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INTRODUCTION

Three Rattus species (R. rattus, R. norvegicus, R. 
exulans) and house mice (Mus musculus) are, outside of 
their native ranges, globally widespread invasive species 
(Capizzi, et al., 2014). These invasive rodents negatively 
impact stored foods, crops, and infrastructure and can 
carry pathogens that impact the health of people and their 
livestock (Stenseth, et al., 2003; Meerburg, et al., 2009; 
Banks & Hughes, 2012). Invasive rodents cause population 
declines and extinctions of island fl oras and faunas and 
interrupt ecosystem processes with negative cascading 
eff ects (Towns, et al., 2006; Jones, et al., 2008; Kurle, et 
al., 2008; Doherty, et al., 2016). To recover endangered 
populations and restore ecosystem processes, invasive 
rodents on islands are increasingly targeted for eradication, 
with at least 650 eradication attempts of introduced Rattus 
spp. populations to-date (Russell & Holmes, 2015). These 
and other island-based invasive mammal eradications have 
resulted in positive responses by native species with few 
exceptions (Jones, et al., 2016).

Anticoagulants are the most common control method for 
invasive rodents (Capizzi, et al., 2014). Rodent eradication 
on any island typically >5 ha has relied exclusively on the 
use of anticoagulant toxicants incorporated into cereal or 
wax baits (DIISE, 2016). Second generation anticoagulants 
are most commonly used and have had the highest success 

rate (Howald, et al., 2007; Parkes, et al., 2011). However, 
their broad-spectrum toxicity to vertebrates, duration 
of persistence, ability to biomagnify, mode of death and 
negative public perception limit their responsible use 
(Eason, et al., 2002; Fitzgerald, 2009; Broome, et al., 2015). 
These features can lead to negative impacts, including for 
conservation targets (e.g. Rueda, et al., 2016), although 
signifi cant advances in strategies to mitigate these impacts 
have been made (e.g. Rueda, et al., 2019). Inhabited 
islands with children, livestock and pets present signifi cant 
challenges because eradication is currently limited by a 
lack of species-specifi c methods, animal welfare issues, 
high fi xed costs, and socio-political opposition (Campbell, 
et al., 2015). Hence, even with optimistic assessments for 
current methods (islands up to 30,000 ha and/or 1,000 
people), eradications are possible on fewer than 15% of 
islands with critically endangered or endangered species 
threatened by invasive rodents (Campbell, et al., 2015). 
New species-specifi c, scalable tools are needed if we are 
to prevent extinctions.

Genetic biocontrol in the form of gene drives coupled 
with sex-determining genes to produce single-sex off spring, 
off ers a potentially transformative new tool to add to the 
rodent eradication toolbox, by off ering species-specifi city 
not readily achievable in existing technology (Campbell, et 
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al., 2015). Gene drives cause a gene to spread throughout 
a population at a rate higher than would normally occur 
(Champer, et al., 2016). Gene drives occur naturally and 
are not recent phenomena (Lindholm, et al., 2016); for 
example, mice with the native t-complex gene drive were 
fi rst described in 1927 (Schimenti, 2014). Attempts to 
harness naturally-occurring gene drive systems, primarily 
for invertebrate pests and disease vectors have had mixed 
results (Sinkins & Gould, 2006; Champer, et al., 2016). In 
2012, the Genetic Biocontrol of Invasive Rodents (GBIRd) 
partnership was formed between North Carolina State 
University (NCSU), Island Conservation (IC) and later 
Texas A&M University (TAMU). GBIRd started exploring 
opportunities for harnessing the native t-complex gene 
drive in mice to eradicate invasive mouse populations 
on islands (Kanavy & Serr, 2017; Piaggio, et al., 2017). 
Other partners were identifi ed through professional 
networks and during searches for specifi c skillsets. GBIRd 
currently includes seven partners in three countries: 
TAMU, NCSU, University of Adelaide (UA), USA 
Department of Agriculture’s National Wildlife Research 
Center (NWRC), the Agriculture and Food Business Unit 
of the Commonwealth Scientifi c and Industrial Research 
Organisation (CSIRO), Landcare Research (LR), and IC.

Beginning in 2013, a harnessed bacterial immune 
response system called CRISPR/Cas9 revolutionised the 
fi eld of genetic engineering. CRISPR/Cas9 can be used 
to delete, modify or insert new genes more precisely, 
eff ectively, time- and cost-effi  ciently than previous gene 
editing tools (NASEM, 2016). Multiple genes can also 
now be edited simultaneously. In 2014, a landmark paper 
(building upon earlier concepts of Burt, 2003), described 
how a cassette encoding the CRISPR/Cas9 machinery 
could be precisely inserted into an organism’s DNA, 
creating a self-replicating gene drive with potential to 
modify wild populations by design (Esvelt, et al., 2014). 
Since then, CRISPR/Cas9 gene drives have been developed 
in yeast Saccharomyces cerevisiae (DiCarlo, et al., 2015), 
fruit fl y Drosophila melanogaster (Gantz & Bier, 2015) 
and both Anopheles stephensi (Gantz, et al., 2015) and A. 
gambiae (Hammond, et al., 2016) mosquitoes as proof-
of-concept demonstrations in biosecure laboratories. 
This fi eld has become a signifi cant focus of research, and 
USA and Australian Academies of Science have provided 
recommendations aimed at guiding its development 
(NASEM, 2016; AAS, 2017). GBIRd, with its partnership 
already established, adopted CRISPR as a gene editing and 
potential gene drive tool.

Gene drives are a technology platform. GBIRd 
partnership considers Mus musculus the logical starting 
point for developing, exploring, and providing proof-of-
concept for a genetics-based invasive vertebrate eradication 
tool. They are the model vertebrate species for genetics, 
possess a short generation-time, are small, husbandry is 
straight-forward, and they are invasive around the world 
including on many islands (Guénet & Bonhomme, 2003; 
Phifer-Rixey & Nachman, 2015). Mice are also among 
the best studied species in terms of mammalian sex 
determination, reproductive biology, behaviour, genetic 
manipulation and genetic control of phenotypic traits 
(Guénet & Bonhomme, 2003; Eggers, et al., 2014; Phifer-
Rixey & Nachman, 2015; Singh, et al., 2015). If proof-
of-concept, safety, and effi  cacy are demonstrated in Mus 
musculus, it should be possible to apply this approach to 
Rattus species.

The GBIRd programme (<http://www.
geneticbiocontrol.org/>) aims to develop multiple gene 
drive systems in mice for simultaneous evaluation of 
safety and effi  cacy, while carefully assessing the social, 
cultural and policy acceptability of such an approach. Our 

staged inclusive approach refl ects USA and Australian 
Academies of Sciences’ recommendations (NASEM, 
2016; AAS, 2017) that we treat as our minimum standards. 
The GBIRd partnership aims to provide vital data for 
conducting risk assessments, determining effi  cacy, and 
engaging stakeholders and communities in order to inform 
and enhance progress, or identify limitations, of future 
research. A potential longer-term goal is submission of 
an application to a regulatory agency for release of gene 
drive constructed mice on a small, biosecure island to test 
eradication of the wild, invasive mouse population. 

This paper provides an overview of the GBIRd 
programme as it has developed to-date, including the 
risks and opportunities as they are currently envisioned 
and understood. These will certainly evolve, and the 
programme must strategically evolve with them.

Genetic Biocontrol of Invasive Rodents programme
The programme’s guiding principles provide context 

for decision making:
 ● Proceed cautiously, with deliberate step-wise 

methods and measurable outcomes;
 ● Engage early and often with the research community, 

regulators, communities and other stakeholders;
 ● Maintain an uncompromising commitment to 

biosafety, existing regulations, and protocols as 
minimum standards (e.g. NASEM, 2016; AAS, 
2017);

 ● Use, and participate in developing best practices;
 ● Only operate in countries with appropriate regulatory 

capacity; and
 ● Be transparent with research, assessments, fi ndings, 

and conclusions.
1. Governance and Coordination

GBIRd involves seven organisations from Australia, 
New Zealand and the USA; three universities (NCSU, 
TAMU, UA), three governmental research (CSIRO, LR, 
NWRC) and one non-governmental non-profi t (IC). Each 
has specifi c roles and responsibilities (Fig. 1) as detailed 
in the memorandum of understanding that formalises the 
partnership. A steering committee comprised of one or two 
representatives from each organisation provides direction 
and decision making, and a programme coordinator 
facilitates activity. The consortium is inclusive and, 
indeed, strengthened by a transparent internal dialogue in 
both the scientifi c positioning (e.g. Gemmell & Tompkins, 
2017) and societal/values realm (e.g. Webber, et al., 2015). 
GBIRd has 14 component areas and three cross-cutting 
themes (Fig. 1) being investigated, as follows.
2. Gene drives

Three gene drives are currently being investigated; 
a modifi ed t-complex, a CRISPR/Cas9 and a CRISPR/
Cpf1 gene drive. The t-complex on chromosome 17 in 
mice is a natural male-transmitted meiotic drive (Lyon, 
2003; Schimenti, 2014). The t-complex impairs sperm not 
carrying the t-complex, leading to an increased frequency 
of t-complex carrying sperm fertilising ova. The frequency 
of the t-complex in natural populations of house mice is 
typically lower than predicted given the often very strong 
transmission ratio distortion displayed. This phenomenon 
is not completely understood (see Lindholm, et al., 2016), 
but may imply that a sex-biasing system based on the 
t-complex would require ongoing releases to be eff ective 
(Backus & Gross, 2016). The t-complex haplotype we are 
using is free of recessive lethals and has a high rate (>95%) 
of inheritance, also called transmission distortion (Kanavy 
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& Serr, 2017; Piaggio, et al., 2017). The remaining 
off spring (<5%) would not carry the gene drive or exhibit 
the phenotypic traits of the genes being driven (Piaggio, et 
al., 2017). 

CRISPR/Cas9 gene drives are capable of >94% 
inheritance (Gantz, et al., 2015; Hammond, et al., 2016). 
Once inserted within one individual’s genome, a gene 
drive can work in one of two ways. A zygotic gene drive 
works when that individual’s ova or sperm are fertilised. 
If the gene drive cassette is activated in the fertilised egg 
(zygote), the guide RNA (gRNA) directs Cas9 to produce 
a double-stranded break in the DNA at the target site in the 
chromosome lacking the gene drive. This triggers the cell’s 
repair mechanism to repair the break using the gene drive-
containing chromosome as a template resulting in self-
replication of the gene drive. Alternatively, in a germline 
gene drive, germ cells can be targeted as the stage for self-
replication of the gene drive.
3. Targeted genes

Genes can be targeted for deletion, modifi cation or 
insertion of new genes in conjunction with a gene drive 
to increase inheritance of specifi c traits. Investigations 
currently focus on the appropriateness of two target genes 
(Sry, Sox9) to be inserted and one chromosome to be 
deleted (Y-’shredder’), each in coordination with a gene 
drive. The Sry gene is found on the Y chromosome and 
is considered the master sex-determining gene in most 
mammals (Kashimada & Koopman, 2010; Eggers, et 
al., 2014). Another key component of the testis pathway 
is the autosomal gene Sox9, which acts immediately 
downstream of Sry (Eggers, et al., 2014). Both genes 
drive the development of male testes in mammals and sex 
reversal has been demonstrated in transgenic female (XX) 
mice (Koopman, et al., 1991; Vidal, et al., 2001; Eggers, 
et al., 2014). A Y-shredder (Adikusuma, et al., 2017) 

promotes solely off spring with one (XO) or two X (XX) 
chromosomes, i.e. females. Initial developments focus on 
t-complex with Sry inserted (t-Sry), and CRISPR/Cas9 and 
CRISPR/Cpf1 gene drives with Sox9 and Y-shredder. 

As of June 2018, partners attempting to incorporate 
Sry into a t-complex drive have been challenged by the 
large construct size of Sry. If that technological hurdle can 
be overcome, these mice are expected to produce >95% 
phenotypically male off spring (Kanavy & Serr, 2017; 
Piaggio, et al., 2017). The mice currently under development 
in Australia are expected to test the functionality of a split 
CRISPR/Cas9 gene drive that uses phenotypic coat markers 
as genetic ‘cargo’. A ‘split gene drive system’ has the gene 
drive in two separate ‘cassettes’ (DiCarlo, et al., 2015). 
This design is a safety feature for laboratory testing where 
the separation of the cassettes results in drive components 
being inherited separately even if a drive carrier were to 
escape, thus preventing drive function (since both are 
necessary for function). Development of CRISPR/Cpf1 
gene drives and incorporating Sox9 and the Y-shredder are 
underway.
4. Spatial control of gene drive

Spatially or temporally limiting drive function is one of 
the major research challenges for CRISPR gene drives, e.g. 
restricting a gene drive to aff ect only a single island’s rodent 
population. Our programme is investigating genome-level 
targeting of population-specifi c locally-fi xed alleles as a 
potential spatial control mechanism. It is likely that through 
the process of invasion, founder eff ects and population 
bottlenecks, certain alleles across the genome have 
become fi xed in any island population (Britton-Davidian, 
et al., 2000; Hartl & Clark, 2006). This pattern of fi xation 
is likely a unique genomic signature in every genetically 
isolated island population. Similar to the molecular 
confi nement strategy being implemented in the laboratory 

Fig. 1 Programme map, showing 14 component areas being investigated by partners of the Genetic Biocontrol of Invasive 
Rodents programme. The three components not linked to any organisation are cross-cutting themes.
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(see Biosafety), population-specifi c locally-fi xed alleles 
(and their sequence) could act as unique gRNA targets for a 
CRISPR gene drive that will not function outside the island 
population. Others are investigating alternative approaches 
to temporally and/or spatially contain gene drives and their 
relative eff ectiveness (e.g. Dhole, et al., 2018).
5. Biosafety

Multiple biocontainment strategies accompany all 
laboratory work and are part of our staged testing pathway 
(following the recommended approach by NASEM, 
2016). Recommended containment standards for gene 
drives include at least two stringent confi nement strategies 
wherever possible, in addition to containment (Akbari, et 
al., 2015; NASEM, 2016), and our programme exceeds 
these standards. For example, the CRISPR gene drive 
studies are using physical containment at the currently 
required level (PC2) (AAS, 2017) and three containment/
confi nement methods; a ‘split gene drive system’ as 
explained above  (DiCarlo, et al., 2015); coat colour (white 
or black) to identify the zygotic homing in off spring – white 
mice (Cas9-positive) are less likely to survive in the wild 
(Vignieri, et al., 2010); and gRNA exclusively targeting 
a synthetic sequence not present in wild mice, providing 
molecular confi nement to transgenic laboratory mouse 
populations. For scaled laboratory trials, CSIRO and 
NWRC state-of-the-art facilities provide the opportunity 
to safely conduct trials with colonies of mice that could 
originate from islands.
6. Safety and effi  cacy experiments 

Experiments demonstrating that constructs work 
eff ectively and effi  ciently, are species-specifi c and 
safe to the environment are needed. Data needs for risk 
assessments and fi eld trial applications have yet to be 
determined in conjunction with regulatory agencies, and 
this will dictate minimum requirements for experiments. 
Experiments will inform risk assessments to reduce 
uncertainty surrounding outcomes and probabilities. 
Phased testing and experiments are viewed as part of 
the development process, and occur at each tier (i.e. 
molecular level, individual mice, mouse population, 
ecological community). This phased development process 
incorporates feedback loops to developers, and evaluates 
effi  ciency, stability, specifi city and safety to determine 
whether a specifi c construct proceeds to the next stage (e.g. 
molecular to insertion in a mouse or going from individual 
mice to a colony). Constructs that pass will go on to more 
rigorous testing, and those that don’t will either be dropped 
or modifi ed and then re-evaluated. No functional CRISPR 
drives have yet been reported for vertebrates. Attempting 
development of multiple combinations of gene drives and 
gene targets within our programme increases the likelihood 
of success, and, if successful, would provide opportunities 
for comparative analyses and risk assessments. High-
quality data for modelling and risk analyses will be 
necessary. 
7. Mate choice

Behavioural barriers to mating success and resulting 
gene fl ow must be considered, as to how (or if) a gene 
drive will successfully spread through a population, and 
if understood and used correctly may provide signifi cant 
advantage. Key characteristics infl uencing male 
reproductive success in mice include aggressive dominance 
for securing territories, and a preference among females 
for unfamiliar males (Gray & Hurst, 1998; Cunningham, 
et al., 2013). Promiscuity of male mice and their ability to 
inseminate many females provides males the potential to 
disproportionately infl uence the genetic makeup of future 

generations. Experiments in the 1980s introducing Isle of 
Eday mice to the Isle of May (57 ha) demonstrate the power 
of selecting appropriate stock for facilitating introduced 
individuals ‘invading’ another population (Berry, et al., 
1991; Jones, et al., 1995). A Y-chromosome (i.e. male) 
linked marker spread across the Isle of May site within six 
months and in 18 months only hybrids could be detected 
(Berry, et al., 1991; Jones, et al., 1995). The 42 Isle of Eday 
males introduced were estimated at <5% of May’s resident 
mouse population, demonstrating diff erential success of 
introduced versus resident males (Berry, et al., 1991; Jones, 
et al., 1995). We aim to rank the ‘invasability’ of males 
from laboratory strains, selected islands and mainlands so 
that appropriate stock may be selected for backcrossing in 
gene drives and their cargo. Initial trials involve t-complex 
carrying laboratory mice (C57BL/6/129 strain), Southeast 
Farallon Island, and F1 hybrid Farallon-laboratory mice in 
small cages with single males and females, to determine 
if mating would occur (Serr & Godwin, 2019). (Note: 
Southeast Farallon Island is not considered a potential 
site for fi eld trials at this time). Larger arenas were used 
to determine mate choice and male competition where 
males from diff erent populations would have to compete 
for females and resources (Serr & Godwin, 2019).

Behavioural experiments to-date indicate that t-complex 
carrying lab mice can successfully mate with island mice in 
captivity (Serr & Godwin, 2019). Other mate competition 
results indicate that male F1 hybrid Farallon-laboratory 
mice may be able to outcompete male Farallon island mice.
8. Island selection 

As part of our staged, stepwise approach, if biosecure 
laboratory studies support safety and effi  cacy in biasing 
sex ratios and supressing test populations, the next stage 
will involve studies in natural settings under conditions 
where dispersal or persistence of the organisms outside 
the evaluation area is restricted (NASEM, 2016). We have 
identifi ed a suite of ecological criteria for initial selection 
of potentially appropriate islands for trials, including 1. 
the island is biosecure (i.e. closed to public or infrequent/
controlled visitation; and remote enough (>1 km from 
other land masses) to avoid unassisted immigration or 
emigration), 2. no signifi cant challenges exist to treatment 
using traditional toxicant-based methods to eradicate mice 
(e.g. no major non-target species, regulatory environment 
allows the use of brodifacoum bait products, single land 
manager), 3. M. musculus are the only rodent present 
or could be introduced, and 4. the island is reasonably 
economical and feasible to visit year-round (see Harvey-
Samuel et al., 2019 for a more detailed account and 
rationale). By selecting islands where the use of traditional 
eradication methods could readily be used to eradicate 
all rodents (Howald, et al., 2007) a contingency (i.e. exit 
strategy) explicitly exists. However, these ecological 
criteria are just a fi rst fi lter and additional steps would be 
required prior to any fi eld trial, including engagement with 
stakeholders (e.g. land managers, local communities) and 
regulators to determine fi nal approval (Harvey-Samuel et 
al., 2019). 
9. Population genetic characterisation

Genetic characterisation of mouse populations from 
islands selected for potential trials will occur using next-
generation sequencing technologies (e.g. Illumina Mi-
Seq). Analyses of these data will inform the feasibility of 
using population-specifi c fi xed allele sequences as gRNA 
targets to provide spatial control of any gene drive trialled. 
They will also provide baseline assessments of genetic 
characteristics of target island populations, and potentially 
inform future strategies. 

Campbell, et al.: Assessing gene drives
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10. Modelling 
Modelling can be used to inform broad strategies, such 

as male or female biasing gene drives and, within those 
strategies, to identify heritable traits or environmental 
conditions that provide disproportionate advantages (Bax 
& Thresher, 2009; Backus & Gross, 2016). Modelling is 
contemplated at each development stage (i.e. molecular, 
individual mouse, mouse population, ecological 
community), incorporating data from experiments and 
trials, and providing feedback to developers and trial 
designs. It aims to predict outcomes, reduce the number 
of animals required in experiments and trials and 
provide insight on strategies. At the molecular level, for 
example, the effi  ciency and stability of homing and non-
homologous end joining for Cas9 and Cpf1 zygotic and 
germline homing approaches can be modelled based on 
data from experiments informing on likelihood of failure 
(Prowse, et al., 2017). Models also consider individual 
mouse characteristics and the eff ects these may have at 
the population level. A population model would estimate 
the number of gene drive mice with certain characteristics 
required for release to a specifi c island, the optimal 
frequency, timing and location of releases, and time until 
eradication. The impacts of changes to specifi c mouse 
characteristics (or other variables) can then be estimated. 
As data sets accumulate, the accuracy and sophistication 
of models will increase. The opportunity exists to leverage 
a 30+ year dataset and existing mouse population models, 
which will facilitate sophisticated analyses and allow 
the development of advanced deployment strategies that 
optimise seasonal and climatic variation (Singleton, et 
al., 2005; CSIRO, unpub. data). The use of these and 
other models will be critical in the development of robust 
ecologically-based risk assessments. 
 11. Risk assessment

There is the possibility that releases of gene drive-
modifi ed organisms will lead to unpredicted and undesirable 
side eff ects. Ecologically-based risk assessments (EBRA) 
aim to reduce some types of uncertainty surrounding 
outcomes and probabilities (NASEM, 2016; AAS, 2017). 
They are used to estimate the probability of immediate and 
long-term environmental and public health harms. EBRAs 
allow alternative strategies to be compared (e.g. traditional 
use of toxicants), incorporate the concerns of relevant 
publics, and can be used to identify sources of uncertainty, 
making them well-suited to inform research directions 
and support public policy decisions about emerging gene 
drive technologies. EBRAs provide the ability to trace 
cause-and-eff ect pathways and the ability to quantify the 
probability of specifi c outcomes. We regularly consult with 
risk assessment experts leading other gene drive EBRAs 
and plan to apply specifi c tools to identify where, within 
our development process, additional studies are required 
to reduce uncertainties, complementing regulatory 
requirements. The large existing body of work on rodent 
eradications, including the potential ecological impacts 
from toxicant use (Broome, et al., 2015) and probability of 
success of traditional methods (DIISE, 2016), along with 
meta-data analyses on the ecological impacts of removing 
invasive rodents (Jones, et al., 2016) will facilitate rigorous 
EBRAs. Our staged experimental approach prior to any 
potential release would culminate in trials within biosecure 
simulated natural environments with colonies of mice 
imported from the target island(s) with the most effi  cacious 
gene drive mice. This allows simulations of various 
ecological scenarios and increases the power of predictive 
analyses, resulting in increased levels of certainty around 
potential outcomes and ecological impacts.

12. Social engagement
The emergence of gene drives and other genetic 

technologies will force not only technologists, but 
conservationists, other environmentalists and the public 
to “negotiate with unfamiliar interest groups and perhaps 
compromise on deeply held positions if they are going to 
succeed in a complex world of contradictory perspectives” 
(McShane, et al., 2011, p. 969). We hope to develop guiding 
principles to establish dialogue between these disparate 
groups to identify and eventually negotiate trade-off s, 
things that should not be traded off , and also to “render 
explicit the relevant justice dimensions and principles at 
play in particular contexts” (Martin, et al., 2015, p. 176).  
The programme aims to establish a transparent process 
that both encourages public participation and off ers a 
trustworthy and responsible decision pathway for making 
decisions about releases of gene drive organisms.

Specifi cally, members of our team have developed 
a three-part plan for social engagement. First, we will 
conduct a stakeholder landscape analysis to understand the 
mix of interests, priorities, concerns, and hopes of diverse 
stakeholders that surround the programme. Second, we 
will convene a stakeholder workshop to create a forum for 
discussion, provide feedback to the technical project team, 
and strategise the design of community engagements. 
Third, we propose to organise community focus groups 
near potential island release sites to engage relevant publics 
suffi  ciently early to infl uence technological innovation 
and fi eld trial research (see Chapter 7, NASEM, 2016). 
Importantly, the international nature of our partnership will 
foster the sharing of best practices – and challenges – of 
social engagement across diff erent cultural contexts.

To-date, engagements have occurred with publics, 
scientists, conservationists, indigenous groups and other 
stakeholders (including those opposing gene drive research, 
Borel, 2017; Reese, 2017), but more work is required.
13. Communications and outreach

The investigation requires clear, concise, and 
transparent communications to ensure public perceptions 
by target audiences are based on facts, and not unduly 
infl uenced by scientifi cally-unsubstantiated fears and 
hyperbole. Communicating to stakeholders, researchers, 
communities, and decision-makers interested in this 
evaluation is the foundation of the programmatic principle 
of transparency. Coordinated external communications 
by the partnership’s representatives through media, in 
peer-reviewed publications, presentations, and one-on-
one outreach have and will continue to be core to our 
mission. Informing stakeholders and decision-makers in 
fora such as the IUCN’s World Conservation Congress and 
the United Nations’ Convention on Biological Diversity 
encourages public discourse about this innovation, 
engages thought leaders in making our investigations 
more robust, ensures that fact-based concerns can be 
addressed while unsubstantiated fears can be allayed, and 
helps guide decision-makers in developing policies and 
guidelines complementary to the precautionary, stepwise 
research guiding principle, even as the technology is being 
developed. 
14. Ethics 

There are considerable potential benefi ts of this 
technology and we are committed to exploring it in 
a responsible and inclusive manner. But the question 
remains, if the technology works, should it be used? This 
key ethical question is best answered once robust EBRAs 
have been completed and in the context of rigorous social 
and regulatory engagement. The USA and Australian 
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Academies of Science recommend that research continue 
and decisions to release gene drives continue to be made 
on a case-by-case basis following a comprehensive 
environmental risk assessment that includes ecological 
and evolutionary modelling (NASEM, 2016; AAS, 
2017). We have volunteered our programme as a case 
study for discussion at various fora, including ethical 
deliberations amongst ethicists and peers (e.g. NCSU 
Genetic Engineering and Society Center, 2016; Leitschuh, 
et al., 2018), on national radio (Barclay, 2017) and for the 
USA National Academies of Sciences Engineering, and 
Medicine’s report on gene drives (case study 4, NASEM, 
2016). Emulating the Target Malaria partnership (<http://
targetmalaria.org/>), an independent ethics advisory board 
has been established to provide advice on ethical matters 
and identify issues for the partnership’s consideration.
15. Regulatory

Our regulatory engagement strategy is to ensure 
transparent and early engagement with the regulatory 
agencies responsible for the oversight and review of the 
program. Varying regulatory maturity exists around the 
world, with Australia and New Zealand having possibly 
the most developed and mature biotechnology regulatory 
review processes. The USA is revising regulatory guidelines 
through the Coordinated Framework for the Regulation of 
Biotechnology (Barbero, et al., 2017). Currently, in the 
USA it is likely the Food and Drug Administration will 
lead regulatory review of GBIRd.

Regulatory data-sharing agreements for registration of 
pesticides exist between Australia, New Zealand, and USA, 
and we anticipate that this will carry over to review of 
biotechnology. The design, execution, and data collection 
will be compliant with all three countries’ regulatory 
agency requirements or under data sharing agreements.  

The regulatory oversight and testing is intended to 
demonstrate effi  cacy and safety of the construct, i.e. does it 
work and what are the ecological consequences. Managing 
risks associated with its potential release, including capacity 
to “shut off ” in vivo in case of unanticipated consequences 
is one hallmark of our programme. Testing will take 
place in a step-wise manner, laboratory development and 
characterisation, laboratory testing, pen trials and fi eld 
trials. With the lack of clarity of regulatory pathways at this 
time, we are engaging regulators early, and have done so 
in Australia, New Zealand and USA to inform and ideally 
strengthen regulatory standards, while ensuring open 
dialogue and regulatory awareness of GBIRd exists.
16. Intellectual property

A patent for RNA-guided gene drives was fi led in 
2014 and two competing patents exist over CRISPR gene 
editing technology (Egelie, et al., 2016; AAS, 2017). 
However, there may be little scope for commercialisation 
for CRISPR/Cas9 gene drives for conservation and 
public health purposes (AAS, 2017). The intent of our 
partnership is to safely and eff ectively develop and assess 
this technology in a socially responsible manner that 
democratises the science involved with the innovation. Our 
partnership is composed of organisations that are dedicated 
to the public good potential of this technology. We intend 
for intellectual property to be secured in a manner that 
prevents unintended use but allows maximum benefi t for 
communities and environments in need. The mechanisms 
with which to do this have not yet been identifi ed.
17. Financial

Budget estimates until completion of experimental 
biocontained trials are uncertain until refi nement of 

constructs to ensure appropriate characteristics is clear. 
Technical issues may arise, and data needs for risk 
assessments and fi eld trial applications have yet to be 
determined in conjunction with regulatory agencies. The 
timeline for completion of experimental biocontained 
trials is also uncertain as not all funding has been secured, 
processes are of uncertain duration in some cases and 
requirements for experiments have not yet been determined 
in conjunction with regulators. Considering these caveats, 
we estimate US$16–22M will be needed over the next 4–5 
years to complete experimental biocontained trials.

All programme areas are unfunded or partially funded 
at this time. We are actively pursuing opportunities for 
complementary funding.

DISCUSSION

Unlike incremental advancements in current technology 
or tools, the development of transformative applications 
cannot be undertaken within existing rodent eradication 
projects on islands or as part of rodent control on mainlands. 
Transformative innovations require deliberate intent and 
focussed programmes. GBIRd includes interdisciplinary 
scientists, varied experience, backgrounds and viewpoints. 
An analysis of the hazards associated with a hypothetical 
split gene drive is underway. If proof of concept of the 
gene drive can be established in laboratory populations, 
and suitable target populations can be identifi ed, funding 
will be sought to perform a risk assessment building on 
the results of the hazard analysis. GBIRd is also engaging 
with independent external ethicists to develop best practice 
ethical conduct for gene drives. Indeed, as a programme 
we have attempted to maintain a balanced approach and 
wish to inform future decisions with the best science at that 
time. This does not preclude pursuing a pathway to broader 
deployment of this type of technology if, indeed, it proves 
to be safe, effi  cacious, and socially accepted.

In addition to impacting biodiversity on islands, 
invasive rodents also negatively impact the health of 
people and their livestock, and greatly reduce agricultural 
productivity, stored food stocks and damage infrastructure. 
In the future, these problems may also benefi t from the 
application of gene drive systems in invasive rodents. 
However, the GBIRd programme is currently focussed on 
the development and evaluation of gene drives in invasive 
rodents on islands to prevent biodiversity loss. We are 
committed to a deliberate and step-wise approach following 
National Academies’ recommendations (NASEM, 2016; 
AAS, 2017).

Eradication is a biological extreme involving all 
individuals in a population (Parkes & Panetta, 2009). 
Populations hold a diversity of genes that provide 
plasticity in behaviours and susceptibilities (e.g. Buckle 
& Prescott, 2012; Cunningham, et al., 2013). Eradication 
of a population requires that eradication method(s) 
overcome this variability (Parkes & Panetta, 2009). That 
we are looking to develop an eradication (i.e. complete 
and permanent removal of a population), and not a control 
(i.e. frequent removal of a portion of a population for 
perpetuity) tool, is intentional and strategic. Eradication 
provides permanent solutions and for invasive species is 
nearly always desirable when it can be achieved (Parkes 
& Panetta, 2009). Eradication methods may be used for 
control, but not necessarily vice-versa. Our methods must 
be robust enough to eradicate populations independent 
of their variability but specifi c enough, or controlled in 
some way, that the global population (especially native 
populations) are not at risk. The concept of eradication 
units is a useful way to think of this (Robertson & Gemmell, 
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2004). Are there alleles shared by all individuals (i.e. fi xed) 
within invasive populations that are not found in the native 
population, or only a subset of individuals have? Gene 
drive could be contained under either of these scenarios. 
GBIRd is attempting to identify island-specifi c locally-
fi xed alleles that would provide molecular confi nement 
of the gene drive to the target island population. If this 
is possible, potential exists for the approach to be scaled 
(e.g. where locally-fi xed alleles can be identifi ed for 
archipelagos, or for invasive but not native populations). 
Further, our programme is also researching diff erential 
mating success of males between populations to be able to 
select the most eff ective stock for transmitting a gene drive 
and associated genes to a target population.

CRISPR has transformed gene editing and CRISPR 
gene drives are providing similar transformational 
opportunities for genetic pest management (Webber, et 
al., 2015; Harvey-Samuel, et al., 2017). Our partnership 
was formed prior to these revolutionary tools, providing a 
ready foundation upon which we expanded our partnership 
and incorporated these tools, increasing the number of 
technical approaches and likelihood of success. CRISPR, 
as an editing tool, has also increased the effi  cacy of 
inserting large genetic sequences (e.g. 10kb Sry) and due 
to its precision, effi  cacy and high success rate has often 
reduced the number of animals required compared to 
previous approaches. We anticipate there will be other 
opportunities, technological or otherwise, that emerge 
throughout the life of our programme.

CRISPR has been shown to be able to edit DNA in a 
range of taxa (NASEM, 2016; AAS, 2017) and a CRISPR 
gene drive has advantages when developing a technology 
platform, when compared to the t-complex drive which 
may not be eff ective in species other than mice. However, 
the t-complex provides options and, being naturally 
occurring in mice, may increase social acceptability, or be 
technically more appropriate for certain situations. Having 
multiple gene drives and target genes or mechanisms 
allows for many potential combinations and simultaneous 
comparisons in effi  cacy, safety and acceptability. We 
are currently investigating various combinations of 
gene drive mechanisms (i.e. t-complex, CRISPR/Cas9, 
CRISPR/Cpf1) and target genes or deletion mechanisms 
(i.e. Sry, Sox9, Y-shredder), providing multiple potential 
combinations.

Spatial control and remediation of CRISPR/Cas9 gene 
editing and gene drives has been a major concern and is 
the focus of signifi cant research. We are keeping abreast 
of advances in this fi eld and will look to incorporate 
mechanisms developed where appropriate. Recent research 
identifi ed CRISPR/Cas9 inhibitors that can block genome 
editing, providing a means to spatially, temporally, and 
conditionally control Cas9 activity (Pawluk, et al., 2016; 
Rauch, et al., 2017). As a nascent fi eld, it is understandable 
that not all technological concerns have yet been addressed 
(NASEM, 2016; AAS, 2017), but a signifi cant amount of 
research is underway to do so.

Few, if any, people are opposed to preventing 
extinctions but there is mixed opinion about the methods 
by which this is done. Rodent eradication on islands of 
any signifi cant size can currently only be implemented 
with toxicants, the least publicly accepted of all control 
methods (Fitzgerald, 2009). Gene drives hold promise as 
putting an additional tool in the practitioner’s toolbox that 
could increase the feasibility and scale of conservation 
eff orts. In contrast to toxicant-based invasive rodent 
eradication campaigns characterised by a short duration of 
implementation and high fi xed costs (Howald, et al., 2007; 
Holmes, et al., 2015), gene drive approaches could provide 

an alternative and fl exible fi nancial model. Alternative 
fi nancial mechanisms such as endowments covering 
annual costs instead of single campaigns costing tens 
of millions of dollars may be feasible. If the anticipated 
species specifi city holds true, risks from methods to non-
target species (e.g. raptors, Rueda, et al., 2016) would be 
eliminated and the ability for non-specialists to implement 
projects would increase. Animal welfare concerns over 
the mode of death of rodents and non-target species from 
toxicants could be alleviated by gene drives that bias 
the sex of invasive populations as no animals would be 
killed (Dubois, et al., 2017). This approach could also 
facilitate potential future developments with other invasive 
mammals beyond rodents, including foxes (Vulpes vulpes) 
and rabbits (Oryctolagus cuniculus) in Australia (Kinnear, 
et al., 2016; AAS, 2017), brushtail possums (Trichosurus 
vulpecula), and stoats (Mustela erminea; Owens, 2017) in 
New Zealand. New Zealand has set a goal of eradicating 
invasive mammal predators from their country (‘Predator 
Free New Zealand 2050’ – New Zealand, 2016). One 
interim 2025 goal in this strategy is to develop a scientifi c 
breakthrough capable of removing at least one small 
mammalian predator from New Zealand entirely (New 
Zealand, 2016), and gene drive is one of a suite of potential 
innovations currently being considered. Globally, invasive 
rodents are linked to 30% of all extinctions (Doherty, et al., 
2016), and currently threaten 88% of all insular critically 
endangered or endangered terrestrial vertebrates (TIB 
Partners, 2014). New, scalable, species-specifi c tools are 
needed to prevent further extinctions. The opportunity that 
gene drives as a transformative technology may bring to 
invasive species management is signifi cant and worthy of 
exploring in a responsible and inclusive manner.

ACKNOWLEDGEMENTS

This programme’s fi nancial support has come from 
CSIRO, IC, LR, NCSU, NWRC, TAMU, UA, US National 
Science Foundation (to NCSU; NSF IGERT grant # 
000166685), and The Seaver Institute (to IC). Thanks to N. 
Holmes, G. Baxter and two anonymous peer reviewers for 
suggestions that improved the manuscript. 

REFERENCES
AAS. (2017). Synthetic Gene Drives in Australia: Implications of 

Emerging Technologies. Australian Academy of Science. <www.
science.org.au/gene-drives>. Accessed: 17 November 2017.

Adikusuma, F., Williams, N., Grutzner, F., Hughes, J. and Thomas, P. 
(2017). ‘Targeted deletion of an entire chromosome using CRISPR/
Cas9’. Molecular Therapy 25: 1736–1738.

Akbari, O.S., Bellen, H.J., Bier, E., Bullock, S.L., Burt, A., Church, G.M., 
Cook, K.R., Duchek, P., Edwards, O.R., Esvelt, K.M., Gantz, V.M., 
Golic, K.G., Gratz, S.J., Harrison, M.M., Hayes, K.R., James, A.A., 
Kaufman, T.C., Knoblich, J., Malik, H.S., Matthews, K.A., O’Connor-
Giles, K.M., Parks, A.L., Perrimon, N., Port, F., Russell, S., Ueda, R. 
and Wildonger, J. (2015). ‘Safeguarding gene drive experiments in the 
laboratory’. Science 349: 927–929.

Backus, G.A. and Gross, K. (2016). ‘Genetic engineering to eradicate 
invasive mice on islands: Modeling the effi  ciency and ecological 
impacts’. Ecosphere 7: e01589.

Banks, P.B. and Hughes, N.K. (2012). ‘A review of the evidence for 
potential impacts of black rats (Rattus rattus) on wildlife and humans in 
Australia’. Wildlife Research 39: 78–88.

Barbero, R., Kim, J., Boling, T. and Doherty, J. (2017). Increasing the 
Transparency, Coordination, and Predictability of the Biotechnology 
Regulatory System. The White House. < https://obamawhitehouse.
archives.gov/blog/2017/01/04/increasing-transparency-coordination-
and-predictability-biotechnology-regulatory>. Accessed 9 July 2017.

Island invasives: scaling up to meet the challenge. Ch 1A Rodents: Planning



13

Barclay, P. (2017). ‘New Weapons in the Battle against Invasive Pests’. In: 
P. Barclay (ed.) Big Ideas. Australian Broadcasting Corporation. <http://
www.abc.net.au/radionational/programs/bigideas/new-weapons-in-the-
battle-against-invasive-pests/8580602>.

Bax, N.J. and Thresher, R.E. (2009). ‘Ecological, behavioral, and 
genetic factors infl uencing the recombinant control of invasive pests’. 
Ecological Applications 19: 873–888.

Berry, R., Triggs, G., King, P., Nash, H. and Noble, L. (1991). 
‘Hybridization and gene fl ow in house mice introduced into an existing 
population on an island’. Journal of Zoology 225: 615–632.

Borel, B. (2017). ‘How Genetically Modifi ed Mice Could One Day Save 
Island Birds’. Audubon magazine Summer 2017. <http://www.audubon.
org/magazine/summer-2017/how-genetically-modified-mice-could-
one-day-save>.

Britton-Davidian, J., Catalan, J., da Graça Ramalhinho, M., Ganem, G., 
Auff ray, J.C., Capela, R., Biscoito, M., Searle, J.B. and da Luz Mathias, 
M. (2000). ‘Environmental genetics: Rapid chromosomal evolution in 
island mice’. Nature 403: 158.

Broome, K.G., Fairweather, A.A.C. and Fisher, P. (2015). Brodifacoum 
Pesticide Information Review. Version 2015/1. Hamilton, NZ: 
Department of Conservation internal document DOCDM-25436.

Buckle, A. and Prescott, C. (2012). The Current Status of Anticoagulant 
Resistance in Rats and Mice in the UK. Unpublished report from the 
Rodenticide Resistance Action Group of the United Kingdom to the 
Health and Safety Executive. Reading, UK: The University of Reading. 
<http://www.pestmagazine.co.uk/_attachments/Resources/624_
S4.pdf>.

Burt, A. (2003). ‘Site-specifi c selfi sh genes as tools for the control and 
genetic engineering of natural populations’. Proceedings of the Royal 
Society of London B: Biological Sciences 270: 921–928.

Campbell, K.J., Beek, J., Eason, C.T., Glen, A.S., Godwin, J., Gould, F., 
Holmes, N.D., Howald, G.R., Madden, F.M., Ponder, J.B., Threadgill, 
D.W., Wegmann, A. and Baxter, G.S. (2015). ‘The next generation 
of rodent eradications: Innovative technologies and tools to improve 
species specifi city and increase their feasibility on islands’. Biological 
Conservation 185: 47–58.

Capizzi, D., Bertolino, S. and Mortelliti, A. (2014). ‘Rating the rat: Global 
patterns and research priorities in impacts and management of rodent 
pests’. Mammal Review 44: 148–162.

Champer, J., Buchman, A. and Akbari, O.S. (2016). ‘Cheating evolution: 
Engineering gene drives to manipulate the fate of wild populations’. 
Nature Reviews Genetics 17: 146–159.

Cunningham, C., Ruff , J., Chase, K., Potts, W. and Carrier, D. (2013). 
‘Competitive ability in male house mice (Mus musculus): Genetic 
infl uences’. Behavior Genetics 43: 151–160.

Dhole, S., Vella, M.R., Lloyd, A.L. and Gould, F. (2018). ‘Invasion and 
migration of spatially self‐limiting gene drives: A comparative analysis’. 
Evolutionary Applications 11: 794–808.

DiCarlo, J.E., Chavez, A., Dietz, S.L., Esvelt, K.M. and Church, G.M. 
(2015). ‘Safeguarding CRISPR-Cas9 gene drives in yeast’. Nature 
Biotechnology 33: 1250–1255.

DIISE. (2016). ‘The Database of Island Invasive Species Eradications, 
developed by Island Conservation, Coastal Conservation Action 
Laboratory UCSC, IUCN SSC Invasive Species Specialist Group, 
University of Auckland and Landcare Research New Zealand’. <http://
diise.islandconservation.org>. Accessed 16 February 2016.

Doherty, T.S., Glen, A.S., Nimmo, D.G., Ritchie, E.G. and Dickman, C.R. 
(2016). ‘Invasive predators and global biodiversity loss’. Proceedings 
of the National Academy of Sciences113: 11261–11265.

Dubois, S., Fenwick, N., Ryan, E.A., Baker, L., Baker, S.E., Beausoleil, 
N.J., Carter, S., Cartwright, B., Costa, F., Draper, C., Griffi  n, J., 
Grogan, A., Howald, G., Jones, B., Littin, K.E., Lombard, A.T., Mellor, 
D.J., Ramp, D., Schuppli, C.A. and Fraser, D. (2017). ‘International 
consensus principles for ethical wildlife control’. Conservation Biology 
31: 753–760.

Eason, C.T., Murphy, E.C., Wright, G.R.G. and Spurr, E.B. (2002). 
‘Assessment of risks of brodifacoum to non-target birds and mammals 
in New Zealand’. Ecotoxicology 11: 35–48.

Egelie, K.J., Graff , G.D., Strand, S.P. and Johansen, B. (2016). ‘The 
emerging patent landscape of CRISPR-Cas gene editing technology’. 
Nature Biotechnology 34: 1025–1031.

Eggers, S., Ohnesorg, T. and Sinclair, A. (2014). ‘Genetic regulation of 
mammalian gonad development’. Nature Reviews Endocrinology 10: 
673–683.

Esvelt, K.M., Smidler, A.L., Catteruccia, F. and Church, G.M. (2014). 
‘Concerning RNA-guided gene drives for the alteration of wild 
populations’. eLife: 10.7554/eLife.03401.

Fitzgerald, G. (2009). Public Attitudes to Current and Proposed Forms 
of Pest Animal Control. A summary and review of the Australasian 
and selected international research. Unpublished report. Canberra, 
Australia: Invasive Animals Cooperative Research Centre. <https://
www.pestsmart.org.au/public-attitudes-to-current-and-proposed-forms-
of-pest-animal-control/>.

Gantz, V.M. and Bier, E. (2015). ‘The mutagenic chain reaction: A method 
for converting heterozygous to homozygous mutations’. Science 348: 
442–444.

Gantz, V.M., Jasinskiene, N., Tatarenkova, O., Fazekas, A., Macias, 
V.M., Bier, E. and James, A.A. (2015). ‘Highly effi  cient Cas9-Mediated 
gene drive for population modifi cation of the malaria vector mosquito 
Anopheles stephensi’. Proceedings of the National Academy of Sciences 
112: E6736–E6743.

Gemmell, N.J. and Tompkins, D.M. (2017). ‘Gene drives and rodent 
control: Response to Piaggio et al.’. Trends in Ecology and Evolution 
32: 314–315.

Gray, S.J. and Hurst, J.L. (1998). ‘Competitive behaviour in an island 
population of house mice, Mus domesticus’. Animal Behaviour 56: 
1291–1299.

Guénet, J.-L. and Bonhomme, F. (2003). ‘Wild mice: An ever-increasing 
contribution to a popular mammalian model’. Trends in Genetics 19: 
24–31.

Hammond, A., Galizi, R., Kyrou, K., Simoni, A., Siniscalchi, C., 
Katsanos, D., Gribble, M., Baker, D., Marois, E., Russell, S., Burt, 
A., Windbichler, N., Crisanti, A. and Nolan, T. (2016). ‘A CRISPR-
Cas9 gene drive system targeting female reproduction in the malaria 
mosquito vector Anopheles gambiae’. Nature Biotechnology 34: 78–83.

Hartl, D.L. and Clark, A.G. (2006). Principles of Population Genetics. 
Oxford: Sinauer Associates.

Harvey-Samuel, T., Ant, T. and Alphey, L. (2017). ‘Towards the genetic 
control of invasive species’. Biological Invasions 19: 1683–1703.

Harvey-Samuel, T.O., Campbell, K.J., Edgington, M., and Alphey, L. 
(2019). ). ‘Trialling gene drives to control invasive species: what, where 
and how?’ In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and 
C.J. West (eds.) Island invasives: scaling up to meet the challenge, pp. 
618–627. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.

Holmes, N.D., Campbell, K.J., Keitt, B.S., Griffi  ths, R., Beek, J., Donlan, 
C.J. and Broome, K.G. (2015). ‘Reporting costs for invasive vertebrate 
eradications’. Biological Invasions 17: 2913–2925.

Howald, G., Donlan, C.J., Galván, J.P., Russell, J., Parkes, J., Samaniego, 
A., Wang, Y., Veitch, D., Genovesi, P., Pascal, M., Saunders, A. and 
Tershy, B. (2007). ‘Invasive rodent eradication on islands’. Conservation 
Biology 21: 1258–1268.

Jones, C.S., Noble, L.R., Jones, J., Tegelstrom, H., Triggs, G.S. and Berry, 
R. (1995). ‘Diff erential male genetic success determines gene fl ow in 
an experimentally manipulated mouse population’. Proceedings of the 
Royal Society of London. Series B: Biological Sciences 260: 251–256.

Jones, H.P., Tershy, B.R., Zavaleta, E.S., Croll, D.A., Keitt, B.S., 
Finklestein, M.E. and Howald, G.R. (2008). ‘Severity of the eff ects of 
invasive rats on seabirds: A global review’. Conservation Biology 22: 
16–26.

Jones, H.P., Holmes, N.D., Butchart, S.H.M., Tershy, B.R., Kappes, 
P.J., Corkery, I., Aguirre-Muñoz, A., Armstrong, D.P., Bonnaud, E., 
Burbidge, A.A., Campbell, K., Courchamp, F., Cowan, P., Cuthbert, 
R.J., Ebbert, S., Genovesi, P., Howald, G.R., Keitt, B.S., Kress, S.W., 
Miskelly, C.M., Oppel, S., Poncet, S., Rauzon, M.J., Rocamora, G., 
Russell, J.C., Samaniego-Herrera, A., Seddon, P.J., Spatz, D.R., Towns, 
D.R. and Croll, D.A. (2016). ‘Invasive mammal eradication on islands 
results in substantial conservation gains’. Proceedings of the National 
Academy of Sciences 113: 4033–4038.

Kanavy, D. and Serr, M. (2017). ‘Sry gene drive for rodent control: Reply 
to Gemmell and Tompkins’. Trends in Ecology and Evolution 32: 315–
316.

Kashimada, K. and Koopman, P. (2010). ‘Sry: The master switch in 
mammalian sex determination’. Development 137: 3921–3930.

Kinnear, J., Pentland, C., Moore, N. and Krebs, C. (2016). ‘Fox control 
and 1080 baiting conundrums: Time to prepare for a CRISPR solution’. 
Australian Mammalogy 39: 127–136.

Koopman, P., Gubbay, J., Vivian, N. and Goodfellow, P. (1991). ‘Male 
development of chromosomally female mice transgenic for Sry’. Nature 
351: 117–121.

Campbell, et al.: Assessing gene drives



14

Kurle, C.M., Croll, D.A. and Tershy, B.R. (2008). ‘Introduced rats 
indirectly change marine rocky intertidal communities from algae- to 
invertebrate-dominated’. Proceedings of the National Academy of 
Sciences 105: 3800–3804.

Leitschuh, C.M., Kanavy, D., Backus, G.A., Valdez, R.X., Serr, M., Pitts, 
E.A., Threadgill, D. and Godwin, J. (2018). ‘Developing gene drive 
technologies to eradicate invasive rodents from islands’. Journal of 
Responsible Innovation. 5(supl): S121–S138.

Lindholm, A.K., Dyer, K.A., Firman, R.C., Fishman, L., Forstmeier, W., 
Holman, L., Johannesson, H., Knief, U., Kokko, H. and Larracuente, 
A.M. (2016). ‘The ecology and evolutionary dynamics of meiotic 
drive’. Trends in Ecology and Evolution 31: 315–326.

Lyon, M.F. (2003). ‘Transmission ratio distortion in mice’. Annual 
Review of Genetics 37: 393–408.

Martin, A., Akol, A. and Gross-Camp, N. (2015). ‘Towards an explicit 
justice framing of the social impacts of conservation’. Conservation and 
Society 13: 166–178.

McShane, T.O., Hirsch, P.D., Trung, T.C., Songorwa, A.N., Kinzig, 
A., Monteferri, B., Mutekanga, D., Van Thang, H., Dammert, J.L. 
and Pulgar-Vidal, M. (2011). ‘Hard choices: Making trade-off s 
between biodiversity conservation and human well-being’. Biological 
Conservation 144: 966–972.

Meerburg, B.G., Singleton, G.R. and Kijlstra, A. (2009). ‘Rodent-
borne diseases and their risks for public health’. Critical Reviews in 
Microbiology 35: 221–270.

NASEM. (2016). Gene Drives on the Horizon: Advancing Science, 
Navigating Uncertainty, and Aligning Research with Public Values. 
Washington DC: Committee on Gene Drive Research in Non-Human 
Organisms: Recommendations for Responsible Conduct; Board 
on Life Sciences; Division on Earth and Life Studies; National 
Academies of Sciences, Engineering, and Medicine. <https://www.
nap.edu/catalog/23405/gene-drives-on-the-horizon-advancing-science-
navigating-uncertainty-and>.

NCSU Genetic Engineering and Society Center. (2016). A Roadmap to 
Gene Drives: A Deliberative Workshop to Develop Frameworks for 
Research and Governance. North Carolina State University Genetic 
Engineering and Society Center. <https://research.ncsu.edu/ges/
research/projects/gene-drives-grant/>. Accessed 30 June 2017.

New Zealand. (2016). Predator Free NZ 2050 to be a Massive Team Eff ort. 
Wellington, NZ: New Zealand Government, 25 July 2016. <https://
www.beehive.govt.nz/release/predator-free-nz-2050-be-massive-team-
eff ort>. Accessed 15 July 2017.

Owens, B. (2017). ‘The big cull’. Nature 541: 148–150.

Parkes, J.P. and Panetta, F.D. (2009). ‘Eradication of Invasive Species: 
Progress and Emerging Issues in the 21st Century’. In: M.N. Clout 
and P.A. Williams (eds.) Invasive Species Management. A Handbook 
of Principles and Techniques, pp. 47–60. New York, USA: Oxford 
University Press.

Parkes, J., Fisher, P. and Forrester, G. (2011). ‘Diagnosing the cause of 
failure to eradicate introduced rodents on islands: Brodifacoum versus 
diphacinone and method of bait delivery’. Conservation Evidence 8: 
100–106.

Pawluk, A., Amrani, N., Zhang, Y., Garcia, B., Hidalgo-Reyes, Y., Lee, 
J., Edraki, A., Shah, M., Sontheimer, E.J. and Maxwell, K.L. (2016). 
‘Naturally occurring off -switches for CRISPR-Cas9’. Cell 167: 1829–
1838.

Phifer-Rixey, M. and Nachman, M.W. (2015). ‘The natural history of 
model organisms: Insights into mammalian biology from the wild house 
mouse Mus musculus’. eLife 4: e05959.

Piaggio, A.J., Segelbacher, G., Seddon, P.J., Alphey, L., Bennett, E.L., 
Carlson, R.H., Friedman, R.M., Kanavy, D., Phelan, R., Redford, K.H., 
Rosales, M., Slobodian, L. and Wheeler, K. (2017). ‘Is it time for 
synthetic biodiversity conservation?’. Trends in Ecology and Evolution 
32: 97–107.

Prowse, T.A.A., Cassey, P., Ross, J.V., Pfi tzner, C., Wittmann, T. and 
Thomas, P. (2017). ‘Dodging silver bullets: Good CRISPR gene-drive 
design is critical for eradicating exotic vertebrates’. Proceedings of the 
Royal Society B: Biological Sciences 284(1860): 20170799.

Rauch, B.J., Silvis, M.R., Hultquist, J.F., Waters, C.S., McGregor, M.J., 
Krogan, N.J. and Bondy-Denomy, J. (2017). ‘Inhibition of CRISPR-
Cas9 with bacteriophage proteins’. Cell 168: 150–158. 

Reese, A. (2017). ‘New Zealand aims to eradicate invasive predators, 
but winning public support may be big challenge’. Science 10 July 
2017. <http://www.sciencemag.org/news/2017/07/new-zealand-aims-
eradicate-invasive-predators-winning-public-support-may-be-big>.

Robertson, B.C. and Gemmell, N.J. (2004). ‘Defi ning eradication units to 
control invasive pests’. Ecology 41: 1042–1048.

Rueda, D., Campbell, K.J., Fisher, P., Cunninghame, F. and Ponder, J.B. 
(2016). ‘Biologically signifi cant residual persistence of brodifacoum 
in reptiles following invasive rodent eradication, Galapagos Islands, 
Ecuador’. Conservation Evidence 13: 38.

Rueda, D., Carrion, V., Castaño, P.A., Cunninghame, F., Fisher, P., 
Hagen, E., Ponder, J.B., Riekena, C.A., Sevilla, C., Shield, H., Will, 
D. and Campbell, K.J. (2019). ‘Preventing extinctions: planning and 
undertaking invasive rodent eradication from Pinzon Island, Galapagos’ 
In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West 
(eds.) Island invasives: scaling up to meet the challenge, pp. 51–56. 
Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.

Russell, J.C. and Holmes, N.D. (2015). ‘Tropical island conservation: Rat 
eradication for species recovery’. Biological Conservation 185: 1–7.

Schimenti, J. (2014). ‘The Mouse T Complex’. In: E.C.R. Reeve and I. 
Black (eds.) Encyclopedia of Genetics, pp. 287–292. Chicago, USA: 
Fitzroy Dearborn.

Serr, M. and Godwin, J. (2019). ‘Towards a genetic approach to invasive 
rodent eradications: assessing reproductive competitiveness between 
wild and laboratory mice’. In: C.R. Veitch, M.N. Clout, A.R. Martin, 
J.C. Russell and C.J. West (eds.) Island invasives: scaling up to 
meet the challenge, pp. 64–70. Occasional Paper SSC no. 62. Gland, 
Switzerland: IUCN.

Singh, P., Schimenti, J.C. and Bolcun-Filas, E. (2015). ‘A mouse 
geneticist’s practical guide to CRISPR applications’. Genetics 199: 
1–15.

Singleton, G.R., Brown, P.R., Pech, R.P., Jacob, J., Mutze, G.J. and 
Krebs, C.J. (2005). ‘One hundred years of eruptions of house mice in 
Australia–a natural biological curio’. Biological Journal of the Linnean 
Society 84: 617–627.

Sinkins, S.P. and Gould, F. (2006). ‘Gene drive systems for insect disease 
vectors’. Nature Reviews Genetics 7: 427–435.

Stenseth, N.C., Leirs, H., Skonhoft, A., Davis, S.A., Pech, R.P., 
Andreassen, H.P., Singleton, G.R., Lima, M., Machang’u, R.S. and 
Makundi, R.H. (2003). ‘Mice, rats, and people: The bio-economics of 
agricultural rodent pests’. Frontiers in Ecology and the Environment 1: 
367–375.

TIB Partners. (2014). The Threatened Island Biodiversity Database 
(TIB): Developed by Island Conservation, University of California 
Santa Cruz Coastal Conservation Action Lab, Birdlife International 
and IUCN Invasive Species Specialist Group. Version 2014.1. <www.
tib.islandconservation.org>. Accessed 23 December 2016.

Towns, D.R., Atkinson, I.A.E. and Daugherty, C.H. (2006). ‘Have 
the harmful eff ects of introduced rats on islands been exaggerated?’. 
Biological Invasions 8: 863–891.

Vidal, V.P., Chaboissier, M.-C., de Rooij, D.G. and Schedl, A. (2001). 
‘Sox9 induces testis development in XX transgenic mice’. Nature 
Genetics 28: 216–217.

Vignieri, S.N., Larson, J.G. and Hoekstra, H.E. (2010). ‘The selective 
advantage of crypsis in mice’. Evolution 64: 2153–2158.

Webber, B.L., Raghu, S. and Edwards, O.R. (2015). ‘Opinion: Is CRISPR-
based gene drive a biocontrol silver bullet or global conservation 
threat?’. Proceedings of the National Academy of Sciences 112: 10565–
10567.

Island invasives: scaling up to meet the challenge. Ch 1A Rodents: Planning




