Oye et al. (2014) recommend the following laboratory safeguards.
1. Use multiple levels of molecular containment to reduce the risk (e.g. cut sequences absent from wild populations; separate
drive components).
2. Do not conduct tests in geographical areas that harbour native populations of the target species.
3. All drives should be constructed and tested in tandem with corresponding immunisation and reversal drives. Before
releasing a primary drive, the efficacy of specific reversal drives should be evaluated (e.g. to what extent may a population
phenotype or fitness be affected by the residual presence of guide RNAs and/or Cas9? What is the feasibility of reaching
individual organisms altered by an initial drive?)
4. A network of multipurpose mesocosms and microcosms should be developed for testing gene drives and other advanced
biotechnologies in contained settings.
5. The presence and prevalence of drives should be monitored by target amplification or metagenomic sequencing of
environmental samples.
6. Because effects will mainly depend on the species and genomic change rather than the drive mechanisms, candidate gene
drives should be evaluated on a case‐by‐case basis.
7. To assess the potentially harmful uses of drives, multidisciplinary teams of experts should be challenged to develop
scenarios on deliberate misuse.
Integrated benefit−risk assessments informed by the actions recommended by Oye et al. (2014) should be conducted to
determine whether and how to proceed with proposed gene drive applications. Such assessments should be conducted with
regard to variations in uncertainty across cases and to reductions in uncertainty over time.

Propagation of bad laboratory protocols due to speed of development
and accessibility: there is the possibility of bad protocols spreading among
scientists (Bohannon 2015).
The ease of use and decreased cost of access to gene editing and drives
through CRISPR opens the industry up to ‘amateur biohackers editing
genomes at home’ (Corlett 2017, p. 62).

In the lab

No expensive equipment is required with CRISPR, and there is no need for
years of training. Researchers often need to order only the RNA fragment;
the other components can be bought off the shelf. Total cost can be as
little as $30 leading to ‘democratisation of genome editing' (Ledford
2015).

Akbari et al. (2015) recommend the following interim safety recommendations for lab research involving gene drive systems while
formal national guidelines are developed:
1. A combination of confinement strategies should be used because any single strategy could fail: at least two should be
employed from among molecular, ecological, reproductive and barrier strategies (see article).
2. A risk assessment of unwanted releases from the lab should be performed by biosafety authorities, guidance sought from
external experts, and the evaluation made available to others.
3. Movement of organisms carrying gene drive constructs that could spread should not occur until formal biosafety guidelines
are established.
Broadly inclusive and ongoing discussions among diverse groups concerning safeguards, transparency, proper use and public
involvement should inform expert bodies (e.g. US National Academy of Sciences).

Insufficient scientific development: gene drives need to be developed for
each situation, including species and variables affecting efficiency (e.g. cell
type, developmental stages, phase of cell cycle, and species).
Current knowledge is based on mosquito‐borne illnesses. Studies
examining the particular drive, population and associated ecosystem in
question will be needed (Esvelt et al. 2014).
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For example, for endonuclease gene drives (e.g. CRISPR), all molecular factors relevant to homing (cutting, specificity, copying and
evolutionary robustness) must be considered (Esvelt et al. 2014).
Organisms with larger genomes may require more careful target site selection due to the increased number of potential off‐target
sequences present.
Ideally, drives should only be activated in germline cells at developmental stages with a high rate of homologous recombination
(HR), but this may be challenging in some species (Esvelt et al. 2014).
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Category

Potential risk / unintended effect
Insufficient risk−cost−benefit analysis: the cost−benefit analysis of a gene
drive must be assessed for the specific situation, including species, drive
efficiency and context (Esvelt et al. 2014).

An imbalance in scientific risk assessment: the ‘fundamental cultural
distinction between conservationists and biotechnologists’ (Corlett 2017,
p. 61) needs to be recognised: the former are reactive and risk‐averse, the
latter proactive and willing to experiment, with a generally positive
attitude to change.

For target species

Laboratory conditions and/or modelling do not hold true and do not
adequately represent reality: the risks of using gene drives outside of the
lab are far from being fully understood (Corlett 2017). Research for the
Trojan Female Technique (TFT) illustrates the reliance on mathematical
modelling and the limitations of the model based on the assumptions
made and parameters used.

Comments / Potential control method(s)
 A risk−cost−benefit approach is required, akin to best‐practice classical biological control (CBC) (Webber et al. 2015). For
example:
o isolated islands facing severe threats and with border control and physical distance that can control outward gene flow
may be low‐risk high‐gain
o terrestrial invasions may be an intolerable risk
o species that are widely viewed as undesirable in both their alien and native ranges may present challenges in terms of
making assumptions about other countries’ biosecurity priorities.
 A regulatory framework is needed. Classical biological control can offer an existing framework and extensive
experience/case studies to learn from (Webber et al. 2015).
 ‘Decisions should be based entirely on the probable benefits and risks of a specific drive. That is, each drive should be
judged solely by its potential outcomes, such as its ability to accomplish the intended aims, its probable effects on other
species, the risk of spreading into closely related species by rare mating events, and impacts on ecosystems and human
societies’ (Esvelt et al. 2014).


Contained field trials should be performed before releasing organisms bearing a drive that spreads the trait (Oye et al.
2014).



Corlett (2017, p.61) has suggested using ‘isolated oceanic islands’ as test beds.

Research on the molecular biology of gene drives has outpaced research
on population genetics and eco‐system dynamics, two fields essential for
assessing the efficacy of gene drives (National Academies of Sciences,
Engineering and Medicine 2016).

Funders of gene drive research should:
 coordinate and, if feasible, collaborate to reduce gaps in knowledge, not only about the molecular biology of gene drives,
but also in other areas of fundamental and applied research that will be crucial to the responsible development and
application of gene drive technology, including population genetics, evolutionary biology, ecosystem dynamics, modelling,
ecological risk assessment and public engagement
 2) establish open‐access online repositories of data on gene drives as well as standard operating procedures for gene drive
research (National Academies of Sciences, Engineering and Medicine 2016).

Laboratory specimens may have reduced fitness, affecting the efficiency
of the eventual drive (e.g. a reduction in the number and diversity of gut
bacteria of lab‐reared fruit flies, which has widespread and significant
effects on fitness.) For a summary of these traits, see Leftwich et al. 2016.

Employ strategies to minimise the deleterious impacts on fitness (Leftwich et al. 2016).

There could be a global loss of a target species as a result of unintended
movement of modified individuals back to their native range(s) (Esvelt et
al. 2014; Webber et al. 2015).

Considerations
 Dispersal of traits through populations would be extremely challenging to detect, reducing the ability and increasing the
cost of biosecurity measures to prevent the spread of modified agents to areas where they remain unwanted (Webber et al.
2015).
 It would be advisable to develop standard drives in tandem with reversal and immunisation drives (Oye et al. 2014).
 The use of sensitising drives, temporally unstable drives and interacting drives should be considered to restrict target
populations. Precisely targeting subpopulations should also be considered (Esvelt et al. 2014).
 Insect trapping and detection methods are important, as is the ability to detect released versus wild organisms in the field,
in order to understand the dispersal of released organisms (Leftwich et al. 2016).

High dispersal ability is a common trait of many invasive alien species, and
the risk of long‐distance introductions is particularly high for species
associated with human movement and trade. Many invasive species have
been introduced to multiple locations across global trade routes, which
effectively act as stepping stones linking alien populations with their
native range (Webber et al. 2015).
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Category

Potential risk / unintended effect

Comments / Potential control method(s)

Potential lack of efficiency of a gene drive and/or unanticipated
consequences due to evolutionary instability of the gene drive
 Drive‐mediated genome alterations are not permanent on an
evolutionary time scale. Harmful traits will eventually be
outcompeted by more fit alleles (Esvelt et al. 2014).
 ‘Evolution of resistance to control strategies of all kinds is,
therefore, inevitable’ (Leftwich et al. 2016).
 Mutation may occur, inactivating the gene drive before it moves
through the population (Oye et al. 2014).
 Potential types of evolution are:
o evolution/presence of drive‐resistant alleles
o evolution of a method to inhibit the drive endonuclease
o evolution of higher RNase activity to preferentially degrade all
guide RNA
o stability of the gene drive cassette itself: zinc finger and TALEN
gene drives suffered from recombination – only 75% and 40%
of each drive, respectively, was sufficiently intact after one
copying event, although RNA‐guided gene drives are ‘likely to
be more stable’ (Esvelt et al. 2014).

Considerations
 Lack of efficiency/evolution would mean a potential need for repeated gene drive releases (Oye et al. 2014). Maintaining
deleterious traits within a population indefinitely is likely to require scheduled releases of new RNA‐guided gene drives to
periodically overwrite the broken versions in the environment (Esvelt et al. 2014).
 The effects of the strategy need to be thoroughly assessed (Oye et al. 2014).
 The lessons from insecticide, chemotherapy and antimicrobial resistance should be applied. A combination of control
strategies is most effective (e.g. insecticide and genetic modification) (Leftwich et al 2016).
 The characteristics of the target population are important. Knowledge of the life history and reproductive biology of the
pests involved is as important now as it has ever been (Leftwich et al. 2016). The rate of spread depends on the:
o number of drive‐carrying individuals that are released
o mating dynamics
o generation time
o other characteristics of the target population (Esvelt et al. 2014).
 The invasion threshold needs to be understood (e.g. the size of the release population required to drive to suppression or
extinction) (Leftwich et al. 2016).

Lack of homing efficiency, including off‐target cleavage, can be common if
the gRNA is poorly designed (Webber et al. 2015).

For non‐target wild
organisms

Fitness/phenotypic impacts of gene drive on target organism: to what
extent may a population phenotype or fitness be affected by the residual
presence of guide RNAs and/or Cas9 (Oye et al. 2014)?
The gene drive could affect genetic diversity through a reduction in
number, compensatory adaptations or other changes. It is presumed
diversity will reduce as numbers reduce, resulting in more vulnerability to
natural or anthropogenic pressures (Oye et al. 2014).

Cross‐breeding or lateral gene transfer: there is the potential to move a
drive beyond the target population (Beets 2016; Esvelt et al. 2014; Oye et
al. 2014; Webber et al. 2015).

Off‐target impacts must be systematically tested for in the context of phylogenetic relatedness, biogeographic overlap, ecological
similarity of a range of non‐target species, and the ecology, evolution and behaviour of the target (Webber et al. 2015).

For example, only 147 of the 2,000 species of rodents worldwide are
considered to be pests, and of these, three species alone (black rat,
Norway rat and house mouse) have the greatest impact on the systems
they invade (Piaggio et al. 2016). Is there potential for crossover to other
species?
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For people

For crops and
livestock

For animals

For ecosystems

Category

Potential risk / unintended effect

Comments / Potential control method(s)

The niche is filled by another invasive species: if one species is removed
from the community, another is likely to take its place, leading to little
overall effect on ecosystem values (Webber et al. 2015).

Contained field trials should be performed before releasing the organisms bearing a drive that spreads the trait (Oye et al. 2014).

Initial population explosion (from released organisms) initially causes an
increase of adverse effects (Leftwich et al. 2016).
Cascade effects: with long introduction histories come changes in
community structure. Introduced species can often fill significant roles,
particularly in landscapes with strong anthropogenic modification, leading
to cascade effects (Webber et al. 2015).

‘A consultative and regulated risk‐cost‐benefit analysis approach, akin to that used in best‐practice CBC, may be a prudent step
forward in the used of the gene drive approach in a biosecurity context’ (Webber et al. 2015).

There is the potential for inhumane impacts: no risks are specifically
identified in the literature relating to gene editing or gene drives, except
the potential for contrasting ethical views on ‘playing god’ (covered under
‘People – contrasting ethical views’).

Agro‐terrorism is a potential adverse use of the technology (Oye et al.
2014).

Oye et al. 2014 suggest that:
 carrying this out would be difficult because it requires the release of many drive‐containing organisms within a reasonable
time span
 this would be difficult in countries where transgene testing occurs, such as the United States, which relies on commercial
seed production and artificial insemination
 developing countries may be more vulnerable without centralised seed production (and GM testing) and artificial
insemination.

There are health risks from approved use (to humans or animals): e.g.
allergic reactions to peptides in the Cas9 protein if exposed to an affected
organism (Oye et al. 2014).

Toxicological studies (Oye et al. 2014).

There are health risks from misuse/bio‐terrorism: in February 2016 the
US Director of National Intelligence added genome editing to the list of
top threats to US national security under the category of weapons of mass
destruction and proliferation (Beets 2016).

Oye et al. (2014) discuss this in terms of:
 the potential impact through a gene drive targeting livestock – refers to crops and livestock (agro‐terrorism)
 the potential impact through a gene drive targeting humans – this would be ineffective due to long generation times in
humans: drives are not a viable way of altering human populations.
Beets (2016) discusses potential malicious uses, however, such as:
 the weaponisation of mosquitos to deliver lethal pathogens to humans
 unintentional creation of a gene drive tool that would pose serious dual use risks.

There are general risks of research and outcomes not meeting the social‐
ethical beliefs of society.
Equity issues: whose values and ethics are considered important when
making decisions about risks, impacts, costs and benefits?
 Different values may exist among people and communities (e.g.
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Many (if not all) of the authors and the key scientists working in the field assert the need for transparent public and stakeholder
engagement (Akbari et al. 2015; Baltimore et al. 2015; Caplan et al. 2015; Corlett 2017; Esvelt et al. 2014; Mariscal and
Petropanagos 2016; Oye et al. 2014).
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Category

Potential risk / unintended effect
the values of protecting ecosystems versus cultural preservation;
Kuzma & Rawls 2016) (e.g. the use of feral pigs in Hawaii for
cultural events and food, versus suppression of the feral pig
population to control ecosystem damage).
 Different values may exist between generations (inter‐
generational equity): intergenerational equity has been defined
by E.B Weiss to include conservation of the ‘diversity of natural
and cultural base so that it does not unduly restrict the options
available to future generations in solving their problems and
satisfying their own values’ (Kuzma & Rawls 2016, p. 280). The
article considers the potential for differences in values – both
within the current generation (e.g. a conflict between the values
of protecting ecosystems and cultural preservation) and future
generations. For example, will future generations look at
genetically engineered organisms as an asset, as a new type of
natural, or mourn losing the natural species (Kuzma & Rawls
2016)?
 Different values may exist across countries: species that are
widely viewed as undesirable in both their alien and native ranges
present challenges in terms of making assumptions about other
countries’ biosecurity priorities (e.g. a presumption that they
want to deal with the species in the same way) (Webber et al.
2015).
 Different ethical views exist. For example:
o technology has been responsible for many of the plights of
the natural world, and it is unlikely that technology can also
address these plights (Piaggio et al. 2016)
o representing a value‐based position, the idea of synthetic
biology applied to conservation is often accused of being
equivalent to ‘playing God’ − this represents a philosophical
rather than a scientific view about the importance of leaving
nature alone (Piaggio et al. 2016)
o some are worried about animal welfare and the effects of
testing new technologies on animals.
o environmental ethics – the innate value of nature has to be
weighed against the value of nature to humans (Beets 2016).
Unequal outcomes
 Unequal impacts across countries – gene drives cannot be
contained within geographical borders
o For example, there are potential liabilities or distributive
justice problems when the effects of gene drives by one
country are experienced in another, with a negative outcome;
e.g. invasive species gene drives spreading to native
populations (Oye et al. 2014).
o Developing countries may be more vulnerable to agro‐
terrorism without centralised seed production (and GM
testing) and artificial insemination (Oye et al. 2014).
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Comments / Potential control method(s)
Stakeholder engagement influences both risk assessment (understanding of risks/impacts) and public perceptions (it can reduce
backlash) of gene drives (Beets 2016).













‘Broadly inclusive and ongoing discussions among diverse groups concerning safeguards, transparency, proper use, and
public involvement should inform expert bodies E.g. US National Academy of Sciences example’ (Akbari et al. 2015).
‘We call for thoughtful, inclusive, and well‐informed public discussions to explore the responsible use of this currently
theoretical technology’ (Esvelt et al. 2014, p. 1). ‘After consulting with experts in many fields as well as concerned
environmental organisations, we are confident that the responsible development of RNA‐guided gene drive technology is
best served by full transparency and early engagement with the public (Esvelt et al. 2014, p. 2). ‘Technologies with the
potential to significantly influence the lives of the general public demand societal review and consent … it is imperative that
all research in this recent field operate under conditions of full transparency, including independent scientific assessments
of probable impacts and thoughtful informed, and fully inclusive public discussions’ (Esvelt et al. 2014, p. 16).
‘At the dawn of the recombinant DNA era, the most important lesson learned was that public trust in science ultimately
began with and requires ongoing transparency and open discussion. That lesson is amplified today with the emergence of
CRISPR‐Cas9 technology and the imminent prospects for genome engineering. Initiating these fascinating and challenging
discussions now will optimise the decisions society will make at the advent of a new era in biology and genetics’ (Baltimore
et al. 2015).
‘Because of the unprecedented versatility, ease and speed of this technique, there is a need for ongoing public debate on
the future direction of CRISPR research and applications. Insofar as CRISPR is a revolutionary technology, the ethical
development, implementation and provision of CRISPR requires early regulatory oversight and attention to its far‐reaching
global implications’ (Mariscal & Petropanagos 2016, p. 13).
Extremist framings should be avoided (e.g. a dystopia versus business as usual dichotomy). It is better to frame CRISPR as a
revolutionary technology than either extreme (Mariscal & Petropanagos 2016).
We need to agree on appropriate metaphors to facilitate communication (Merriman 2015; O’Keefe et al. 2015).
Concepts and applications should be published in advance of construction, testing and release. This lead time enables public
discussion of environmental and security concerns, research into areas of uncertainty, and development and testing of
safety features. It will allow for broadly inclusive and well‐informed public discussion to determine if, when and how gene
drives should be used (Oye et al. 2014).
Public engagement and discussion (as well as clear safety and testing guidelines) are required to assure the public the safety
of GE insects and animals will not follow the same path as GM food (Caplan et al. 2015).

Inter‐generational equity
 There is a need to consult with older youth about gene drives (those who can understand the technology, such as preteens
or teens having taken some biology) and ask their opinions as a starting point for addressing intergenerational equity.
Intergenerational equity should be brought into policy and regulatory discussions (Kuzma & Rawls 2016).

Unequal outcomes internationally
 The 2010 Nagoya−Kuala Lumpur Supplementary Protocol calls on parties to adopt a process to define rules governing
liability and redress for damage from international movements of gene drives. Neither the process nor the rules have been
defined, and not all countries are signatories (e.g. the USA is not) (Oye et al. 2014).
 Esvelt et al. (2014) discuss the use of precision drives and other types of drives that can target sub‐populations so as to
reduce the likelihood of international transfer.
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Category

Potential risk / unintended effect

Comments / Potential control method(s)

o Existing conventions cover international movements of gene
drives but do not define standards for assessing effects,
estimating damages or mitigating harms (Oye et al. 2014).
 Unequal impacts cross communities
The development of new and modified crops grown to provide
feedstock for synthetic biologically altered microorganisms
(especially those developed for fuel production) might have an
impact on both ecosystems and the rural poor (Piaggio et al.
2016).
The unknown and other knowledges
There is the potential for further unidentified risks and lack of
consideration of ethical concerns.

The unknown, the complexity and social impact of technological innovations
 There is a need for multidisciplinary, transparent scientific and public engagement discussion (Corlett 2017; Esvelt et al.
2014; Mariscal & Petropanagos 2016; Moor 2005; Oye et al. 2014).

Dangerous knowledge: knowledge can accumulate more rapidly than the
wisdom to use it (Potter 1971, cited in Goldim 2015).
Techno‐science: the rapid development of scientific knowledge and
immediate implementation of new technologies makes it difficult to
identify what is technology and what is science (Hottois 1984;
Latour 1987, as cited in Goldim 2015).
There could be a public backlash, and distrust, as occurred for genetic
modification of food (Akbari et al. 2015; Corlett 2017; Esvelt et al. 2014)

For democracy, governance, revolutionary
technologies

Risk is more a political and cultural phenomenon than a technical one
(Sarewitz 2015).
Loss of democratic process: the public should be able to decide what
forms of research are desirable and good, not just which end products are
desirable and good: ‘our technologies should be subject to democratically
articulated imaginings of the future we want, not the opposite’ (Hurlbut
2015).

Revisit the framing of where public involvement is required and the bigger questions of how we are making decisions. Should the
public be setting the agenda rather than scientists? Why are ethical considerations not framing the agenda?

There is only a small window of opportunity for revolutionary
technologies, such as CRISPR, to avert problems. Timing is important. If
regulation and risk assessment do not occur before it becomes socially
entrenched, it will be very difficult to change the course of the technology.

The time for discussion and oversight is now. It’s only going to get harder, or the opportunity will be missed.
‘CRISPR is easier, more accessible, and more versatile than the technologies it is disrupting. This understanding of CRISPR reveals
the need for continuous, interdisciplinary, and international oversight. This should consist of experts in the relevant areas (synthetic
biologists, medical doctors, ecologists, economists, ethicists, public policy experts etc.) as well as the stakeholders in any proposed
interventions (scientific organisation, pharmaceutical companies, disability rights advocates, environmentalists, the public etc.).
While this may be difficult now, if will become impossible as the technology becomes socially entrenched’ (Mariscal & Petropanagos
2016, p. 13).

There is only a small window of time in which regulators can avert
potential problems in the transition from fragile ideas with unknown
consequences to known and difficult‐to‐regulate industries.
(Mariscal & Petropanagos 2016).
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Category

Potential risk / unintended effect
Moor’s Law: as technological revolutions increase, their social impact
and ethical problems increase: information technology, genetic
technology, nanotechnology and neurotechnology are a cluster of
technologies that are rapidly developing and can be reasonably expected
to develop along a revolutionary path that will bring with them a cluster of
ethical issues. The malleability (logic, life, material and mind) associated
with each area and the convergence (reinforcement, support) of these
technologies contribute to this (Moor 2005).

The potential for dual use (Douglas 2014) is associated with this
‘malleability’ and the likelihood of social and ethical problems.

Ownership and care of synthetic organisms may become an issue:
synthetic biology technologies might be patented, and we would then be
left with difficult decisions about how to separate profit‐driven motives
from public‐good initiatives. Questions then arise such as: Who will ‘own’
endangered species modified by patented technologies (Piaggio et al.
2016)?

Current governance frameworks are inadequate
 The trend in the US is towards deregulation (Caplan et al. 2015).
 The US and South Korea (among others) are not signatories to the
Cartagena protocol (Caplan et al. 2015).
 The US not a signatory to the Convention on Biological Diversity,
and hence the Cartagena Protocol on Biosafety, which means the
prospects for uniform global governance are poor (Corlett 2017).
 Regulatory bodies are often ill equipped to handle the unique risks
and social considerations of emerging technologies (Marchant
2011, cited in Beets 2016).
 Jurisdictional overlap between regulatory bodies may occur (as in
the US – plants versus animals versus plant pests versus insects,
lab versus field versus deployment) (Beets 2016).

Comments / Potential control method(s)
From Moor 2005:
 As much as possible we need to anticipate the uses and consequences of the technology and establish policies that will
minimise deleterious effects. Continual reassessment of the situation is needed, because we cannot anticipate every ethical
issue.
o Consider analogues (e.g. where existing policy handling a potential analogous situation in a different context).
o Consider the consequences of new policies.
 It is better to have multidisciplinary collaborations among ethicists, scientists, social scientists and technologists.
o Ethicists need to be informed.
o Scientists and technologists need to confront the considerations they raise.
 More sophisticated ethical analyses need to be developed.
o Ethical theories are often simplistic and do not give much guidance to particular situations.
o Often the alternative is to do a cost−benefit analysis.
o However, this favours monetary valuation while ignoring or discounting moral values, which are difficult to represent or
translate into monetary terms.
 We need to be more proactive, and less reactive.
According to Sankar and Cho (2015), we need to incorporate scientific social responsibility into genetic engineering.
Questions need to be asked and attitudes towards synbiodiversity, symbiodiversity and synthetic organisms explored:
 How do we care for our synthetic organisms?
 What value do they have?
 Do we give them conservation value?
 Do we distinguish them from natural organisms and make them intellectual property?
 What are our moral responsibilities to them (Wickson 2016)?

There is agreement that more governance is required, but controversy over appropriate levels and/or methods of:
 scientific self‐regulation, and expectation of involvement in social and ethical implications (e.g. Baltimore et al. 2015;
Hurlbut 2015; Sankar & Cho 2015).
 There needs to be public input into research directions and outcomes (e.g. Hurlbut 2015).
 Regulation and governance are needed.
Governance for CRISPR and gene drives:
The National Academies of Sciences, Engineering and Medicine (2016) reached the following conclusions.
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Governance begins with the personal responsibility of the investigator, is formalised in professional guidelines, and often
extends to legally binding policies and enforceable regulations.
A phased testing pathway (such as that outlined by the WHO for tested GM mosquitos) can facilitate a step‐by‐step
approach to research on gene drives.
There is a need for ecological risk assessment, whose key features would be: tracing cause‐and‐effect pathways, and
quantifying the probability of specific outcomes.
Public, stakeholder and community engagement are required – not as an afterthought, but with effort, attention, resources
and advance planning.
International co‐ordination is required.
Interdisciplinary co‐ordination is required, including recommending that funders of gene drive research:
o co‐ordinate, and if feasible collaborate, to reduce gaps in knowledge, not only about the molecular biology of gene
drives, but also in other areas of fundamental and applied research that will be crucial to the responsible development
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and application of gene drive technology, including population genetics, evolutionary biology, ecosystem dynamics,
modelling, ecological risk assessment and public engagement
o establish open‐access, online repositories of data on gene drives as well as standard operating procedures for gene
drive research.
 Dual use – the scientific community has an obligation to work with policy makers to identify and promote best practices to
safeguard against unintentional or intentional misuse.
According to Beets (2016):






it is not feasible to regulate these technologies adequately and comprehensively at the ‘front end’ (Marchant 2011, cited in
Beets 2016).
a shift towards a governance model is required
a successful governance model will:
o continually assess and monitor risks and unknowns
o consider the long‐term social, ethical and moral concerns
o regularly engage stakeholders in deliberation around decision‐making
o identify oversight gaps and design flexible regulations
o balance scientific innovation against the risks and benefits of the technology
to achieve this, a Gene Drive Governance Group is required (suggested for the US).

According to Caplan et al. (2015), a framework needs to consider:
 standards for:
o testing genetically edited organisms
o releasing them into the environment
o assigning liability for damage
 regulations setting clear requirements for:
o testing the safety and efficacy of edited organisms in carefully controlled environments or contained settings that
simulate their natural environments
o ensuring edited organisms are only released into typical environments (farm, wild habitat) after public consultation and
appropriate consent of potentially affected populations
o the development of reversal, immunisation and suppression drives
o consideration of terminator genes or self‐limiting genes that limit the lifespan of edited organisms or make them more
fragile or easy to kill
o consideration of tagging edited organisms to be able to assign responsibility and liability for damages and track the flow
of gene edits through a population of insects or animals
 managing the expansion of sales of DNA synthesis products beyond academia and industry to private individuals, which
might involve creating an international clearinghouse where genetic sequence produces and sellers must register.
According to Oye et al. (2014):



all relevant data should be made publicly available and (ideally) subject to peer review
the regulatory authority for each proposed gene drive should be granted to the agency with the expertise to evaluate it.

According to Corlett (2017):
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biological control guidelines should be used as a basis for the application of biotechnology in conservation
these must be flexible and enforceable.
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There is the potential for the regulation of CRISPR and gene drives to get
lost in the controversy over definitions of ‘genetic modification’ and
‘transgenic’.

Definitions: what do ‘genetic modification’ (GM) and ‘transgenic’ mean?



Current risk/change categorisation systems are inadequate. They should
focus on the intended goal, impact or function of the change rather than
the technique or technology.





There is a lot of controversy over the definitions of GM and transgenics.
For example, CRISPR or TALEN technology means that gene editing no longer requires the insertion of foreign DNA.
o In the US this would mean they are not classified as transgenics. Also, in the US it is unclear whether the DNA must
come from a donor organism or whether DNA synthesised in the lab is covered.
o In Europe this is still classed as transgenic (all GM crops or animals are transgenic, whether this includes the insertion of
foreign DNA or direct genome editing). However, there is some pressure to change this to exclude those that do not
include foreign DNA. ‘Since the EU is the largest market for agricultural products in the world, other countries are now
waiting to see … before they move on with marketing edited crop plants’ (Caplan et al. 2015).
Sprink et al. (2016) discuss a process‐ versus product‐based method of determining what is GM (see table below).
The need for transparency and public discussion should not be lost in the decisions over what ‘genetic modification’ and
‘transgenic’ mean.
Wickson (2016) suggests that a new language for discussions is required: GMO is tied up with pre‐existing ideas and
practices, and new techniques are not necessarily neatly captured within this label, hence the reason for Wickson (2016)
suggesting ‘symbiodiversity’ and ‘synbiodiversity’.

Some possible ways of categorising risk and types of change
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Instead of linking the need for regulation to whether something falls into the category of GM, Oye et al. (2014) propose a
function‐based approach to assessing risk, and regulating based on the risk: they define risk in terms of the ability to
influence any key biological component, the loss of which would be sufficient to cause harm to humans or other species of
interest.
Put simply, this might be describing changes by the goal or intended function of that change rather than the technology
used or what genetic change was made (Jacobs 2017).
This requires legislation that does not target genetic modification specifically (e.g. more function‐, goal‐ or impact‐focused
legislation).
A function‐, goal‐ or impact‐based approach enables the public to be consulted early. The public should be more involved in
defining what research should be done, driven by the future the public wants, not just in assessing the potential risks of
whatever scientists do research on: ‘our technologies should be subject to democratically articulated imaginings of the
future we want, not the opposite’ (Hurlbut 2015).
The public should be involved in risk assessment through deliberative democracy, rather than legislation defining risk based
on scientists’ parameters (see stakeholder engagement section above).
Examples of function, process and product are provided below to illustrate the differences.
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Definition
Function
based

‘Ability to influence any key biological
component, the loss of which would be
sufficient to cause harm to humans or
other species of interest’ (Oye et al.
2014, p. 628).
The focus is not on whether or not a
technique meets the definition of GM,
but on whether the function change
(regardless of the technique) could
cause harm.
 Not linked to GM – simply a
definition of risk.

Example
Gene drive techniques (process) could be used to produce both
suppression drives and reversal drives, which have different
functions and impacts.
A suppression drive would cause loss of reproductive capability
in an animal population, so would cause sufficient harm to a
species and would fall into a high‐risk category requiring
regulation.
However, an experimental reversal drive that could only spread
through an engineered lab population (e.g. it is targeted to that
population) could potentially be classified as low risk and be
freely developed (Oye et al. 2014).

Process
based

The technique used defines whether
something is GM.
 Links the need for regulation to
the definition of GM.

The introduction of oligomers to an organism uses a genetic
technique, and targeted mutagenesis is not a naturally
occurring process (Sprink et al. 2016).

Product
based

The product of the technique defines
whether something is GM. However,
the product is defined in terms of base
pairs or composition, not the impact or
function.
 Links the need for regulation to
the definition of GM.
 Does not specifically address
gene drives (e.g. gene drives
occur in nature – does this make
them acceptable from a
product‐based perspective?).

Mutations ranging from one to a few base pairs which are
indistinguishable from naturally occurring and chemical‐
/radiation‐based mutations.
This alleged GMO would not be distinguishable from a plant
that had acquired the same point mutation naturally or by
means of chemical‐ or radiation‐induced mutagenesis
(Sprink et al. 2016).

Note that Esvelt et al. 2014 emphasise the need to assess gene drives on a drive‐by‐drive basis rather than trying to classify risk
categories: ‘Decisions should be based entirely on the probable benefits and risks of that specific drive. That is, each drive should be
judged solely by its potential outcomes, such as its ability to accomplish the intended aims, its probable effects on other species, the
risk of spreading into closely related species by rare mating events, and impacts on ecosystems and human societies’ (Esvelt et al.
2014).
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Bibliography
Context
Goals: Biodiversity conservation and control of invasive species/disease
Campbell KJ, Beek J, Eason CT, Glen AS, Godwin J, Gould F, Holmes ND, Howald GR, Madden FM,
Ponder JB, Threadgill DW 2015. The next generation of rodent eradications: innovative technologies
and tools to improve species specificity and increase their feasibility on islands. Biological
Conservation 185: 47−58.
Summary: The authors discuss approaches for rodent eradication on islands. Horizon scanning was
undertaken across diverse disciplines to identify promising technologies and approaches. Ten
transformative or incremental technologies were assessed: norbormide as a Rattus‐specific toxicant,
RNA interference as a species‐specific toxicant, crab deterrent in baits, prophylactic treatment for the
protection of non‐target species, transgenic rodents, virus‐vectored immune‐contraception, drones,
species‐specific self‐resetting traps and toxicant applicators, detection probability models, and social
processes, with time frames varying from currently available to unknown. The researchers review the
techniques, knowledge gaps and challenges and suggest that the techniques, either individually or in
combination, have the potential to increase the feasibility of rodent eradication on islands. Gene
editing and gene drives are discussed in the context of transgenic rodents.
Corlett RT 2017. A bigger toolbox: biotechnology in biodiversity conservation. Trends in
Biotechnology 35(1): 55‐65. DOI: http://dx.doi.org/10.1016/j.tibtech.2016.06.009
Summary: Corlett provides a summary of conservation problems and actual or potential genomic
solutions, of which the use of gene drives for controlling invasive species is one such option. Corlett
discusses the potential risks and risk assessment and governance options.
The potential risks of gene drives are:
 unexpected and undesirable outcomes with traits that are controlled by many genes or
involved in complex gene–environment interactions
 the risk of not being able to stop a gene drive if necessary, creating a need for need for
‘reverse gene drives’
 the risk of spread of the deleterious trait to the natural range of the species, leading to its
global extinction.
Corlett notes that whereas agricultural GMOs are not designed to spread into the natural
environment, gene drives are: ‘Therefore the risks are greater and of a different nature. These risks
cannot be entirely eliminated and uncertainties will always remain, but this is true of all the
conservation tools in use today, from herbicides to reintroduction’ (p. 8).
Regarding risk assessment, Corlett points out the need to recognise the ‘fundamental cultural
distinction between conservationists and biotechnologists’ (p 7): the former are reactive and risk
averse, the latter proactive and willing to experiment, with a generally positive attitude to change.
Regarding governance, Corlett argues that:
 the risks of using gene drives outside of the lab are far from being fully understood, and
suggests using ‘isolated oceanic islands’ as test beds
 an international regulatory framework is urgently needed
 communication of the risks and advantages to the general public is important ‘to avoid the
unselective backlash that has limited the applications of earlier means of genetic
modification’ (p. 7)






biological control guidelines should be used as a basis for the application of biotechnology in
conservation
such guidelines must be flexible and enforceable
the ease and decreased cost of access and use open the industry up to ‘amateur biohackers
editing genomes at home’ (p. 8)
because the USA is not a signatory to the Convention on Biological Diversity, and hence the
Cartagena Protocol on Biosafety, the prospects for uniform global governance are poor.

Leftwich PT, Bolton M, Chapman T 2016. Evolutionary biology and genetic techniques for insect
control. Evolutionary Applications 9(1): 212–230.
Summary: The authors discuss different types of insect control techniques, including the use of CRISPR
gene drives. They discuss risks such as the negative impact that lab rearing has on the fitness of
released individuals, the inevitability of gene drive evolution, and the lack of safeguards for CRISPR.
They stress the need to understand the life history and reproductive biology of the target pests, to
determine the invasion threshold for a gene drive to succeed, and to learn from past experience in
insecticide and antimicrobial resistance by utilising a combination of insect control strategies (e.g. not
just a gene drive).


Risks





Insect control techniques include:
o population suppression:
 sterile insect technique (SIT – release of sterile males), which uses irradiation
 release of insects carrying a dominant lethal (RIDL) (e.g. males carry a gene, the
expression of which kills females at a particular life stage); RIDL is further advanced
than other techniques, and has occurred in the lab greenhouse, field cage, and open
field trials
 sterile male incompatible insect technique (IIT) (e.g. Wolbachia)
o population replacement:
 gene drives; for example:
 homing endonuclease genes
 Wolbachia
 CRISPR mutagenic chain reaction
 RNA interference (RNAi)
 reproductive interference and the actions of seminal fluid proteins
 genetic under‐dominance.

There is a lack of safeguards for CRISPR. For example, mutagenic chain reaction (MCR)
(Bohannon 2015) allows for CRISPR mutations to be replicated throughout a population. As a
result there ‘no way to stop or “recall” the gene drive once initiated’ (p. 220).
There are generally lower risks for suppression than with replacement or driving
mechanisms.
We should expect released insects to have compromised performance when placed into field
environments to which they are no longer adapted: the production of safe and fit insects for
release is key to success, and strategies to deal with this are discussed.
Evolution, resistance and learning from insecticide, chemotherapy and antimicrobial
resistance: evolution is inevitable given the existence of genetic variation – evolution by
natural selection is assured whenever a selective force is applied. ‘The evolution of
resistance to control strategies of all kinds is, therefore, inevitable.’ Control programmes
cannot be made evolution proof’.

Considerations and recommendations
 Public engagement activities are essential to inform and address potential concerns.
 Upholding maximum transparency at all stages is of prime importance.
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Knowledge of the life history and reproductive biology of the pests involved is as important
now as it has ever been.
 For gene driving in general, there is a need to determine the ‘invasion threshold’ – the ease
with which genes conferring a trait can be driven through the population.
 We need the ability to detect released insects against wild insects in the field. Also, we need
to understand the how released insects disperse, as well as the best insect trapping and
detection methods.
 Combinations of simultaneous and diverse approaches are needed to prevent degradation in
the effectiveness of individual approaches over time. However, there has been very little
exploration of the most efficient combinations of genetic techniques for insect control.
 The authors suggest that knowledge about insecticide, chemotherapy and antimicrobial
resistance (AMR) should be applied, including how to slow the spread of resistance. Four
strategies have been employed in insecticides and AMR:
o responsive alternation – control methods in series (until resistance is observed)
o periodic application – cycled in time not space
o mosaic – cycled in space not time
o combination – two or more approaches are applied concomitantly.
 Reviews show ‘combination’ to be the most effective. However, SIT and GM have fitness
costs, which, if imposed together, will need to be weighed against the advantages.
Combinations of insecticides and GM could be used, for example.

Symbiology and synthetic biology
Piaggio AJ, Segelbacher G, Seddon PJ, Alphey L, Bennett EL, Carlson RH, Friedman RM, Kanavy D,
Phelan R, Redford KH, Rosales M 2016. Is it time for synthetic biodiversity conservation? Trends in
Ecology & Evolution 32(2): 97–107. http://dx.doi.org/10.1016/j.tree.2016.10.016
Summary: The authors provide an overview of the potential applications of synthetic biology in
conservation management (invasive species, loss of biodiversity, over‐exploitation, pathogens,
habitat conversion and pollution) and discuss general ethical concerns associated with synthetic
biology approaches. They suggest that the scientific communities of conservation and synthetic
biology take different views of risk, and that for conservation to utilise synthetic biology, these
experts must engage with each other, develop a robust decision framework, and jointly engage with
communities, scientists and regulators to assess the risks and ethical concerns. While encouraging an
interdisciplinary, open‐minded approach, the authors also tend towards the view that science
provides the ‘truth’, and that those with alternative ethics will be swayed by being informed, rather
than countenancing the possibility that alternative viewpoints from scientific ‘truths’ may be valid.







There are two main areas in synthetic biology:
o genome redesign for new and desired traits
o faster and more reliable fabrication techniques for parts and systems that do not exist in
the natural world.
The discovery of techniques such as gene drives and CRISPR has led to an explosion of
synthetic biology research in the past few years.
Conservation crisis, risks and ethics: the authors discuss the conservation crisis and
acknowledge many potential risks, but assert that the conservation community and synthetic
biology community can manage this by working together, bridging gaps, achieving
integration and testing hypotheses. They assert that ‘experts’ and ‘science’ can get to the
bottom of ethical issues in this manner, and that negative opinions about ethics such as
‘playing God’ are not ‘facts’ but hypotheses to be tested.
Suggested guiding principles are:
o responsible stewardship − interdisciplinary approaches
o look to the past – undertake detailed risk assessments (learnings from classical
biological control) and adaptive management framework for decision making
o engage early and often.
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Summary of general points of contention over synthetic biology
o Technology has been responsible for many of the plights of the natural world, and it is
unlikely that technology can also address these plights.
o Once we start making human‐made changes to genomes, natural selection may take
over and begin to modify the modifications we have made.
o Representing a values‐based position, the idea of synthetic biology applied to
conservation is often accused of being equivalent to ‘playing God’. This represents a
philosophical rather than a scientific view about the importance of leaving nature
alone.
o Synthetic biology technologies might be patented, and we would then be left with
difficult decisions about how to separate profit‐driven motives from public‐good
initiatives. Questions then arise such as who will ‘own’ endangered species modified
by patented technologies?
o Approaches driven by synthetic biology might spread modified genes to non‐target
populations, wild relatives, endemic species (through translocation, natural dispersal,
hybridisation), and might also create land‐use changes that will further stress
endangered ecosystems. For example, only 147 of the 2,000 species of rodents
worldwide are considered to be pests, and of these, three species alone (black rat,
Norway rat and house mouse) have by far the greatest impact on the systems they
invade.
o The development of new and modified crops grown to provide feedstock for synthetic
biologically altered microorganisms (especially those developed for fuel production)
might have an impact on both ecosystems and the rural poor. This point could be
generalised to unanticipated ecosystem (and human social/economic) effects.

Sankar PL, Cho MK 2015. Engineering values into genetic engineering: a proposed analytic
framework for scientific social responsibility. The American Journal of Bioethics 15(12): 18−24.
http://dx.doi.org/10.1080/15265161.2015.1104169
Summary: Sankar and Cho suggest that the scientific community require guidance on how to think
about social responsibility in order to integrate it into their work, and that a framework is required for
this purpose. This argument is in line with Douglas’s (2014) assertion that scientists should be
responsible for morally appraising the likely uses of potential dual‐use technology, particularly if the
regulation and oversight to ensure it is collectively carried out are not there.
A number of leading CRISPR researchers have already weighed in on the safeguards needed
for CRISPR (e.g. Baltimore et al. 2015; Esvelt et al. 2014; Oye et al. 2014), and the ethical issues,
including perspectives provided by Doudna (2015), which support the assertion that scientists ought to
be prominent in the debate about and development of a technology, as long as this is supported by
deliberative democracy (Sarewitz 2015). However, Hurlbut (2015) suggests that scientific involvement
in debate has stunted deliberative democracy and prevented some of the fundamental ethical
conversations about how we want our future to be – and that these conversations would inform the
direction and type of research conducted. Also, as suggested by Mariscal and Petropanagos (2016)
and by Moor (2005), CRISPR gene editing and gene drives are revolutionary technologies, and these
complexities (and the increasing likelihood of ethical and social problems) suggest a more
comprehensive approach is required than (just) tackling these issues at the level of the scientist.
Sankar and Cho used two case studies: (i) manipulation of the influenza virus, and (ii) application
of gene drives to wild populations. No attempt is made to incorporate ‘best practice’ into the
framework. For example, the five ethical principles raised by the Presidential Commission for the Study
of Bioethical Issues could be used to guide consideration of the social issues raised by emerging
technologies (Beets 2016).


Issues relating to GM continue to be revisited by the scientific community with little
reference to previous discussions. This suggests the current process is insufficient and that
the scientific community requires guidance on how to think about social responsibility. This
might mean proposing a framework to enable analysis of social responsibility.
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Recent policy discussions focus on biohazard containment strategies and on filling regulatory
gaps exposed by CRISPR (Akbari et al. 2015; Oye et al. 2014). These discussions do not
appear to generalise – they are specific and non‐contextual.
We need to go beyond thinking of ethics as meeting regulations, to how scientists should
integrate social responsibility into their work.
The paper developed a basic framework by assessing H5N1 and gene drive case studies.
The framework has five features:
o basis
o approach
o timing
o participants
o transparency.
In the two case studies, H5N1 and gene drives varied dramatically in terms of their definition
of social responsibility and mapped very different routes for themselves.

Wickson F 2016. Do we care about synbiodiversity?: questions arising from an investigation into
whether there are GM crops in the Svalbard Global Seed Vault. Journal of Agricultural and
Environmental Ethics 29(5): 787–811.
Summary: Wickson uses the Svalbard seed vault and its policies towards genetically modified seeds as
a starting point for questioning our attitudes to GM organisms: what their value is, what care we
should take of them, do we have a moral responsibility to them? Wickson considers the impact of
intellectual property law, the context of other ‘synthetic’ or ‘symbiotic organisms’, and the need to
develop a new language for discussions: discussion of GM is tied to pre‐existing ideas and practices,
and new techniques are not necessarily neatly captured within this label. Wickson suggests
‘symbiodiversity’ and ‘synbiodiversity’.



The author discusses the Svalbard seed vault, its policies, relevant agreements/regulations
and potential for GMO storage.
Currently it has no GMOs.
o Svalbard is not a GMO‐certified facility, but it could be certified.
o There is no political will to store GMOs or to seek certification. Much controversy is
associated with the profit‐oriented biotechnology industry and intellectual property
rights claims, and with public scepticism of big companies involved in seed patents (e.g.
Monsanto) and funders of some biotechnology projects (e.g. Rockefeller, Bill and Melinda
Gates).
o GM crops do not meet the requirements for multilateral access: there is a clear
expectation that all organisations making deposits to the vault follow the International
Treaty on Plant Genetic Resources for Food and Agriculture and that the deposits contain
only material that ‘are available to other natural or legal persons in a manner that
facilitates access for conservation and sustainable use in compliance with national laws
and applicable international treaties.’
 Whereas crop plants developed through traditional breeding practices are typically
protected by plant breeders’ rights (farmers can save and plant seeds, and other
breeders can freely use them), GM crops are commonly awarded intellectual property
protection in the more broadly applicable and restrictive form of utility patents rather
than plant breeders rights. This results in a significant reordering of human–nature
relations.
 GMOs are legally sanctioned as human interventions, as devices that we have created
and that can be legitimately subject to monopoly ownership and control (farmers
cannot save and plants seeds, and other researchers/breeders cannot freely use
them). This raises the possibility of bioprospecting, biopiracy and privatisation of
genetic resources. It also removes genetic resources from the common heritage of
humanity and makes them the private property of the patent holder.
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 However, this requirement (to make deposits to the seed vault available) ‘may be
waived’, and the storage of unpatented GM crops developed by public research
institutes could be possible.
Should GM crops be conserved?
o Do they have conservation value?
 In general, conservation focuses on older breeding lines from which the diversity of
modern varieties can be derived: modern varieties are considered to have less
conservation value than a land race or wild relative with a broader genetic base. As
such it can be argued that GM crops also have less conservation value as they are
modern cultivars. However, it could also be argued that they contain genes that could
not have been acquired by traditional breeding and therefore represent a radical new
form of crop biodiversity, worthy of conservation.
 GM crops are being conserved through in situ uptake across farming systems. In
industrialised economies GM crops are increasingly dominating: do they need to be
conserved?
o What role does the intrinsic value of GM crops versus other crops play?
 What makes for a morally relevant difference? Do some entities lack intrinsic and
conservation value?
 Mutant varieties (arrived at through use of radiation to generate mutations) are
explicitly excluded from Svalbard. Why?
o We need a deeper interrogation of how we conceptualise and consider the moral status
and conservation value of all the ‘mutants and monsters’ we are engaged in producing, as
well as how we take responsibility and care for them as our co‐creations in practice.
 Bruno Latour (2012) argues that we should love our monsters and care for them as
our own children.
 How do we conserve and care for GM crops? Should it be as part of our common
heritage, or as privately owned patented inventions?
 What are our moral responsibilities towards them?
o We also need a new language to assist us in this. Discussion of GMOs is tied to pre‐
existing ideas and practices and new techniques are not necessarily neatly captured
within this label. The authors suggest instead using the terms:
 synbiodiversity – biological diversity arising from purposeful human attempts to
engineer organisms to express desirable traits through directed manipulations of
genetic code, which covers transgenic GM and other
 symbiodiversity – all the diverse forms of life that are intimately woven together with
human beings in their emergence and ongoing existence, which potentially could
cover biotechnological forms such as GMOs, selectively bred crop plants and
irradiated mutants.

CRISPR gene editing
The importance of managing revolutionary technologies
Mariscal C, Petropanagos A 2016. CRISPR as a driving force: the Model T of biotechnology. Monash
Bioethics Review 34 (2): 101–116
Summary: The authors provide an interesting comparison between CRISPR and the Model T Ford to
argue that CRISPR gene editing is revolutionary as a product, a process and a force for social change.
They argue that CRISPR should be framed as a revolutionary technology, and that understanding the
trajectories of revolutionary technologies highlights the need for early regulatory, and continuous,
interdisciplinary and international oversight and ongoing public debate on the future direction of
research and applications: ‘whilst this may be difficult now, it will become impossible as the
technology becomes socially entrenched’ (Mariscal & Petropanagos 2016, p. 116).
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Contrasting ethical framings dominate the discussion. There is a dichotomy between
dystopia versus business as usual:
o Each foregrounds distinctive issues and serves to shift the burden of proof to its deniers.
o Each framework alienates advocates of the other. Each side may view the other as naïve
and judge the other based on its loudest and least thoughtful advocates. Each approach
overemphasises certain uses.
 An alternative is to frame CRISPR as revolutionary, ground‐breaking, disruptive: the Model T
Ford of genetics.
 Revolutionary technologies follow similar patterns of implementation, entrenchment and
social impact.
 New technologies face a number of dilemmas.
o Initially there is an ‘information problem’.
o As the technology becomes entrenched, this is followed by a ‘power problem’ as
controlled change becomes difficult.
o There is only a small window of time in which regulators can avert potential problems in
the transition from fragile ideas with unknown consequences to known and difficult‐to‐
regulate industries.
 Framing CRISPR as ‘revolutionary’ helps support/guide inquiry, and support ethical and social
deliberation and public policy.
o As a product it has great versatility.
o As a process it is speedy, affordable, accessible and available.
o As a social force it has great impact.
 This can be compared to the Model T.
o As a product it was not revolutionary and not a great product.
o As a process – moving assembly line – it was revolutionary and increased productivity
eight‐fold.
o Its societal impacts were:
 affordability, which meant changes in lifestyle, more ownership, the ability to travel
further distances more quickly and easily; it was easier to do errands, go to work, visit
friends and family, and hence live further away from work or the city; and also led to a
more sedentary lifestyle
 the car became a central part of the American identity
 economic consequences, including:
 higher pay for workers to prevent costly turnover and forestall unionisation –
many historians see this as the beginning of the American middle class
 employment changed – fewer jobs in some areas (horse‐drawn carriages, etc.) but
more in others: hotels, more demand for rubber, steel, oil, which resulted in
impacts on South America and the Middle East
 it contributed to the mechanisation of farming
 a massive environmental impact – including lead, smog, impact of rubber industry in
South America, parking lots and roads changing the landscape of the planet,
interrupting local flora and fauna.
 CRISPR is a revolutionary product.
o Two hundred patent applications mention CRISPR and at least four CRISPR‐based
biotechnology companies have opened, raising tens of millions of dollars each.
o CRIPR has spread quickly among the scientific community – there have been tens of
thousands of citations over hundreds of papers in the last few years.
o There are companies marketing CRISPR kits to the public.
 There is a need for a multidisciplinary, internationally respected body with regulatory
oversight to:
o regulate the types of research or clinical applications
o help ensure just and equitable distribution of the benefits resulting from CRISPR
o enact barriers or restrictions on the commercialisation of this technology
o give attention to its far‐reaching global implications.
• An international approach to CRISPR is needed – the implications of CRISPR cannot be bound
by national borders.
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• While this may be difficult now, it will become impossible as the technology becomes socially
entrenched. International agreements will become even more difficult to agree upon or
enforce. It will be especially difficult if new innovations can be monetised and result in
economic or political power for individual countries.
 There is a need for ongoing public debate on the future direction of CRISPR research and its
applications.
Moor JH 2005. Why we need better ethics for emerging technologies. Ethics and Information
Technology 7(3): 111–119.
Summary: Moor discusses the inevitability of an increasing number of ethical issues as technological
revolutions progress, and the need for better ethical thinking and an ongoing, dynamic, adaptive
approach. We can affect our futures by choosing which technologies to have and which not to have,
and by choosing how technologies we pursue will be used. Moor discusses the technological
revolutions of information technology, genetic technology, nanotechnology and neurotechnology, all
of which incorporate some element of malleability (e.g. life malleability with genetic technology) and
all of which converge – or reinforce and support each other’s – features, which acts to increase their
revolutionary path. Given this situation, he suggests how to improve our approach to ethics, echoing
the call by many gene drive authors (e.g. Esvelt et al. 2014; Oye et al. 2014) for multidisciplinary
collaborations among ethicists, scientists, social scientists and technologists.





Technological revolutions have three stages:
1. introduction
2. permeation, during which:
 devices are standardised
 the cost of application drops
 the development of the technology increases as demand increases.
3. power, when:
 technology is firmly established and readily available
 many understand how to use it or can benefit from it by relying on those that do
understand and use it
 there is major integration into society, and if it is revolutionary technology it will have
a significant impact on society.
Moor’s Law: as technological revolutions increase, their social impact and ethical problems
will increase.
All of the following technologies are rapidly developing. They are not full developed and it is
reasonable to expect that they will continue along a revolutionary path and bring with them
an increasing cluster of new ethical issues. Why? Each area is associated with malleability –
the capability of building new bodies, new environments and new minds. Also, these
technologies tend to converge – reinforce and support each other. Each of them is an
enabling technology.
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Technology
Information technology
Genetic technology
Nanotechnology
Neurotechnology


Malleability
Logic malleability
Life malleability
Material malleability
Mind malleability

What improvements do we need in our approach to ethics?
o As much as possible we need to anticipate the uses and consequences of the technology
and establish policies that will minimise deleterious effects. Continual reassessment of
the situation is needed, because we cannot anticipate every ethical issue. This means:
 considering analogues (e.g. where existing policy handles a potentially analogous
situation in a different context)
 considering the consequences of new policies.
o Better multidisciplinary collaborations are needed among ethicists, scientists, social
scientists, technologists.
 Ethicists need to be informed.
 Scientists and technologists need to confront the considerations they raise.
o More sophisticated ethical analyses need to be developed.
 Ethical theories are often simplistic and do not give much guidance in particular
situations.
 Often the alternative is to do a cost–benefit analysis, but this favours monetary
valuation while ignoring or discounting moral values that are difficult to represent or
translate into monetary terms.
o We need to be more proactive, less reactive.

Dual‐use technologies
Douglas T 2014. The dual‐use problem, scientific isolationism and the division of moral labour.
Monash Bioethics Review 32(1‐2): 86–105.
Summary: Douglas discusses the general issue of managing dual‐use problems, and considers whether
the common approach of scientific isolationism is justified (e.g. the view that scientific decisions may
be made without morally appraising the likely uses of the scientific knowledge whose production or
dissemination is at stake). Douglas suggests that the main argument for scientific isolationism is the
division of moral labour argument, which relies on governance bodies playing a role in realising
optimally efficient division of moral labour, which can be questioned. Given this, Douglas concludes
that scientists should morally appraise the likely uses of the scientific knowledge concerned.
Presumably this means that unless there is adequate regulation and oversight ensuring that moral
risks are all evaluated, there is a need for scientists to take on this role themselves.

Appropriate use of metaphors for gene editing
Merriman B 2015. “Editing”: a productive metaphor for regulating CRISPR. American Journal of
Bioethics 15(12): 62–64.
Summary: Merriman takes a slightly different perspective from O’Keefe et al. (2015) to ‘editing’ as a
metaphor, suggesting that the ease, flexibility (potential dual use) and accessibility implied by ‘editing’
may be a useful metaphor to facilitate ethicists in considering its implications. Merriman also suggests
that the metaphor has associations with information technology and that this association may prompt
potential learnings from IT, another dual‐use technology.


Merriman agrees with O’Keefe et al. 2015 that the ‘editing’ metaphor is reductive, and that
naïve use of it may tend to frustrate rather than promote public understanding.
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However, Merriman also suggests that:
o ‘editing’ is a neutral metaphor – it does not prescribe how the technology should be used,
beneficially or otherwise, which reflects the fact that the technology itself cannot be
designed to tell the difference
o the editing metaphor calls attention to important possibilities for CRISPR to become a
cheap, widespread, very reliable means of performing a very broad set of genetic
modifications, which is of concern, because not all possible applications are beneficent
(dual use)
o it is productive to think about CRISPR by analogy to dual‐use computing technologies, as
the traditional biomedical model of regulation is poorly adapted to the context of CRISPR
o it has well‐established (though imperfect) bodies that regulate the export and circulation
of dual‐use technologies
o careful thought needs to be given to how to make responsible use of the technology
o limitations on access to the technology may be required, particularly in the relatively
early stages of development (e.g. number of users), which may simplify the ethical task of
defining responsible and beneficent uses.

O’Keefe M, Perrault S, Halpern J, Ikemoto L, Yarborough M, UC North Bioethics Collaboratory for
Life & Health Sciences 2015. “Editing” genes: a case study about how language matters in bioethics.
American Journal of Bioethics 15(12): 3–10.
Summary: The authors use the example of CRISPRCas9 to study metaphors describing new
technologies. They discuss the importance of metaphors in shaping public understanding and assert
that the currently used metaphors for CRISPR (Gene ‘editing’ and ‘targeting’) are not adequate
because they do not convey the complexity and potential long‐term consequences of the technology
and exaggerate the control of outcomes. The authors suggest that other, better metaphors could be
used for CRISPR (e.g. ‘alter’, ‘modify’, or ‘change’) which do not automatically imply improvement.
This perspective contrasts somewhat with Merriman’s (2015).















The public will form opinions from mass media sources.
Metaphors used by scientists quickly migrate to the mass media.
Metaphors influence:
o how people understand and respond to discourse
o public conversations
o how researchers pose questions and conduct research.
A multidisciplinary approach is required to understand the impact of metaphors.
CRISPRCas9 is a useful case study as metaphors are still being developed. There is a need to
explore metaphors that accurately capture the complexity of ethical issues involved in
CRISPR.
Metaphors need to convey:
o the ethical complexity of the technology
o an accurate description of the technology – how it works, how it can be used
o what is known and unknown about its consequences.
Current predominant metaphors miss the mark in all three.
o They do not convey potential long‐term consequences.
o There is a pattern of reduced complexity and exaggerated control of outcomes that has
troubling implications (which we explore below).
The authors discuss the benefits of metaphors (e.g. build on the familiar, improve retention,
operate at many levels).
They track discourse from January 2013 to July 2015 in the mass media and used Schmitt’s
(2005) definition of a metaphor.
The metaphors used are affected by the larger metaphorical framework used to describe
genomes and genes.
There are two main current metaphors.
o Writing and gene editing (cut and paste, etc.)
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o

o
o
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 This metaphor downplays the complexity, uncertainty, imprecision and potential risks.
 When associated with the human genome, it has associations with eugenics,
stimulating outrage and fear, and inflating concerns about potential misapplications.
 The metaphor is not helpful to informed public discussion.
 It obscures the envisaged beneficial applications.
 ‘This particular metaphor is misleading in multiple ways; what is especially striking
from a bioethics standpoint is that the same metaphor glosses over risk in some cases,
emphasises them in others, and in neither case attends to the actual uses or
potentials of the technology.’
Targeting
 This metaphor recognises the unknowns and uncertainty involved in using CRISPR to
modify genes.
 The metaphor has two strengths.
 It allows for discussion of actual and potential problems.
 It suggests the risk of missing the target, even when writers fail to mention the
possibility, and conveys the possibility of a damaged unintended mark. However,
21st century weapons of war usually hit their mark, so it could also suggest
precision is more likely than missing the target, ‘making even targeting a far from
perfect metaphor’.
‘These metaphors do not describe what CRISPR does: CRISPR alters cells and Cas9 can
chop up the wrong DNA.’
Targeting metaphor carries the risk of conveying precision and obscuring the unknown.
There are alternatives: ‘alter’, ‘change’ and ‘modify’ do not automatically imply
improvement.

Gene editing – general
Andrzej W 2015. Editing the genome: will society catch up with science? Lancet 385: 577.
Summary: The author discusses two major meetings. One, the International Summit on Gene Editing
in Washington DC, ‘concluded that research into gene editing of somatic cells should continue’. A
similar meeting in the UK positioned that nation to take a lead on research into gene editing. The
author observes that the UK is well positioned to take a lead in international gene editing due to local
scientific expertise, as well as the parliamentary and regulatory frameworks necessary for debate,
consultation, legislation and monitoring.
Baltimore D, Berg P, Botchan M, Carroll D, Charo RA, Church G, Corn JE, Daley GQ, Doudna JA,
Fenner M, Greely HT 2015. A prudent path forward for genomic engineering and germline gene
modification. Science 348(6230): 36–38.
Summary: The authors of this article include scientists and bioethicists who met for a 1‐day
conference (the Napa discussion) to discuss how genome engineering could affect health care,
agriculture and the environment (Doudna 2015). The authors urge the scientific community to refrain
from human embryo modification and recommend a multidisciplinary approach and public discussion.
An alternative view of the approach taken by these scientists is provided by Hurlbut (2015), who
discusses how the Napa discussion (and particularly the Asilomar retreat in 1975 to call for a
moratorium on recombinant DNA experiments, of which Berg and Baltimore were also
organisers/participants) are examples of the scientific community controlling the terms of the debate,
and as such have stunted deliberative democracy.




The authors discuss the characteristics of CRISPRCas9, describing it as follows:
o ‘simple, inexpensive, remarkably effective’
o previously difficult or impossible‐to‐conduct experiments are now feasible
o it can be used to change germline cells.
There is a need for multidisciplinary discussion, such as the Napa discussion.
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At the Napa meeting ‘genome modification’ and ‘germline engineering’ referred to changes
in the DNA of the nucleus of a germ cell.
Research is needed to understand and manage risks arising from the use of the CRISPR‐Cas9
technology, including:
o the possibility of off‐target alterations
o on‐target events that have unintended consequences
o the implementation of appropriate and standardised benchmarking methods to
determine the frequency of off‐target effects and to assess the physiology of cells and
tissues that have undergone genome editing.

Braun M, Dabrock P 2016. "I bet you won't": the science–society wager on gene editing
techniques. EMBO Reports 17(3): 279–280. DOI: 10.15252/embr.201541935
Summary: Braun and Dabrock discuss how the CRISPR debate is located at the interface between
science, technology and society. CRISPR techniques have the potential both to meet societal
challenges and needs and also to challenge and blur cultural beliefs, attitudes and values, and a
negotiation process between science and society is needed for this. They assert that society is not
concerned about the techniques themselves as much as the goals of the techniques: what should
CRISPR be used for (and, as they ask, how can we stop the transfer of a genetic germ line modification
to descendants?). This may be a similar argument to that proposed by Hurlbut (2015), who suggests
that the public need to be involved in defining what forms of research are desirable and good, not just
which end products.
Camporesi S, Cavaliere G 2016. Emerging ethical perspectives in the clustered regularly interspaced
short palindromic repeats genome‐editing debate. Personalized Medicine 13(6): 575–586
Summary: The authors concentrate on human genome editing but also briefly discuss non‐human
genome applications of CRISPR. Mention is made of dual‐use problems (expanded on by Beets 2016;
Douglas 2014; Merriman 2015) and the bio‐conservative worry of ‘disruption of natural order’. While
they think ‘natural’ should not hold an intrinsic moral value, they consider the possibility of the
unknown value lost when changing a gene, deactivating a gene, effects on the ecosystem and altering
biodiversity.
Caplan AL, Parent B, Shen M, Plunkett C 2015. No time to waste: the ethical challenges created by
CRISPR. EMBO Reports 16(11): 1421–1426
Summary: The authors consider the ethical challenges and risks of CRISPR, and the inadequacies in
current regulatory frameworks.




Gene editing is nothing new but CRISPR is different.
o It is affordable and efficient.
o It no longer requires the insertion of foreign DNA (CRISPR or TALEN). In the US this would
mean they are not classified as transgenics. Also, in the US it is unclear whether the DNA
must come from a donor organism or whether DNA synthesised in the lab is covered. In
Europe this is still classed as transgenic (all GM crops or animals are transgenic, whether
this includes the insertion of foreign DNA or direct genome editing). However, there is
some pressure to change this to exclude those that do not include foreign DNA. ‘Since the
EU is the largest market for agricultural products in the world, other countries are now
waiting to see … before they move on with marketing edited crop plants’.
The authors discuss the potential applications of CRISPR, including control of invasive
species, which they identify as a potentially ‘much more dangerous and controversial’ use of
CRISPR: ‘such methods could effectively destroy an entire species and could have significant
environmental consequences’.
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Current national and international frameworks are inadequate. The article reviews the US,
European and international frameworks and finds the following.
o The trend in the US is towards deregulation.
o The US and South Korea (among others) are not signatories to the Cartagena Protocol.
o A framework needs to consider:
 standards for
 testing genetically edited organisms
 releasing them into the environment
 assigning liability for damage
 regulations setting clear requirements for:
 testing the safety and efficacy of edited organisms in carefully controlled
environments or contained settings that simulate their natural environments
 ensuring edited organisms are only released into typical environments (farm, and
wild habitat) after public consultation and appropriate consent of potentially
affected populations
 development of reversal, immunisation and suppression drives
 consideration of terminator genes or self‐limiting genes that limit the lifespan of
edited organisms or make them more fragile or easy to kill
 consideration of tagging edited organisms to be able to assign responsibility and
liability for damages and track the flow of gene edits through a population of
insects or animals.
 managing the expansion of sales of DNA synthesis products beyond academia and
industry to private individuals, possibly by creating an international clearinghouse
with which genetic sequence produces and sellers must register
 public engagement and discussion (as well as clear safety and testing guidelines) to
ensure the public’s trust in the safety of GE insects and animals will not follow the
same path as GM food.
They identify the following potential risks/concerns.
o Can off‐target effects (unanticipated mutations leading to undesirable phenotypes) be
controlled?
o What will be the effects of animals and humans eating genetically edited insects or
animals?
o Will wiping out an entire species upset the ecological balance?
o Will edited organisms be able to survive in natural environments, and if so, for how long?
o What are the risks for human safety?
o Could CRISPR be sued for biological weapons?

Doudna J 2015. Genome‐editing revolution: my whirlwind year with CRISPR. Nature Comment.
http://www.nature.com/news/genome‐editing‐revolution‐my‐whirlwind‐year‐with‐crispr‐1.19063
Summary: Doudna, a key CRISPR researcher writes about her experiences with the development of
CRISPR technology, in particular her perspective on ethical issues around potential uses of the
technology. Initially, Doudna reasoned that ‘bioethicists are better positioned to take the lead on such
issues’ (paragraph 3), but due to the speed of development of CRISPR and the lack of awareness of
governments, regulators and the public, she started to feel that scientists needed to take the lead in
having open conversations about CRISPR’s repercussions. Since then Doudna has been involved in a 1‐
day conference of scientists and bioethicists (resulting in the Baltimore et al. 2015 article), has given
more than 60 talks about CRISPR‐Cas9 at schools, universities, and companies, and has talked at
conferences, to the US Congress, and to the White House Office of Science and Technology Policy.
Doudna supports the assertion by Sankar and Cho (2015) that scientists ‘could be better prepared to
think about and shape the societal, ethical and ecological consequences of their work’ (paragraph 24).
‘It seems obvious to me now that engendering more trust in science is best achieved by encouraging
the people involved in the genesis of a technology to actively participate in discussions about its uses’
(paragraph 22).
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Doudna JA, Charpentier E 2014. The new frontier of genome engineering with CRISPR‐Cas9. Science
346(6213): 1258096.
Summary: The authors, Doudna and Charpentier head a research team for the University of California,
Berkeley (which is currently in a dispute over patent rights for CRISPR‐Cas with the Broad Institute
(and the research team headed by Feng Zhang) (McCall 2016). Doudna and Charpentier provide a
history of targeted DNA cleavage in genome engineering, including ZFNs and TALENs and the
difficulties of protein design, synthesis and validation that remained a barrier to widespread adoption
of these nucleases. They discuss CRISPR‐Cas system types I, II and III, which differ in how they achieve
nucleic acid recognition and cleavage (type II uses only a single protein for this purpose, proving it to
be extremely useful for genome engineering applications). The article provides a timeline of CRISPR
development, details of how the CRISPR‐Cas9 system works, and potential applications. The authors
touch on the need to address the ethical questions that such a powerful tool raises, and to facilitate
public discourse and foster responsible use in order to ensure maximum benefit while minimising risks.
Goldim JR 2015. Genetics and ethics: a possible and necessary dialogue. Journal of Community
Genetics 6(3): 193–196. DOI: 10.1007/s12687‐015‐0232‐6
Summary: Goldim discusses the complexity of CRISPR ethics and the concepts of dangerous
knowledge, the precautionary principle, and techno‐science. Goldim observes that there are few
papers on the ethics of CRISPR despite the many articles on the technology itself, and that there is a
need for an interdisciplinary approach, reflecting on ethics and issues such as human dignity, justice,
respect of persons, and retrospective and prospective responsibility.



Dangerous knowledge is knowledge that accumulates more rapidly than the wisdom to use it
(Potter 1971, cited in Goldim 2015).
‘Techno‐science’ refers to the rapid development of scientific knowledge, and immediate
implementation of new technologies makes it difficult to identify what is technology and
what is science (Hottois 1984, Latour 1987, cited in Goldim 2015).

Hurlbut JB 2015. Limits of responsibility: genome editing, Asilomar, and the politics of
deliberation. Hastings Center Report 45(5): 11–14. DOI: 10.1002/hast.484
Summary: Hurlbut disputes the notion that the scientific experts of CRISPR are best positioned to
define the terms of the debate about CRISPR. Hurlbut cites the Napa discussion and the Asilomar
retreat as examples of how scientists have controlled public debate and excluded social and ethical
implications from deliberations. A precedent was set at Asilomar for scientific self‐regulation, where
scientists also decided when a technology is sufficiently developed to warrant attention to its impacts
and consequences. Although Asilomar is remembered as an example of transparency and open
discussion that succeeded in diffusing public anxiety, Hurlbut asserts that its legacy is to create
‘dependence, with the public passively learning, and – deferring to – science’s authoritative judgement
about what is at stake and when a democratic reaction is warranted.’ Hurlbut suggests that the
current questions concerning CRISPR are not new questions and could have been discussed 40 years
ago. He suggests that the public should be involved in deciding what forms of research are desirable
and good, not just which end products: ‘our technologies should be subject to democratically
articulated imaginings of the future we want, not the opposite’ (Hurlbut 2015, p. 12).
Jacobs G 2017. Human gene editing recommendations from USA science panel. [online] Sciblogs.
http://sciblogs.co.nz/code‐for‐life/2017/02/15/human‐gene‐editing‐recommendations‐usa‐
science‐panel/?utm_source=feedburner&utm_medium=email&utm_campaign=
Feed%3A+sciblogsnz+%28SciBlogs.co.nz%29 (accessed 16 February 2017)
Summary: The author discusses the (just released, 15/2/2017) recommendations from the US National
Academy of Sciences and US Academy of Medicine on the use of gene editing for human genome
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editing. While the recommendations concern human gene editing, not gene editing for the control of
invasive species, it indicates the current progress of and approach to gene editing, and the author
provides some interesting comments in the footnotes supporting a more function‐ or goal‐ oriented
approach to legislation: ‘I wonder if the document might have been better titled something along the
lines of “Recommendations for human gene therapy” — focusing on the thing done, rather than using
a title relating (mostly) on some ways (techniques) that it might be done. (This same issue affects
discussions about GMOs.) … The point here is that if you try define things by specific techniques, you
will always find discover approaches are not covered, particularly because science keeps developing
new ways of doing things (Ditto for GMOs)’. Such an approach may facilitate public understanding
and discussion.
Ledford H 2015. CRISPR, the disruptor. Nature 522(7554): 20–24
Summary: Ledford discusses how and why CRISPR is such an important technology, including the
number of research citations and patents concerning CRISPR and opinions provided by some of the
researchers involved.










CRISPR requires no expensive equipment or years of training. Researchers often only need to
order the RNA fragment: the other components can be bought off the shelf. The total cost
can be as little as $30, which promotes democratisation.
It is possible to edit genes in many more organisms.
‘There is a mentality that as long as it works, we don’t have to understand how or why it
works’ (Ledford 2015, p. 21).
Doudna has begun to have more serious concerns about safety: ‘it seemed incredibly scary
that you might have students who were working with such a thing. It’s important for people
to appreciate what this technology can do (Ledford 2015, p. 21).
Research is occurring to ‘hunt down Cas9’s off target cuts’. Off‐target mutation frequencies
range from 0.1% to 60%. ‘Even low frequency events could potentially be dangerous if they
accelerate a cell’s growth and lead to cancer’ (Joung, quoted in Ledford 2015, p. 21).
CRISPR makes it more difficult to identify a modified organism once it has been released.
Gene drive risks include:
o unknown consequences for ecosystems (e.g. emergence of other pests, trophic affects)
o mutation of the guide RNA over time, such that it targets a different part of the genome.
Research has a way to go: it could take years before its potential development is realised.
The top five patent applicants are:
o MIT (62)
o Broad institute (57)
o MIT bioengineer Feng Zhang (34)
o Danisco (29)
o Dow Agrosciences (28).

Rodriguez E 2016. Ethical issues in genome editing using Crispr/Cas9 system. Journal of Clinical
Research & Bioethics 7 (266): 10‐4172.
Summary: Rodriguez discusses the ethical issues arising from the ability to use CRISPR for any purpose
unless regulated. Issues raised include the potential for off‐target mutations, efficient safe delivery of
CRISPR‐Cas9 into cell types or tissues that are to transfect and/or infect, and the regulation of
patenting. In regard to this last issue, the practice of patenting may be accompanied by litigation, and
patenting can be too broad in application, giving too much power to biotech companies.
Sarewitz D 2015. CRISPR: Science can’t solve it. Nature 522: 413–414.
http://www.nature.com/news/crispr‐science‐can‐t‐solve‐it‐1.17806
Summary: This is a comment piece by Sarewitz, who discusses the limitations of science and scientists
in informing risk assessment for CRISPR gene editing and the need for deliberative democracy. He
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suggests that scientists want to control the terms of engagement: they think that more research is
required to inform and guide application, and that experts can decide the risks, benefits and ethical
challenges of such emerging technologies. Sarewitz asserts instead that this underestimates the
capacities of democratic deliberation and delegitimises science, and that risk is more a political and
cultural phenomenon than a technical one. The capacity of people to learn about, and deliberate
wisely on, the technical aspects of complex dilemmas has been documented by scientists for decades.
Models exist to investigate this same phenomenon, such as the World‐Wide Views (WWV) alliance, co‐
ordinated by the Danish Board of Technology, and the Expert and Citizen Assessment of Science and
Technology. Sarewitz’s article suggests the limitations of risk assessments by scientists, as discussed
by Doudna (2015), and Sankar and Cho (2015), among others.
Sprink T, Eriksson D, Schiemann J, Hartung F 2016. Regulatory hurdles for genome editing: process‐
versus product‐based approaches in different regulatory contexts. Plant Cell Reports 35 (7): 1–14.
Summary: An EU and plant‐centred review of existing GM legislation focusing on how to interpret
current legislation (currently a controversial area) and whether a ‘product’ and/or a ‘process’ view
should be used. Depending on how the legislation is interpreted, some applications of CRISPR could fall
outside of the legislation. The article provides a categorisation of different types of genetic
modification and summarises the views of some key institutions in the EU. The article does not
consider how techniques like CRISPR should be governed if they do fall outside of GM legislation, or
consider other approaches such as a function‐based approach discussed by Oye et al. (2014). Thus,
gene drives, for example, do not seem to be considered as a separate category from gene editing. The
process versus product debate does not consider different gene drives because it does not consider the
impact of the change on humans or other species.








Existing EU legislation fails to accommodate the new continuum between genetic
engineering and conventional breeding.
The authors discuss conventional breeding versus transgenesis versus cysgenesis.
They categorise types of ‘genetic modification’ as follows:
o site‐directed nucleases (SDN‐1, SDN‐2, SDN‐3)
o oligonucleotide‐directed mutagenesis (ODM)
o RNA‐dependent DNA methylation.
They discuss the controversy over EU legislation and the opinions of key EU organisations:
o German Federal Agency for Consumer Protection and Food Safety
o German Biosafety Commission
o New Technology Working Group
o European Food Safety Authority
o NGOs
o German Federal Agency for Nature Conservation.
The authors suggest that the legislation needs to be interpreted with a product view or a
process and product view.
o A product view is ‘mutations ranging from 1 to a few base pairs which are
indistinguishable from naturally occurring and chemical‐/radiation based mutations.’ ‘In
reality, however, this alleged GMO would not be distinguishable from a plant which had
acquired the same point mutation naturally or by means of chemical or radiation induced
mutagenesis’.
o A process view is ‘the ODM technique have to be considered as GMO since the
introduction of oligomers is a genetic technique and targeted mutagenesis is not a
naturally occurring process’.

Zimmer C 2015, 6 February. Breakthrough DNA editor borne of bacteria. Quanta Magazine.
https://www.quantamagazine.org/20150206‐crispr‐dna‐editor‐bacteria/
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Summary: Zimmer provides an accessible explanation of the history and science of CRISPR
development, from its discovery in 1987 to Doudna and Charpentier’s discovery of how to make it
functional in virtually any species.

Patenting and IP
Broad Institute 2017. Information about licensing CRISPR genome editing systems. [online]
https://www.broadinstitute.org/partnerships/office‐strategic‐alliances‐and‐
partnering/information‐about‐licensing‐crispr‐genome‐edi (accessed 9 February 2017)
Summary: This is a summary of the Broad Institute’s approach to intellectual property. ‘We make
CRISPR tools, knowledge, methods and other IP for genome‐editing freely available to the academic
and non‐profit community.’
McCall A 2016, 5 June. The CRISPR slash: who owns this groundbreaking, DNA altering technique.
IPWatchdog. http://www.ipwatchdog.com/2016/06/05/crispr‐clash‐dna‐technology/id=69650/
Summary: McCall discusses the dispute over patent rights for CRISPR‐Cas gene editing technology
between the University of California, Berkeley (key researchers Doudna and Charpentier), and the
Broad Institute (key researcher Feng Zhang). McCall suggests that universities are placing increasing
importance on licensing revenue, which in this case is likely to be millions of dollars. Theoretically,
patent rights grant the inventor the right to exclude others from making, using, selling, offering to sell
and importing the invention, and also give the inventor power over how the technology is used.
However, both universities have indicated their commitment to public interest; namely, licensing
widely and cheaply to other non‐profit institutions. Investors in the respective universities will also be
affected by the decision.
Parthasarathy S 2017. CRISPR dispute raises bigger patent issues that we’re not talking about.
[online] The Conversation. http://theconversation.com/crispr‐dispute‐raises‐bigger‐patent‐issues‐
that‐were‐not‐talking‐about‐56715 (accessed 9 February 2017)
Summary: This article discusses how the US patent system is not built to handle the realities of
science, and how patents give their owners significant control over the fate and shape of technologies.
The system was built on the idea that the promise of an exclusive right to commercialise a technology
for a limited period of time provided an important innovation incentive, with individual entrepreneurs
and discrete machines in mind. But university‐based science is usually incremental and collaborative,
with other drivers for innovation such as tenure, promotion, grant funding, respect among colleagues
and, if extremely lucky, a major scientific discovery. The CRISPR dispute also highlights how patents
influence the social and ethical consequences of a technology. We tend to focus on how patents assign
credit, facilitate financial gain for their owners, and therefore shape the marketplace. But the control
that patents award extends much further than that, particularly in the absence of regulations. As
patent holders decide whether and how to license their technologies, they can determine the shape a
particular field takes, the technologies that become available, who has access to them, and what kind
of access they have (which determines the type of research and limits on research).
An example of the ethical and social implications of Myriad Genetics’ patents on BRCA genes
is given. Eventually the patents were revoked by the US Supreme Court in 2013. The author comments
that in the absence of a regulatory framework, the patent holder should transparently address these
concerns, but that neither Broad nor Berkeley has done so. Both Doudna (Berkeley) and Zhang (Broad)
have acknowledged the ethical challenges and articulated support for a regulatory framework.
Regalado A 2017. Putting a legal spotlight on labs that are tweaking evolution with CRISPR. [online]
MIT Technology Review. https://www.technologyreview.com/s/602633/stop‐gene‐spills‐before‐
they‐happen/ (accessed 9 February 2017)
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Summary: The author discusses plans/examples of using patents as a substitute for or type of
regulation. Esvelt is proposing requirements for use of gene drive technology that will enforce
disclosure of intentions and a requirement to follow agreed safety procedures. Anyone who disagrees
will not be allowed access. The licence purchased by Monsanto from the Broad Institute, for CRISPR
use, included prohibition from developing a gene drive.
Specter M 2015, 16 November 16. The gene hackers: a powerful new technology enables us to
manipulate our DNA more easily than ever before. The New Yorker.
http://www.newyorker.com/magazine/2015/11/16/the‐gene‐hackers
Summary: This article begins with a background on Feng Zhang from the Broad Institute and MIT, as
well as a description of CRISPR and its potential applications. Specter discusses the patent dispute
between the Broad Institute and Berkeley and reports that both Zhang and Doudna have pledged to
release all intellectual property to researchers without charge (and they have). Both are also involved
in new companies that intend to develop CRISPR technology as therapies, as do many pharmaceutical
firms and other profit‐seeking enterprises. Jennifer Doudna has been among the most vocal of those
calling for caution on what she sees as the inevitable march toward editing human genes. The article
also discusses the furore over Chinese human germ line research, and how the research was ethical,
well planned and careful, and the researchers observed that there were huge problems with carrying
out such research.
Webber P 2014. Does CRISPR‐cas open new possibilities for patents or present a moral
maze? Nature Biotechnology 32(4): 331–333. DOI: http://dx.doi.org/10.1038/nbt.2843
Summary: Webber discusses what could potentially be patented as a result of gene editing, if it meets
the criteria of novelty, non‐obviousness and usefulness. Webber lists: (i) the research tools; (ii) genes
and proteins, because genomic DNA is not patentable in the US but CRISPR‐mutated DNA that does
not correspond to a genomic sequence could be, and in Europe DNA sequences are patentable; (iii)
microorganisms; and (iv) plants and animals. Webber discusses the current moral considerations in
patenting and notes that any states abiding by the European Patent Convention (which does not
include the US) must not patent immoral inventions.

Home editing
Chung E 2017. Synbiota biohacking kits let you do genetic engineering at home. [online] CBC News.
http://www.cbc.ca/news/technology/biohacking‐diy‐bio‐1.3252735 (accessed 9 February 2017)
Summary: This is a popular article discussing the sale of DIY CRISPR kits, by Synbiota, starting at
$395 US. Vincent Martin, Canada Research Chair in Microbial Genomics and Engineering at Concordia
University, thinks that it's unlikely anyone could do much harm with the kit, likening it to a home
chemistry kit, but he is also sceptical that it could lead to anything really innovative and creative.
The‐odin.com. Gene engineering kits – The ODIN. [online] http://www.the‐odin.com/gene‐
engineering‐kits (accessed 9 February 2017).
Summary: This is the website for a company selling CRISPR DIY kits.
Zayner J 2017. DIY CRISPR kits, learn modern science by doing. [online] Indiegogo.
https://www.indiegogo.com/projects/diy‐crispr‐kits‐learn‐modern‐science‐by‐doing# (accessed 9
February 2017).
Summary: Indiegogo is a ‘launchpad for entrepreneurial ideas’. A crowdfunding for a DIY CRISPR kit
was launched on this website and US $71,000 was raised.
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CRISPR gene drives, and their application in population suppression
Akbari OS, Bellen HJ, Bier E, Bullock SL, Burt A, Church GM, Cook KR, Duchek P, Edwards OR, Esvelt
KM, Gantz VM 2015. Safeguarding gene drive experiments in the laboratory. Science 349(6251):
927–929
Summary: The authors describe themselves as ‘concerned scientists in related areas that engaged in
collective discussions to identify and publicise interim safety recommendations for laboratory research
involving potential gene drive systems while formal national guidelines are developed’ (2015, p. 927).
They recognise the potential power of gene drives but also the risks presented by accidental releases
and the need for caution in laboratory research.




There are two types of gene drive systems:
o natural drive systems:
 sex‐ratio meiotic drive
 segregation distortion
 replicative transposition
o synthetic drive systems:
 selective embryonic lethality
 homing endonucleases
 CRISPR (the majority of gene drive research).
Interim safety recommendations are in place for lab research involving gene drive systems
while formal national guidelines are developed.
o Stringent confinement strategies are suggested, such as molecular, ecological,
reproductive and physical barrier confinement strategies. For example, molecular
confinement involves:
 using a split gene drive system; e.g. where the Cas9 gene and guide RNA cassette are
separated: the guide RNA can spread only when combined with the unlinked Cas9
transgene (a mutation could relocate the Cas9 to the sgRNA cassette, and although
unlikely, additional confinement should be employed)
 targeting synthetic sequences that are absent from the wild organism.
o A combination of confinement strategies should be used, as any single strategy could fail
(at least two should be employed).
o A risk assessment of unwanted release from the lab should be performed by biosafety
authorities, guidance sought from external experts, and the evaluation made available to
others.
o Movement of organisms carrying gene drive constructs that could spread should not
occur until formal biosafety guidelines are established.
o Broadly inclusive and ongoing discussions among diverse groups concerning safeguards,
transparency, proper use, and public involvement should inform expert bodies (e.g. US
National Academy of Sciences).

Beets R 2016. Governing CRISPR: evaluating ethics, risk, and regulation in gene drive research.
Summary: Beets wrote this paper in partial fulfilment of a Master of Science at the University of
Minnesota. She provides a comprehensive and easily understandable summary and history of CRISPR,
including the different types of gene editing and an explanation of CRISPR and gene drives. She
discusses the potential risks of CRISPR gene drives: technical uncertainty, accidental release,
environmental impacts, dual use, ethical and social considerations, environmental ethics, and
distributive justice. Beets also discusses the five principles outlined by the Presidential Commission for
the Study of Bioethical Issues (public beneficence, intellectual freedom and responsibility, responsible
stewardship, democratic deliberation, and justice and fairness). Beets proposes a gene drive
governance group in the US to ensure holistic, adaptive and proactive governance occurs.
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It is not feasible to regulate these technologies adequately and comprehensively at the ‘front
end’ (Marchant 2011, cited in Beets 2016).
A shift towards a governance model is required.
A successful governance model will:
o continually assess and monitor risks and unknowns
o consider the long‐range social, ethical and moral concerns
o regularly engage stakeholders in deliberation around decision‐making
o identify oversight gaps and design flexible regulations
o balance scientific innovation against the risks and benefits of the technology.
A ‘gene drive governance group’ should be established (suggested for the US). Beets
discusses how the governance group would work.

Bohannon J 2015. Biologists devise invasion plan for mutations. Science 347(6228): 1300.
Summary: This is a short article from Science touching on disagreements between scientists over what
are appropriate safeguards for gene drive experiments.




For example, Church (2015, as cited in Bohanon, 2015) splits the Cas9 and RNA guide into
different cassettes so that unintended genes can’t become accidentally incorporated and
spread, whereas Gantz and Bier’s method does not have such safeguards: ‘it encourages a
standard of behavior that is much lower than what we’re recommending,’ Church says. ‘What
will spread is not literally their mutant flies, but their protocol’ (as cited in Bohanon, 2015, p.
1300).
Bier rejects the criticism: ‘The safe‐guards that [Church] is using in yeast just can’t work in flies,’
he notes. ‘I bristle when people say that we haven’t thought carefully about this (2015, p. 1300).

Champer J, Buchman A, Akbari OS 2016. Cheating evolution: engineering gene drives to manipulate
the fate of wild populations. Nature Reviews Genetics 17(3): 146–159
Summary: The authors discuss different types of gene drives (homing‐based drives (including CRISPR),
X‐Shredder, Medea, Toxin‐antidote underdominance, chromosomal rearrangement, Wolbachia) and
their characteristics, mechanisms, status, potential applications and, briefly, their safety and
regulation. The article discusses the mechanisms of the drives in detail, and serves as a reminder that
while CRISPR is dominant now, other systems are possible and may also become popular.
Esvelt KM, Smidler AL, Catteruccia F, Church GM 2014. Concerning RNA‐guided gene drives for the
alteration of wild populations. Elife 3: p.e03401
Summary: The authors provide a scientifically detailed and comprehensive overview and history of
RNA‐guided gene drives (in particular CRISPR‐Cas9), emphasising the complexity in developing gene
drives for a specific species, cell type and situation, and the need to assess the risks, costs and benefits
of each gene drive individually. They discuss how the complexity of biological systems may mean that
many of the proposals with gene drives will fall short. However, there are also rapid advances in using
CRISPR‐cas9, and targeted population suppression may be possible. They emphasise the need for
‘transparent, inclusive, well‐informed discussions concerning the responsible evaluation and
application of these recent technologies’ (p. 17) and the need to bring ‘these possibilities before the
scientific community and the public prior to their realisation in the laboratory’ (p. 17) in order to
initiate this conversation. The authors point to Oye et al. (2014) for a discussion focused on risk
governance and regulation for policymakers.



Responsible development of RNA‐guided gene drive technology is best served by full
transparency and early engagement with the public.
Natural gene drives include:
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o natural homing endonuclease genes that copy themselves into chromosomes lacking
them
o segregation distorters that destroy competing chromosomes during meiosis
o transposons that insert copies of themselves elsewhere in the genome
o Medea elements that eliminate competing siblings who do not inherit them
o heritable microbes such as Wolbachia.
These natural drives can be harnessed for engineered drives.
Engineered endonuclease gene drives include standard drives, which spread genomic traits
through populations. Suppression drives reduce the size of the targeted population.
The authors also discuss pre‐Cas9 and Cas9. ‘Because inserting a gene in the germline with
Cas 9 involves the same molecular copying process as the drive itself will utilise, successful
insertion may produce a working if not particularly efficient RNA‐guided gene drive. But if
population level engineering is to become a reality, all molecular factors relevant to homing
– cutting, specificity, copying, and evolutionary robustness – must be considered.’
Whether a standard drive spreads depends on the following factors.
o Homing efficiency
 Learning how to insert a drive into the germline and optimise its function in each new
species will probably require months to years depending on generation length.
 The timing of gene drive replication: homing can occur either in the fertilised egg or in
the gonads. The former results in homozygosity for the drive, the latter
heterozygosity.
 Cutting: the simplest way to increase cutting is to target multiple adjacent sequences.
RNA‐guided gene drives should be capable of cutting any given gene.
 Specificity: recent development and strategies have demonstrated that the off‐target
rate can be reduced to nearly undetectable levels. Organisms with larger genomes
may require more careful target site selection due to an increased number of
potential off‐target sequences present.
 Copying: this is the most challenging requirement. If the cell uses homologous end
joining (Homologous recombination, or HR) an edited gene will result; if it uses non‐
homologous end joining, a disrupted gene will result. HR rates vary across:
 cell types: Cas9 can be adapted to generate 5’‐overhangs, 3’‐overhags, or blunt
ends depending on the cell type and organism
 developmental stage
 species (e.g. in mosquitoes c. 97% of cuts used HR and fruit flies; initially 2% of
cuts were HR, never rising above 78% even with extensive combinatorial
optimisation – ideally drives should only be activated in germline cells at
developmental stages with a high rate of HR, but this may be challenging in many
species)
 phase of the cell cycle
 ability to regulate gene expression (e.g. Cas9 used to repress NHEJ genes and
activate HR genes).
o Fitness cost
 Cas9 does not appear to represent a fitness burden when expressed at a moderate
level in fruit flies, with or without guide RNA.
 The gene changed may have an impact on individual fitness.
o Evolutionary stability
 Even a perfectly efficient endonuclease gene drive is vulnerable to the evolution of
drive resistance in the population, in terms of:
1. evolution/presence of drive resistant alleles:
(i) whenever NHEJ is used, the result is typically a drive resistant allele (it has
insertions or deletions in the target sequence that prevent it from being cut by
the endonuclease).
(ii) natural sequence polymorphisms in the population could also prevent cutting
(iii) these alleles will eventually eliminate the drive because most drives – like most
transgenes – are likely to slightly reduce the fitness of the organism
2. evolution of a method to inhibit the drive endonuclease
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3. evolution of higher RNase activity to preferentially degrade all guide RNA.
 The best defence against (1) is to target multiple sites and release successive gene
drives, each targeting multiple sites.
 (2) is less likely to arise given the historical absence of RNA‐guided nucleases from
eukaryotes.
 (3) is difficult to accomplish without harming overall fitness.
 Stability of the gene drive cassette itself: Zinc finger and TALEN gene drives suffered
from recombination, and only 75% and 40% of each drive respectively was sufficiently
intact after one copying event. RNA guided gene drives are ‘likely to be more stable’.
The rate of spread depends on
o the number of drive‐carrying individuals that are released
o mating dynamics
o generation time
o other characteristics of the target population.
CRISPR Cas9’s faster development time is limited by the generation time of the organism,
with (perhaps) 6–12 design‐build‐test phases. Also, in general the time taken to spread to all
members will take ‘several dozen generations’.
Drive‐mediated genome alterations are not permanent on an evolutionary timescale.
Harmful traits will eventually be outcompeted by fitter alleles. Maintaining deleterious traits
within a population indefinitely is likely to require scheduled releases of new RNA‐guided
gene drives to periodically overwrite the broken versions in the environment.
Current knowledge is focused on mosquito‐borne illnesses. Studies examining the particular
drive, population and associated ecosystem in question will be needed.
Types of genes that can be edited include those that are important to fitness.
Robust safeguards and methods of control are needed; for example, see Oye et al. 2014:
o Reversal drives – target and change the genes already changed by a gene drive
o Immunisation drives – target and change the genes targeted by a gene drive to prevent
that drive from working
Both the above could be done in combination.
o Precisely target sub‐populations
 If they are genetically distinct, target sequences unique to that population.
 If they are not genetically distinct but have limited gene flow, first target them with a
gene drive to make them distinct and then overwrite that with a precision drive. So
long as Drive A does not escape the island before being replaced, the unique
sequence in the island population would allow it to be targeted with future precision
drives that would not spread through the mainland population. The article suggests to
“verify that… (drive A changes)…have not spread to the native population, and only
then release a suppression drive targeting the recoded sequences while holding an
immunisation drive in reserve”.
 Immunisation drives could also be used to protect sub‐populations of a species e.g. a
native population if the species was targeted as an invasive elsewhere. However this
risks transferring immunity back to the invasive population.
o Sensitising drives: drive A: render target population sensitive to a particular molecule.
Then geographically disperse the chemical. Even if the genes disperse to other geographic
locations, they need the application of that chemical. Spatial resolution = field.
o Temporally unstable drives: deliberately limit the lifetime of a suppression drive by
rendering its effects evolutionarily unstable. Spatial resolution = city.
o Interacting drives: initiate suppression only when two distinct interacting drives
encounter one another. Given as an example for application at spatial resolution of
‘state’.
The authors discuss the potential applications.
Risks
o Rare mating events may allow the drive to affect closely related species.
o The suppression drive might spread from the invasive population back to the native
population.
A careful and fully transparent review process, fully inclusive public discussions is required.
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‘Decisions should be based entirely on the probable benefits and risks of that specific drive.
That is, each drive should be judged solely by its potential outcomes, such as its ability to
accomplish the intended aims, its probable effects on other species, the risk of spreading
into closely related species by rare mating events, and impacts on ecosystems and human
societies.’
National Academies of Sciences, Engineering, and Medicine 2016. Report in brief: gene drives on
the horizon: advancing science, navigating uncertainty, and aligning research with public values.
National Academies Press
Summary: This is a summary of the ‘Gene drives on the horizon’ report by the US National Academy of
Sciences. The potential for gene drives to cause irreversible effects on organisms and ecosystems calls
for a robust method to assess risks, a phased approach to testing, engagement of public and
stakeholders, governance, and a step‐by‐step approach.








Governance begins with the personal responsibility of the investigator, is formalised in
professional guidelines, and often extends to legally binding policies and enforceable
regulations.
A phased testing pathway (such as that outlined by WHO for tested GM mosquitos) can
facilitate a step‐by‐step approach to research on gene drives.
There is a need for ecological risk assessment. The key features are: 1) trace cause‐and‐effect
pathways, and 2) quantify the probability of specific outcomes.
Public, stakeholder and community engagement required – not as an afterthought but with
effort, attention, resources and advanced planning.
International co‐ordination is required.
o Interdisciplinary co‐ordination is required. This would involve recommending that
funders of gene drive research:
 co‐ordinate and, if feasible, collaborate to reduce gaps in knowledge, not only
about the molecular biology of gene drives, but also in other areas of
fundamental and applied research that will be crucial to the responsible
development and application of gene drive technology, including population
genetics, evolutionary biology, ecosystem dynamics, modelling, ecological risk
assessment and public engagement
 establish open‐access, online repositories of data on gene‐drives as well as
standard operating procedures for gene drive research.
Dual use: the scientific community has an obligation to work with policy makers to identify
and promote best practices to safeguard against unintentional or intentional misuse.

Note that the National Academy has just released recommendations on the use of gene editing in
humans.
Oye KA, Esvelt K, Appleton E, Catteruccia F, Church G, Kuiken T, Lightfoot SBY, McNamara J, Smidler
A, Collins JP 2014. Regulating gene drives. Science 345(6197): 626 & 628
Summary: The authors discuss the need for gene drive technology to be evaluated before it is used
outside of the laboratory, and the regulatory gaps that exist in managing the technology. They argue
that before constructing, testing and releasing gene drives into the wild, public discussion, research
into areas of uncertainty, and the development and testing of safety features must occur. This requires
concepts and applications of gene drives to be published.
They recommend a function‐based approach to regulation ‘that defines risk in terms of the
ability to influence any key biological component, the loss of which would be sufficient to cause harm
to humans or other species of interest’(p. 628). This is a case‐by‐case risk assessment similar to the
product‐based approach recommended by Sprink et al. 2016. However, it has important differences.
Sprink et al. 2016 present examples of the product‐based approach, such as determining risk based on
the ‘size’ of the mutation, or the possibility of the mutation being naturally derived (‘mutations
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ranging from 1 to a few base pairs which are indistinguishable from naturally occurring and chemical‐
/radiation based mutations’, ‘In reality, however, this alleged GMO would not be distinguishable from
a plant which had acquired the same point mutation naturally or by means of chemical or radiation
induced mutagenesis’). A function‐based approach captures the potential harms to human and
environmental health of gene drives in their social and ecological contexts (National Academies of
Sciences, Engineering, and Medicine 2016).
Gene drives are subject to two fundamental limitations:
 they are restricted to sexually reproducing species
 the process takes dozens of generations – centuries for organisms with long generation
times.
Risks







Targeting wild organisms
o Evolutionary stability of gene drives: a drive may only move through part of a population
before a mutation inactivates the engineered trait.
o To maintain the gene drive, there may be dependence on repeatedly reassessing drives.
The effects of this must be thoroughly assessed before use.
Non‐targeted wild organisms
o Cross‐breeding or lateral gene transfer moves a drive beyond the target population.
o The possibility of unintended ecological side‐effects means that contained field trials
should be performed before releasing organisms bearing a drive that spreads the trait.
Crops and livestock
o Agro‐terrorism: developing countries may be more vulnerable without centralised seed
production (and GM testing) and artificial insemination.
Humans
o There could be allergic reactions to peptides in the Cas9 protein if exposed to an affected
organism.

Risk management






Before releasing a primary drive, the efficacy of specific reversal drives should be evaluated;
e.g.:
o To what extent may a population phenotype or fitness be affected by the residual
presence of guide RNAs and/or Cas9?
o What is the feasibility of reaching individual organisms altered by an initial drive?
The effect of gene drive use on genetic diversity through reduction in numbers,
compensatory adaptations or other changes should be examined. There is a presumed
reduction in diversity due to a reduction in numbers and more vulnerability due to natural or
anthropogenic pressures.
The risk of escapes / drives spreading through wild populations during testing populations
creates the need to carry out the following.
o Use multiple levels of molecular containment to reduce the risk (e.g. cut sequences that
are absent from wild populations, separate drive components).
o Do not conduct tests in geographic areas that harbour native populations of target
species.
o All drives should be constructed and tested in tandem with corresponding immunisation
and reversal drives.
o A network of multi‐purpose mesocosms and microcosms should be developed for testing
gene drives and other advanced biotechnologies in contained settings.
o The presence and prevalence of drives should be monitored by target amplification or
metagenomic sequencing of environmental samples.
o Because effects will mainly depend on the species and genomic change rather than the
drive mechanisms, candidate gene drives should be evaluated on a case‐by‐case basis.
o To assess the potentially harmful uses of drives, multidisciplinary teams of experts should
be challenged to develop scenarios on deliberate misuse.
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o Integrated benefit–risk assessments informed by the actions recommended by Oye et al.
(2014) should be conducted to determine whether and how to proceed with proposed
gene drive applications. Such assessments should be conducted with sensitivity to
variations in uncertainty across cases and to reductions in uncertainty over time.
Concepts and applications should be published in advance of construction, testing and
release. This lead time enables public discussion of environmental and security concerns,
research into areas of uncertainty, and development and testing of safety features. It will
also allow for broadly inclusive and well‐informed public discussion to determine if, when
and how gene drives should be used.

Regulatory gaps
o United States of America
o Any genetically engineered DNA designed to affect an animal is regulated like
veterinary medicines, and is thus the responsibility of the Food and Drug
Administration
o Developers are required to demonstrate their medicines are safe for animals.
o It is unclear how these guidelines will affect the use of gene editing to supress
invasive species, or how they would relate to insects.
o International
o Existing conventions cover international movements of gene drives but do not define
standards for assessing effects, estimating damages or mitigating harms.
o The 2010 Nagoya–Kuala Lumpur Supplementary Protocol calls on parties to adopt a
process to define rules governing liability and redress for damage from international
movements. Neither the process nor the rules have been defined.
o The authors recommend a function‐based approach that defines risk in terms of the
ability to influence any key biological component, the loss of which would be sufficient to
cause harm to humans or other species of interest. The targets and agents of concern
with a functional approach could include DNA, RNA, proteins, metabolites, and any
packages thereof.
o All relevant data should be made publicly available and (ideally) subjected to peer review.
Webber BL, Raghu S, Edwards OR 2015. Opinion: is CRISPR‐based gene drive a biocontrol silver
bullet or global conservation threat? Proceedings of the National Academy of Sciences 112(34):
10565–10567
Summary: The authors discuss whether we should use gene drives for the control of invasive species.
They explore biosecurity perspectives of using the technology through comparison with classical
biological control (CBC) and its successes, failures and cautionary tales. They suggest that CBC can
provide a starting point for a regulatory framework for gene drives for invasive species, and that a
regulatory framework, public discussion, and multi‐disciplinary engagement are required to work
through gene drive risks.





They suggest looking to the successes, failures, and cautionary tales from classical biological
control.
A risk includes off‐target impacts, which means we must:
o systematically test for off‐target impacts in the context of phylogenetic relatedness,
biogeographic overlap, and ecological similarity of a range of non‐target species
o understand the ecology, evolution and behaviour of the target
o also understand the potential for off‐target mutations if the gRNA is poorly designed
(CBC rarely tolerates off‐target impacts).
Another risk is population dispersal, and the risk of a global loss of a species as a result of
unintended dispersal of modified individuals back to their native range(s).
o High dispersal ability is a common trait of many invasive alien species and the risk of long‐
distance introductions is particularly high for species associated with human movement
and trade. Many invasive species have been introduced to multiple locations across
global trade routes, which effectively act as stepping stones linking alien populations with
their native range.
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o A cost–benefit analysis would need to consider the dispersal of traits through
populations, which would be extremely challenging to detect, reducing the ability and
increasing the cost of biosecurity measures to prevent the spread of modified agents to
areas where they remain unwanted.
A further risk is that community dynamics can have unintended ecosystem effects, such as:
o niche overlap between invasive species: if one is removed from the community another is
likely to take its place, leading to little overall effect on ecosystem values
o with long introduction histories come changes in community structure – introduced
species can often fill significant roles, particularly in landscapes with strong
anthropogenic modification, producing cascade effects.
A risk–cost–benefit approach is required, akin to best practice CBC.
o For example, isolated islands facing severe threats and with border control and physical
distance that can control outward gene flow may be low‐risk high‐gain.
o Terrestrial invasions may be an intolerable risk.
o Species that are widely viewed as undesirable in both alien and native ranges present
challenges in making assumptions about other countries’ biosecurity priorities.
A regulatory framework is needed. CBC can offer an existing framework and extensive
experience/case studies to learn from. The issues must be worked through with clarity and
transparency.

Intergenerational equity
Kuzma J, Rawls L 2016. Engineering the wild: gene drives and intergenerational equity. Jurimetrics
56(3): 279
Summary: The authors discuss the impact of gene drives on biodiversity and conservation, which may
affect the abilities of current and future generations to use and enjoy the benefits of the natural world.
Intergenerational equity has been defined by E.B Weiss to include conservation of the ‘diversity of
natural and cultural base so that it does not unduly restrict the options available to future generations
in solving their problems and satisfying their own values’ (p. 280). The article considers the potential
for differences in values – both within the current generation (e.g. conflict between values of
protecting ecosystems and cultural preservation) and future generations. For example, will future
generations look at genetically engineered organisms as an asset, as a new type of natural, or mourn
losing the natural species?
The authors assert the need to consult with older youth about gene drives (those who can understand
the technology, such as preteens or teens having taken some biology) and asking their opinions as a
starting point for addressing intergenerational equity.

Other techniques for invasive species control
Trojan female technique
Gemmell NJ, Jalilzadeh A, Didham RK, Soboleva T, Tompkins DM 2013. The Trojan female
technique: a novel, effective and humane approach for pest population control. Proceedings of the
Royal Society of London B: Biological Sciences 280(1773): 20132549.
Summary: Gemmell, Jalilzadeh, Didham, Soboleva and Tompkins discuss the potential of the TFT for
invasive species control, as assessed through mathematical modelling scenarios. They discuss some
hurdles with the TFT (although there may well be additional ethical or unintended effects that apply to
this technique that have not been identified by the authors – some of these have been documented in
relation to CRISPR). The article does not mention the specific genetic techniques intended for use with
TFT and whether this includes CRISPR. From discussions with D. Tompkins at Landcare Research it is
understood that the TFT research in New Zealand is based on selective breeding to obtain organisms
with the desired mutation(s). CRISPR use in mtDNA has achieved proof of concept (Jo et al. 2015) but
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is not yet utilised (Dowling et al. 2015). Engineered gene drives (e.g. CRISPR) are not necessary, as a
naturally occurring form of non‐Mendelian inheritance is achieved through utilising mitochondrial
DNA, which does not have the same potential for unintended consequences as gene drives.










TFT is a twist on the sterile male technique. TFT uses maternally inherited mitochondrial DNA
mutations that affect male but not female reproductive fitness. TFT requires single large
releases and relatively few small repeat releases (versus large numbers of sterile males
released every generation for SMT. This means it is time‐consuming, labour intensive and
costly.
Mathematical models are used to test TFT.
o The models predict that TFT can be used for the full range of life histories modelled (most
efficient with high‐turnover species however).
o Release of either 1 or 10% of standing population is modelled. If a single release is 10% it
is effective, less effective at 1%.
o Overall, still less releases than SMT in modelling due to persistent nature of TFT.
o Multiple mating reduces the predicted suppression effects of TFT.
TFT avoids two common problems of invasive species control:
o non‐target species impacts
o the non‐permanent nature of control approaches.
A step‐by‐step approach can be taken, but where gains are not eroded between operations,
effects of releases are additive.
There are five main hurdles.
o Identifying the mutations needed – they believe this is becoming increasingly easy,
facilitated by mtDNA screening.
o The cost of production and release of sufficient TFs – TFs could be used in combination
with other more traditional forms of pest control to reduce population numbers before
release
o If the TFs carrying the mutation are seen as less fit than wild females, the TF mtDNA could
be rapidly lost from the population through selection, constraining the possibilities for
intergenerational control.
o The possibility of fitness costs to females of mating with infertile males – a strong spatial
population structure could increase the rate of inbreeding.
o Male reproductive fitness may be only partially affected by the mutations carried by the
TF, or mating may be biased towards males that did not carry the TF mutation.
Model limitations
o There is a finite and capped population size: this doesn’t recognise migration.
o More modelling under different population and environmental scenarios is required.
o The effects of both mating system and recruitment compensation on control efficacy at
reduced population size need to be explored.

Atkins B 2014. The mother’s curse: an investigation into the use and efficacy of the Trojan Female
Technique as a revolutionary approach to pest control. Landcare Research. [online]
http://www.landcareresearch.co.nz/__data/assets/pdf_file/0007/98404/The_Mothers_Curse.pdf
Summary: Atkins wrote this University of Otago honours thesis on the potential of the TFT – both
alone and in conjunction with Wolbachia bacteria. Mathematical modelling is again used, expanding
on the models from Gemmell et al. 2013. More assumptions are accounted for in the model, and a
comprehensive summary of the parameters is provided. Atkins’s modelling suggests that the initial
introduction must be higher than the current population to cause extinction; the exact number will
depend on parameters such as the length of the juvenile stage, death rate, etc. If the initial
introduction is lower than the current population, equilibrium in population numbers will be on the
‘attracting manifold’ (‘with the upper bound corresponding to the equilibrium solution of the
population before Trojan Females are introduced’). If the initial introduction is between the current
population and what is required for extinction, we cannot be certain whether the population will go
extinct or end up at an equilibrium on the ‘attracting manifold’.
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Atkins discusses:
o the time lag for the first generation of sterile males to go through the juvenile period to
sexually reproducing – over this time period the population is still increasing – the length
of the juvenile stage in the target species is therefore important
o the effect of ‘limited time’
o the fact that Wolbachia can aid in the goal of extinction only if introduced separately
(cannot be Trojan females).
The author acknowledges the need to include a spatial dimension to modelling, as at the
moment a closed population with no migration is assumed.

Dowling DK, Tompkins DM, Gemmell NJ 2015. The Trojan Female Technique for pest control: a
candidate mitochondrial mutation confers low male fertility across diverse nuclear backgrounds in
Drosophila melanogaster. Evolutionary Applications 8(9): 871–880
Summary: This research aims to test the assumption that mitochondrial DNA mutations that affect
male fertility will act consistently across different nuclear genomes and environmental factors. The
researchers conclude (from their study in Drosophila) that the TFT mutations reduced fertility
sufficiently for TFT to be successful. However, the results varied substantially (8–69 % reduction in
fertility across nuclear and environmental backgrounds). The researchers acknowledge that
introduction of a male‐sterilisation TFT into a pest population will in theory place strong selection
pressure for compensatory nuclear modifiers, and that the impact of this remains an open question
which requires research. The researchers also note that gene editing techniques are not currently
possible in mtDNA, although this has progressed with Jo et al.’s (2015) research demonstrating that
CRISPR‐Cas9 mtDNA editing is possible.
Assumptions of TFT
 Mutations that reduce male, but not female, fertility exist in the mtDNA sequence.
o Precedence exists in Drosophila, hares and mice.
o Do some of the same mutations exist in other species and how transferable are they?
 The effects of such mutations are additive across a large range of nuclear genomic and
environmental contexts (e.g. they are not contingent on mito‐nuclear epistasis or genotype‐
by‐environment effects, and they do not vary depending on nuclear DNA or environmental
factors).
 This is previously untested assumption tested in this study using Drosophila melanogaster –
five different populations, numerous genomic backgrounds, two environmental contexts
(e.g. sole mating with virgin females and sperm in competition with rival males).
 They found that effects were not entirely additive, with mito‐nuclear interactions
contributing to the expression of male fertility – the degree of fertility reduction associated
with the mtDNA mutation clearly depended on the nuclear background alongside which it
was expressed. However, mean fertility was substantially reduced relative to controls: 8% for
one, then between 29% and 69% decreases in fertility). This is within the range that
Tompkins 2015 suggested was necessary for the TFT approach to pest control to be a valid
proposition.
 A further assumption is that the lab experimental results will hold true in wild populations:
o environmental (e.g. climate)
o demographic (e.g. age structures, densities, operational sex rations)
o spatial and temporal heterogeneity of the above.
Jo A, Ham S, Lee GH, Lee YI, Kim S, Lee YS, Shin JH, Lee Y 2015. Efficient mitochondrial genome
editing by CRISPR/Cas9. BioMed Research International.
Summary: The authors discuss the use of CRISPR in mtDNA, using mitoCas9, a mitochondrial targeted
Cas9. They demonstrate proof of concept of mtDNA editing using CRISPR‐Cas9.
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Wolff JN, Tompkins DM, Gemmell NJ, Dowling DK 2016. Mitonuclear interactions, mtDNA‐mediated
thermal plasticity, and implications for the Trojan Female Technique for pest control. Scientific
Reports 6: 30016.
Summary: Wolff et al. aim to test recent studies that show that mitochondrial genetic effects on the
phenotype can vary greatly across environments by testing the consistency of mtDNA mutations
affecting fertility across three thermal and three nuclear genomic contexts. Concurring with e research
by Dowling et al. (2015), they observe that although there were variations in effect, the fertility of
males carrying the mutation was invariably worse than that of the controls. Mathematical modelling
predicts that even the lowest reduction in male fertility observed in the study (e.g. 35%) could still
theoretically cause a marked suppression of natural populations (up to 38%) as its frequency
increases. However, testing at the population level is required.
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