
Chapter 7
Alternative Techniques and Options
for Risk Reduction of Gene Drives

Bernd Giese, Arnim von Gleich and Johannes L. Frieß

Introduction

With the release of organisms carrying a gene drive (GD) a fundamental change
in the release practice of GMOs will take place. GMOs as GD-carrying organisms
(GDO) will then arise from wild populations in the field, not in controlled numbers
in the laboratory or a breeding facility (Simon et al. 2018). The inherent ability of
GDs to overcome the limits of Mendelian inheritance even for traits with detrimental
effects on their fitness make them an ideal tool for the efficient manipulation of wild
populations of sexually reproducing species. The idea of using GDs was originally
inspired by the discovery of naturally occurring mechanisms like transposable ele-
ments or meiotic drives that trigger a super-Mendelian dissemination of traits. After
early proposals to harness chromosomal translocations for population control (cp.
Curtis 1968) the use of selfish genetic elements was proposed in 1994 by Hastings.
The idea of using homing endonucleases to build self-replicating drives which are
now realized with the help of the versatile molecular scissor CRISPR-Cas9 was
already put forward in 2003 by Austin Burt (Burt 2003). Besides the spread of new
traits with so called ‘conversion drives’, ‘suppression drives’ are aiming at a reduc-
tion or even a regional extinction of pest species or vectors of pathogens. Amongst
other application fields suppression drives are envisaged for combating malaria by
strongly reducing the number of some mosquito species which are the prime vectors
for infectious diseases like malaria and dengue (Macias et al. 2017). Anticipated
as a highly specific replacement for pesticides, GDs are considered to be applied
against a number of invasive species that have become agricultural pests like the
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cherry fruit fly Drosophila suzukii in California (Buchman et al. 2018) or rodents
like mice or rats in New Zealand which pose a serious threat to agriculture and the
native environment (Dearden et al. 2018). Even weeds have been proposed as targets
for suppression drives (Neve 2018). Conversion drives are currently developed to
render mosquitoes immune to pathogens or inhibit the penetration of ripening fruits
by the cherry fruit fly due to a non-functional ovipositor (Regalado 2017).

A number of reasons for concern have been raised in the course of the discus-
sion about GD development and their potential applications (Esvelt and Gemmell
2017; Ledford 2016; National Academies of Sciences 2016; Oye et al. 2014). They
represent a potentially powerful genetic tool with unprecedented range in time and
space. Current releases of GMOs are limited to a certain number of engineered
organisms (mostly plants), a limited timeframe and a limited area with more or less
established separation from wild relatives to prohibit vertical gene transfer to sub-
sequent generations. With GDs a fast vertical gene transfer becomes the aim of the
GMO-application. To ensure control of GDs or even strive for a kind of functional
reversibility, a number of options have been proposed in recent years. A review of
their potential, their reliability and their developmental stage is still missing. Further-
more, alternative approaches are excluded so far in a comparative evaluation. The
present work should help to close this gap.

In addition to technical variations of GDs, which may yield an improved relia-
bility or decrease their hazard and exposure potential as sources of possible risks,
alternatives to GDs are as well included in the assessment which is given in this
chapter. But the technology itself is only one factor in the generation of risks.

Additional exposure- and hazard potentials depend on the qualities and the vulner-
ability of the ecosystems intowhich the gene drives are introduced and on the specific
aims and contexts of the gene drive application (e.g., agriculture, disease control or
nature conservation) if the GD-system is not per se containing toxic or allergenic
substances. Beyond these known adverse properties nearly any biochemical quality,
e.g. an enzymatic feature, may turn out hazardous in a particular context. Thus, cor-
responding non-knowledge on the final behaviour hinders a characterization of the
total hazard potential in very early innovation phases where results of experimental
tests and specific application conditions are not available. Thus, as a precautionary
approach especially in anticipation of environmental release, it is advisable to focus
more on the exposure potential instead of the hazard potential. A high exposure
strongly increases the possibility of unforeseen interactions in the environment, and
thus increases the realm of ignorance about possible adverse effects. That is the
lesson learned from the release of persistent synthetic chemicals into the environ-
ment (e.g. Chlorofluorocarbons [CFC] and Persistent Organic Pollutants [POPs]). To
focus on exposure relevant qualities yields options on how to limit or even decrease
the exposure potential emanating from GDs. It may thereby reduce the potential for
unforeseen and unmanageable interactions of GDs in the environment. Reducing the
exposure potential is thus a promising approach of risk reduction for GD.

The exposure potential of GDs is determined by qualities of the GD or the GDO
that are related to (a) the spatial and (b) the temporal spread. These could be for
example
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• stability of the GD against inactivation by mutations,
• impact of the GD on the fitness of the target species,
• frequency of inheritance

as GD-specific qualities. With regard to the target species the following qualities
may have an influence:

• mobility,
• life expectancy,
• inheritance,
• number of offspring,
• probability of crossbreeding,
• frequency of releases and initial number of released individuals carrying the GD,
• regional distribution of the target population,
• interconnections between subpopulations.

In case of gene drives that are exclusively applied in laboratories, exposure to the
environment is mainly determined by the containment of the experimental settings.
We may call this an extrinsic containment. For an overview of extrinsic containment
strategies see (Akbari et al. 2015; Benedict et al. 2008). If barriers are characteris-
tic for extrinsic containment, ecological containment can be seen as a special form
of this type of containment where spatial separation serves as a means for safety.
Here, wild type populations of the target species or wild relatives are lacking in the
geographic region where the GDOs are released or where the GD experiments are
performed in a laboratory. Additionally, environmental conditions should not favour
the settlement of these wild species. With regard to the safety of laboratory experi-
ments with GDO, ecological containment is supported by environmental conditions
that are not favourable for the respective GDO-species, e.g. regarding temperature.
However, ecological containment is an option of limited reliability because GDOs
might be transported intentionally or unintentionally along with other cargo in ships,
cars or planes and somemay as well survive unfavourable climate (Min et al. 2017b).

Additionally, laboratory safety can be improved by an appropriate intrinsic con-
tainment.1 That is GDs or specific target species are dependent on synthetic sub-
stances or limited in spread due to their specific technical organization. Because
extrinsic containment is practically only an option for GDs applied in laboratories,
in this chapter we will focus on approaches for intrinsic containment with relevance
for GDO that are to be released into the environment.

1Cf. Wright et al. (2013, 1223): “Biology can achieve a lot in a contained environment; however,
physical containment alone offers no guarantees. For example, nomatter how ingenious a protective
device or material may be for a GMM field application, an inventive way will eventually be found
by an operator to compromise it. Failure in this case is a matter of when, not if. Although some
form of physical containment is obviously prudent, inbuilt biological mechanisms remain crucial
to biosafety.”
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Intrinsic Containment

The intrinsic containment of a GDO is either due to the reproductive incompatibility
of the target species with wild type strains and related species or caused by the
specific character of the GD. For instance, in case of homing endonuclease-based
GDs (HEG-drives) the latter may be due to a unique target sequence. Accordingly,
Min et al. differentiate between reproductive and molecular confinement as variants
of intrinsic containment (Min et al. 2017b, p. 55).

For GDOs used in the laboratory, a number of special options for intrinsic con-
tainment are available that have been already used as safetymeasures for experiments
with GMOs. For applications in laboratory facilities it is advisable to use organisms
that are not viable outside laboratory conditions. Containment strategies can make
use of the following options:

– dependency on the supply of a synthetic substance which is only available in the
laboratory, (see RIDL, Chap. 2),

– a kill switch which is activated when a certain food compound is lacking,
– reproductive containment using laboratory strains unable to produce viable off-
spring with wild conspecifics, e.g., the use of Drosophila with compound auto-
somes, where the left arms of two chromosomes are joint together in one chro-
mosome and the right arms in another, making these specimen infertile with wild
types (Akbari et al. 2015).

For GDO-species that are determined to be released into the environment, safety
strategies become more challenging because it is intended that gene drives spread
within a population by mating of GDOs with their wild conspecifics. Meanwhile
a number of approaches to limit the spread of GDOs in time and space have been
proposed (Esvelt et al. 2014;Noble et al. 2019).Within the following section potential
options are presented.

Safety Options for GDO-Releases

Safety strategies for GD applications can be grouped into techniques that represent
either gene drive modifications and other transgenic constructs respectively or rather
alternative approacheswhich are based on naturally occurringmutations and parasitic
infections that enable population control in a comparable way. Options for both types
of approaches, either relying on genetic engineering or harnessing naturally occurring
anomalies are presented in the following chapters.
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Molecular Modifications of Gene Drives as Safety Strategy

Split Drive

The idea of a split drive to limit the uncontrolled spread of a GD is based upon the
separation of the genetic components of CRISPR/Cas based HEG-drives. To that
end, the endonuclease gene and the genetic information of the single guide RNA
(sgRNA) can be located at different loci in the genome of which only one of the
genes is inherited as a GD. For example, if the sgRNA code for a target sequence
resembles its own insertion site, only the inheritance of the sgRNA will be biased
in a super-Mendelian fashion. Inheritance of the endonuclease gene is by contrast
determined by Mendelian dynamics and should therefore lead to a loss of the Cas9
gene and thus limit the spread of the sgRNA gene after a few generations as long as
Cas9 does not provide a fitness gain (cf. DiCarlo et al. 2015).

Malfunction of a split drive can be caused by molecular recombination events of
the genome thatmaymove the Cas9-gene adjacent to the sgRNA sequence. If reading
frames are intact the result would be a complete and therefore potentially autonomous
GD consisting of the information for the endonuclease as well as a sgRNA. At least
the non-intended integration of sgRNA-sequences has already been observed (Li
et al. 2016). Homology directed repair of the next sgRNA guided cleavage of a target
site would then result in copying of sgRNA and endonuclease genes. However, the
probability for such an event is low and it can be further reduced by a low homology
between the locations of both elements of the split drive within the genome (Akbari
et al. 2015). Additionally, developers of GD recommend to combine this strategy
with a second form of containment (Akbari et al. 2015).

Besides a separation within the genome, other variants of split drives are imag-
inable. At least for some eukaryotic species, the genetic information of the endonu-
clease Cas9 can be located episomally, outside the genome on an extrachromosomal
plasmid. DiCarlo et al. experimentally verified the function of a split gene drive with
episomal Cas9 gene in yeast (DiCarlo et al. 2015). But in addition to a verification of
the gene drive-biased inheritance an assessment of the limiting effect of this kind of
split drive system is still lacking. The bias of inheritance ceases with each generation
as plasmids get lost. And even if the endonuclease gene is moved inside the genome
by recombination which is a rare but not impossible event, this gene will most likely
be inherited by Mendelian dynamics and therefore the “drive” of the sgRNA fades
over the next generations.

An even more expanded version of a split drive would be a constellation with dif-
ferent strains carrying parts of the genetic information of a gene drive. For example,
the gene for Cas9 can be part of the genome of a strain that mates with a sgRNA-
bearing strain. In such an approach the strain carrying Cas9 has to be released contin-
uously to keep the drive running, because the Cas9-gene is only passed to offspring
with a 50% chance of inheritance if the sgRNA targets its own insertion sequence
(Akbari et al. 2015).
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Daisy Chain Drives

In a daisy drive-system, a number of gene drives is dependent on each other in a linear
(or circular) manner, in that each of the drives’ sgRNAs is encoded for a target site
which consists of the flanking elements of the next drive in the daisy chain. Therefore,
no element of the chain drives itself. The single drives of a chain can even be located
on different chromosomes. In a linear chain (of at least two elements), the first drive
has no predecessor which would cut a target site in which the first drive could be
integrated by homologous recombination. Therefore, it will be the first element of
the daisy chain that gets lost by the means of natural selection. Accordingly, the other
elements of the chain will successively get lost over time. In the daisy drive proposed
by Noble et al. (2019), the last element of the chain carries the “payload” (the cargo
gene). If finally the last sgRNA of the chain is lost, the top element will fade away
as well, if it does not deliver any fitness gain (Noble et al. 2019). As for split drives,
recombination may create an independent drive which then overcomes the limiting
effect of the daisy chain.

In 2017, Min et al. proposed a “Daisy field” drive-system (Min et al. 2017b),
where multiple sgRNAs are encoded separately from the locus harbouring CRISPR
nuclease and a potential payload gene, but all sgRNAs share the same target sequence.
Compared with a daisy chain drive, the daisy field system works with just a single
cut-and-copy event and thus should be more reliable and less prone to non-intended
recombination events thatmay create a global drive.According toMin et al. thefitness
cost should be small, because the multiple elements of a daisy field drive (except
for the cargo genes) consist of sgRNAs. Only for a number of initial generations,
the genetic information for the nuclease and the payload is inherited to all offspring
(by homologous recombination) due to the fact that with each generation the sgRNA
daisy elements (NsgRNA) are inherited with only 50% chance. Because with every
generation the average number of sgRNAs per organism is cut in half, the nuclease
and cargo-genes will be inherited by the drive for roughly (NsgRNA + 1) generations
(Min et al. 2017b). According to this theory, the initial number of sgRNAs should
therefore be a means to tune the spread of a drive. Daisy field drives can be combined
with a daisy drive chain for instance as the first element of a drive chain (Min et al.
2017b).

In order to prevent the accidental generation of a global drive by recombination
events that would move gRNA adjacent to the nuclease, sequences of gRNA and
nuclease (including the cargo genes) should not have sequence homology. Min et al.
suggest to have notmore than 12 base pairs homology. Additionally, they recommend
to place the nuclease more than 100 kb apart from gRNA repeat sequences (Min et al.
2018).

In a further prepublication, Min et al. propose the concept of “Daisy quorum”
drives as an extension of a daisy drive-application by the subsequent release of wild-
type organisms or a suppression drive targeting the previously altered population.
This combination should lead to a low frequency of the engineered genes which then
theoretically get lost over time by natural selection, if it does not provide a fitness
gain for the organism expressing them (Min et al. 2017a).
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Limitation by Secondary Releases

Secondary releases of sexually compatible members of the target species have been
mentioned quite early as a method to limit the spread of GDs and even as a means
to reverse the functionality of the drive in the already affected individuals. The
proposed approaches range from releases of sterile wild type individuals that should
breed with the genetically altered organisms, thereby slowing down the spread of
the drive (Montell cited in McFarling 2017), to the release of GDOs equipped with
overwriting drives that target the initial drive sequence. Particularly tricky approaches
for the removal of CRISPR/Cas9-drives should even function without a full GD-
functionality: They only rely on gRNAs whose target sequences are flanking the
sequence of the previously released GD or are located within the coding sequence
of Cas9. Due to the cellular presence of Cas9 from the released drive, which is now
guided by the gRNA of the removal construct, excision or disruption of the GD and
replacement with the coding cassette of the removal construct is enabled (cp. Zentner
and Wade 2017).

Most probably, all these types of approaches for secondary releases are rather
imperfect in their reliability as a means to limit or reverse the impact of released GDs
because their spread must at least cover the spatial and numerical distribution of the
initial drive. In particular, with regard to overwriting drives, a second (overwriting)
drive has to reach every individual that was altered by the initial drive to exclude the
possibility of recurrence—which cannot be excluded at least for very effective drives
with a low threshold such as CRISPR/Cas-based systems. Furthermore, as long as the
GD is not strictly threshold-dependent, a release of sterile wild types is probably only
able to slow down the spread of the drive. However, overwriting drives have been
discussed in the community of scientists engaged in GD-development and Esvelt,
on his webpage, demands that an overwriting drive should be built in parallel to any
new gene drive.2 According to Esvelt an overwriting—or “immunizing reversal”
drive as he calls it—should not only target the individuals that are already altered by
the initial drive: Besides overwriting the GD-code in the latter, it should render the
wild type-population immune to further spread of the initial drive. He admits that
“reversal” only refers to the phenotype, not the genotype of the altered organisms,
because the second drive will not be able to restore the original genetic code. Traces
of the genetic information of Cas9 and the sgRNA will remain in their genome.

Limitation by Dependence

Besides a specific genetic structure that may serve as a means to limit the spread of
GDs, their ongoing super-Mendelian inheritance could be limited by different types
of dependence. External factors that may have an impact on the dynamics of GD

2cf. https://www.sculptingevolution.org/genedrives/safeguards.

https://www.sculptingevolution.org/genedrives/safeguards
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distribution are environmental conditions, a specific (synthetic) target sequence or a
(synthetic) inductor molecule.

In the latter case, the inductor is necessary to induce the expression of the endonu-
clease or the sgRNA (if a CRISPR/Cas-based GD is used). If the toxin in toxin-
antidote drives is constitutively repressed, an inductor would be necessary to release
the toxin and thereby activate the drive. But this method may turn out as difficult to
realize for multicellular eukaryotic organisms, because the inductor has to be present
in the germline and therefore cross several barriers of the organism’s body. As an
opposite strategy to an inductor, a toxin might be used which only impacts GDOs
due to a sensitivity mediated by the genomic manipulation or the cargo of the gene
drive.

If a HEG-drive is engineered to target a specific sequence that is unique to a
certain number of individuals, it can be used to limit the spread of the drive to
subpopulations of a species or previously released GMOs. Esvelt and colleagues
called the limitation to subpopulations a “precision drive” (cp. Esvelt and Gemmell
2017; Min et al. 2017b, p. 49). But according to Esvelt et al. it could be difficult to
realize this drive type. First, to assure that the drive targets at least the subpopulation,
it has to withstand the occurrence of resistant alleles. For that purpose, they suggest
to have a multiplex drive with at least three target sites. Additionally, these sites have
to be located within the sequence of essential genes. Moreover, for the application of
CRISPR/Cas drives, these “natural” sequences have to contain a protospacer adjacent
motif (PAM) to enable binding of the endonuclease to the target site.

These obstacles could be overcome if the GD targets only synthetic sequences
encoded in genetically engineered organisms. As “synthetic site targeting” this safety
approach was tested in yeast in an initial experiment (DiCarlo et al. 2015). A major
advantage of this approach is the fact that depending on the sequence similarity
with natural sequences the sgRNA of an HEG-drive must undergo several mutations
before it may serve to place a drive in a natural sequence. For the application in
isolated populations e.g., on islands, Min et al. suggested to use target sequences for
HEG-drives that are recoded by an initial drive to provide an appropriately prepared
population (Min et al. 2017b, p. 49).

The idea ofCraigMontell is an example for a dependencyon an environmental fac-
tor: He suggested to engineer mosquitoes with a self-destruction mechanism which
is activated when an environmental parameter, e.g. temperature, reaches a threshold
(Montell cited in McFarling 2017). In order to catch every gene drive mosquito by
this technique, it has to be included in the cargo of the drive. Besides the necessary
increase in size for the additional cargo information, the major drawback of this
approach most probably lies in its vulnerability to mutations in the self-destruction
mechanism.
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Limitation by Genetic Instability

Experimental tests of CRISPR/Cas-GDs revealed a significant restraining impact of
resistance alleles in target populations. Selection of resistance to a CRISPR/Cas-
GD was first documented by Hammond et al. in 2017. After an initial increase of
GDO in caged mosquito populations over less than 10 generations they observed a
gradual increase of the ratio of resistant alleles within the experimental time frame
of 25 generations (Hammond et al. 2017). Resistant alleles may occur due to Non-
Homologous End Joining (NHEJ), Microhomology Mediated End Joining (MMEJ),
by incomplete Homology Directed Repair (HDR) or may originate from sequence
variations within the population (Champer et al. 2017).Within the sequence of essen-
tial genes of a species the probability is high that mutations compromise the viability
of the organism. Thus target sites within essential genes that are highly conserved
among the members of a species are likely to confer more stability with regard to
the spread of the GD. As Kyrou et al. have shown, this strategy is successful in sup-
pressing the selection of resistant alleles in Anopheles gambiae (Kyrou et al. 2018).
An approach for GD-limitation—at least as an additional feature—could be estab-
lished by a high probability for mutations due to only a single target site within a
non-essential gene and only a single sgRNA locus.

Alternative Approaches to Synthetic Gene Drives

Population control can potentially be achieved with alternative approaches as well.
Alternative approaches can be divided into options based on genetic engineering
as the use of transgenes, mutations causing sterility and the application of natu-
rally occurring effects with a dampening impact on population growth. Important
examples of both groups are presented within the next two chapters.

Release of Insects Carrying a Dominant Lethal Allele (RIDL)
as an Alternative Genetic Engineering Approach

For theRIDL-approach laboratory-reared organisms equippedwith a dominant lethal
gene are mass released to reduce the number of offspring in a wild population
(Thomas et al. 2000). The dominant lethal gene prohibiting development of the off-
spring is cloned into the insects. Offspring dies at zygotic, larval or pupal stage. There
are two varieties of RIDL. In the bi-sex RIDL approach, the offspring of both sexes
die in premature stages (Harris et al. 2011; Phuc et al. 2007). In the female specific
RIDL approach (fsRIDL), only female offspring die (Schliekelman and Gould 2000;
Thomas et al. 2000). Heterozygous sons then pass the lethal gene to half of both sexes
of their offspring, of which the inheriting females will die. Female specific RIDL
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strains have been developed for Aedes aegypti and Aedes albopictus, using flightless-
ness as a lethal trait (Alphey et al. 2013). Since only genetically engineered males
are released, the bi-sex RIDL approach is considered self-limiting, while fsRIDL has
to be considered self-sustaining, albeit for a limited number of generations.

RIDL organisms are furthermore equipped with a fluorescent marker for distinc-
tion from wild type animals and a bistable switch, a tetracycline-repressible tran-
scription activator (tTAV) which binds to the promotor of the lethal gene. In the
presence of tetracycline, which is included in the laboratory organisms’ diet, the
transcription activator is repressed, allowing for normal procreation (Thomas et al.
2000).

However, apart from the observation that the lethality of RIDL-offspring fails
in 3% of cases there is evidence that due to “naturally occurring” contamination
of food with tetracycline, RIDL-offspring become viable and survive (Rodriguez-
Beltran 2012). Another drawback with regard to the safety of this approach is that
mechanical sex sorting fails in 0.33% of cases (Lacroix et al. 2012).

In caged trials it was shown that RIDL mosquitoes have an estimated compet-
itiveness to wild type males of 0.56 (Harris et al. 2011). Male RIDL-olive flies
are outcompeted for mating in cages, with 46% of females mating RIDL-flies (Ant
et al. 2012). Thus, to continually suppress a population, a high number of periodical
releases with large numbers of insects is required. Field trials with mosquitoes were
carried out in the Cayman Islands, Malaysia, Brazil, and Panama (Alphey 2014;
Gorman et al. 2015; Subbaraman 2011).

Resistance by Transgenes

Different approaches have been published so far for the suppression of mosquito
populations e.g., by the expression of antibodies against the malaria parasite or
RNAi-expression to suppress arbovirus replication, but expression of transgenes
may represent a fitness cost and therefore might get lost before significant results in
population control are achieved, moreover resistance of pathogens may evolve over
time (Alphey et al. 2013).

Population Control by Mutagenesis: The Sterile Insect Technique (SIT)

SIT is applied for population suppression of disease transmitting mosquitoes or pest
insects like the Mediterranean fruit fly since the middle of the 20th century (Dyck
et al. 2005). The technical approach of SIT consists in the release of masses of
sterile insects. Sterile males are the preferred candidates for release because release
of both sexes (a) seems to weaken the suppressing effect due to mating between
the sterilized males and females and (b) in case of mosquito control a release of
females would increase the potential of biting humans. Mating of the released males
with wild females leads to a decline of the target population and in extreme cases
to its collapse. SIT-insects are sterilized by radiation or chemicals. The induction
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of dominant lethal mutations in the treated sperm leads to death of the majority of
eggs that are fertilized by this sperm. For SIT it is important that sterile males are
not agametic. Spermatozoa still have to be produced to keep up sperm competition
with sperm from fertile males in remating females (Alphey et al. 2013).

Harnessing Naturally Occurring Phenomena for Population Control

The Trojan-Female-Technique (TFT)

For some species male fertility seems to depend on mutations in mitochondrial
DNA. These male-specific deleterious mutations escape selection processes in the
female germline, because mtDNA is maternally inherited (Beekman et al. 2014;
Frank and Hurst 1996 cited in Wolff et al. 2017). Their application may yield a long
lasting approach for population control across several generations. A correspond-
ing approach is called Trojan Female Technique (Gemmell et al. 2013). By using
TFT for population control, genome editing can be avoided if female insects with
mtDNA-mutations are selected that are highly effective with regard to male infertil-
ity. Therefore, neither transgenic nor genome edited organisms are necessary for a
TFT-approach and legal preparation of application would be clearly simplified.

mtDNA-mutations causing sub- or complete infertility have been reported for
Drosophila, seed beetles, hares and humans (cf. Wolff et al. 2017). A first proof of
concept in fruit flies was shown by Wolff et al. (2017). They used a mitochondrial
haplotype from a population ofD. melanogaster that leads to complete male sterility
in combination with a particular genomic background in the nucleus. The suppres-
sive effect persisted over 10 generations in a density controlled population were egg
numbers in each generation are carefully regulated. Over the course of the exper-
iment (10 generations) no mutations in the nuclear genome could be detected that
compensated formutations in themitochondrial DNAwhich caused themale infertil-
ity. Additionally, no reduction in frequency of the TFT-haplotype was detected. This
observation highlights the power of the TFT approach as it may be sufficient to apply
it in a single release and achieve a suppression over multiple generations. However,
the effect was smaller than expected and unfortunately for more natural conditions
without density control (stochastic contractions and expansions in population size
are possible) no significant effect could be detected (Wolff et al. 2017).

Wolbachia Parasites and Cytoplasmic Incompatibility

In 1967 it was first described that the bacterial endosymbiontWolbachia pipientis is
able to bias inheritance of infected mosquitoes leading to the spread of the bacteria
in populations of the host (cf. Macias et al. 2017, p. 4). Due to its cytoplasmic
localization Rickettsia bacteria of the genus Wolbachia are maternally passed on to
their offspring and infect ~52% of the terrestrial arthropod species (Weinert et al.
2015, p. 3). As determined inDrosophila and Aedes aegyti, infection withWolbachia
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bacteria may reduce the host life span by roughly half (Lin et al. 2012). Furthermore,
Wolbachia poses effects such as male killing, feminization, parthenogenesis and
cytoplasmic incompatibility (Burt 2014). In terms of population control or measures
against infectious diseases two approaches are possible withWolbachia:

1. An infection of mosquitoes with certain strains of Wolbachia can be used to
reduce susceptibility of the insects to a range of different pathogens (Alphey
2014; Alphey et al. 2013; Carrington et al. 2018). The Wolbachia strain wMel
for example blocks the development of dengue in Ae. aegypti.

2. If male mosquitoes are infected with specific Wolbachia strains, mating with
uninfected females or females infected with differentWolbachia strains is unsuc-
cessful due to a cytoplasmic incompatibility of eggs and sperm (wild female
mosquitoes are usually infected with other Wolbachia strains) (Blagrove et al.
2012; Burt 2014).

The latter corresponds to a population suppression approach and is called “in-
compatible insect technique (IIT)” (Burt 2014). Infected femaleswill always produce
infected offspring. The application is complicated because for IITwith infectedmales
the release of onlymale carriers is absolutely essential as a single female carrier could
potentially drive the alien Wolbachia strain into the wild population, mitigating the
desired effect. The latter effect would be desired in an invasive application, which is
potentially self-sustaining. In another invasive application, organisms infected with
two differentWolbachia strains, each incompatible with the other, are released. This
is the so called bidirectional approach. The result would be the formation of three
different subpopulations, wild type, Wolbachia strain A and Wolbachia strain B.

The use of Wolbachia bacteria for population and disease control may come
along with a number of drawbacks. As reported in Alphey et al. (2013) infection
with Wolbachia could cause a selection towards viruses with higher titre in human-
biting mosquitoes (Alphey et al. 2013). Furthermore, due to the need for human
blood to produce viable eggs, wMel-infected mosquitoes may develop an increased
preference to bite humans (Alphey et al. 2013). Evolutionary changes might affect
the relationship between the parasite and its host: Resistance of mosquitoes against
viruses like dengue as a result of their immune response against Wolbachia might
be dampened due to a co-evolution of the mosquito and the Wolbachia parasite and
even the virus may adapt over time (Macias et al. 2017, p. 13). ForWolbachia-based
approaches experience was gained by a number of field trials in recent years (see
Table 7.1).

Overview of Potential Safety Mechanisms

The different strategies presented here that may help to overcome the potential risks
of GD vary remarkably in that they on the one hand rely on genetic engineering—
partially even consist in GD-variants—and on the other hand they represent real
alternatives which are not based on genetic engineering at all. The sheer variety
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Table 7.1 Known Wolbachia field trials (updated collection of Alphey 2014)

Date Location Method Outcome

2010 French Polynesia IIT Sustained release of Aedes
polynesiensis males infected with a
Wolbachia strain from Aedes
riversi induced sterility in a target
population

2011–Present Australia Invasive Wolbachia Release of infected male and
female Aedes aegypti led to the
invasion and establishment of
different Wolbachia strains;
releases in multiple additional
areas are in progress

2013–2018 Vietnam Invasive Wolbachia Release of wMelPop-infected male
and female Aedes aegypti on an
island

2017 California IIT Release of male
Wolbachia-infected Aedes aegypti
to suppress the natural population
in Fresno County

shows that at least theoretically there are options for population control besides the
application of GDs. Nonetheless, these approaches differ strongly in their qualities
with regard to the aim of reducing exposure to GD and minimizing potential haz-
ards associated with their release. And besides the fact that the effectivity of most
of these options is not yet experimentally verified, they are connected to different
vulnerabilities that may preclude particular applications. To facilitate an overview on
the approaches presented in this chapter, the basic strategy, their aim with regard to
hazard and exposure of GD, major vulnerabilities as well as a rough characterization
of their developmental stage are given in Table 7.2.

Summary

As the list in Table 7.2 shows, design options for HEG-GDs discussed so far are
aiming at a reduction of environmental exposure. Additionally, the hazard potential
ofGDswillmost probably be very case-specific because it is largely dependent on the
genomic localization of the drive and the function of possible cargo genes. Hence,
a focus on exposure minimization is justified. Potentials of exposure and hazards
connected with the use of transgenes for genomic modifications can be reduced by
alternative approaches based on naturally occurring phenomena with impact on the
population size. All design variants of HEG-GDs with reduced risk potential are
rather poorly characterized so far. Proofs of principle in a scale that enables reliable
statements on their performance with regard to releases are lacking. In any case,
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Table 7.2 Overview of (a) design options for HEG-GDs that may decrease their risk potential and
(b) alternative approaches for population control

Technique Main strategy Aim
(Hazard/Exposure)

Vulnerability Remarks/
developmental
stage

HEG-GD design options

Split drive Separation of
genes for
sgRNA and
endonuclease

Limitation of
exposure to GDO
(temporal and spatial)

Co-localization of genes
for Cas9 and sgRNA by
recombination resulting
in a global drive

Tested in yeast
but no
experimental
proof for the
limiting potential
so far

Daisy chain
drive/ Daisy
field drive

Chain of
interdependent
drives/multiple
separately
encoded
sgRNAs for
endonuclease
(and cargo)
target sequence

Limitation of
exposure to GDO
(temporal and spatial)

Co-localization of
genes for Cas9 and
sgRNA targeting its
own insertion site by
recombination resulting
in a global drive

No experimental
proof for the
limiting potential
so far

(Synthetic)
inductor
molecule

Dependency on
the supply of a
substance

Limitation of
exposure to GDO by
GD deactivation

Germline in
multicellular organisms
might be difficult to
target with an inductor

No exact
theoretical
description and
no experimental
proof for the
deactivating
potential so far

Specific
(synthetic)
target
sequence

Targeting of a
unique target
sequence

Exposure limitation
to GDO by targeting a
genetic subpopulation

Similarity to sequences
in the general
population

“Synthetic site
targeting” tested
in yeast in
laboratory scale

Environmental
conditions

Self-destruction
depending on
environmental
conditions

Limitation of
exposure to GDO

Mutations deactivating
the self-destruction
system

No exact
theoretical
description and
no experimental
proof for the
deactivating
potential so far

Genetic
instability

Accumulation
of GD-resistant
target
sequences due
to mutation and
sequence
variations

Limitation of
exposure to GDO,
slowdown of GD
spread

Incomplete reduction of
the GD frequency

First experimental
observations in
laboratory scale

Secondary release

Overwriting
drive

Release of
secondary GD
targeting the
sequence of the
first drive

Reducing exposure to
GDO by
deactivation/limitation
of the initial drive and
immunization of the
target population

Dependence on perfect
coverage of the first
drive’s distribution,
sensitive to mutations

No experimental
proof for the
limiting potential
so far

(continued)
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Table 7.2 (continued)

Technique Main strategy Aim
(Hazard/Exposure)

Vulnerability Remarks/
developmental
stage

gRNA
targeting a
drive

Release of
organisms
carrying gRNA
against the
sequence of the
released GD

Reducing exposure to
GDO by deactivation/
limitation of the initial
drive and
immunization of the
target population

Dependence on perfect
coverage of the first
drive’s distribution,
sensitive to mutations

First experimental
proof-of-principle
in laboratory
scale in
Drosophila

Limitation by
sterility

Release of
sexually
compatible but
sterile
organisms

Slowdown up to
limitation of GD
spread (in case of high
threshold-drives)

Dependence on perfect
coverage of the first
drive’s
distribution/spread of
GD is only retarded

No experimental
proof for the
limiting potential
so far

Non-GD genetic modifications

RIDL Death of
offspring due to
dominant lethal
gene

Limitation of
exposure due to
self-limiting
approach

Mass releases of GMO
required,
tetracycline-dependence

Successfully
applied in field
trials

Resistance by
transgenes

Modification of
target
organisms
instead of
suppression

Limitation of
exposure due to
Mendelian inheritance
pattern

Evolution of resistance First laboratory
experiments
showed transient
effects

Sterile insect
technique
(SIT)

Mass release of
sterile insects

Avoidance of hazard
and exposure of/to
GDO

Periodic mass releases
required

Long experience
in SIT
applications
(releases)

Use of naturally occurring phenomena

Trojan female
technique
(TFT)

Harnessing
naturally
occurring
male-specific
mutations
causing
infertility

Avoidance of hazard
and exposure of/to
GDO/GMO

Up to now comparably
small effectivity

First laboratory
experiments

Wolbachia Suppression of
mosquito
populations or
reduction of
susceptibility of
mosquitoes to
pathogens

Avoidance of hazard
and exposure of/to
GDO/GMO

Possibly increased
virulence of pathogens
due to selection and
co-evolution

First releases
already conducted

they will be difficult to achieve because with an experimental release the risk of
uncontrolled spread in the case of malfunction is high.

Secondary releases of overwriting drives, gRNA targeting the sequence of a
released drive or the release of sterile mating partners must be competent enough to
cover all parts of a population that have been infected with the primarily released
drive. It is therefore necessary to assure that mutations or a fitness burden do not
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interfere and reduce the intended effect of these countermeasures. A first proof-
of-principle in the laboratory scale was already published in 2016 for the sec-
ondary release of a gRNA-based system as a so-called Cas9-triggered chain abla-
tion (CATCHA) (Wu et al. 2016). However, a demonstration of the effectiveness of
options for secondary releases under more realistic conditions is still pending.

Genetic modification by RIDL and in particular SIT as non-GD techniques is far
better characterized, but accompanied with high efforts for the mass releases that are
necessary for both. The selective application of naturally occurring phenomena with
influence on population size may represent the methods of choice if transgene spread
should be avoided. Moreover, approval for application will probably be much easier
to obtain than for techniques based on genetic engineering. For the use ofWolbachia
results from some first experimental releases are already available. Successful small-
scale field trials have motivated larger scale releases (Burt 2014). Unfortunately, for
TFT, a theoretically quite promising approach, only some first experimental results
in the laboratory scale are available. From these so far rather inconclusive data, no
statement can bemadewith regard to the potential of this advantageous technique that
does not depend on transgenes or infection with parasitic bacteria. Further research
is needed to characterize the suitability of using TFT as an alternative approach for
population suppression.

As this comparative overview shows, alternative approaches forGDs are limited to
an application for population suppression. Only an infection withWolbachia bacteria
can also be used to reduce the susceptibility of the host organism to pathogens and
thus change the properties of a population. So far, approaches based on Wolbachia
as “cytoplasmic drive” (Dobson et al. 2002) instead of a genetic drive represent the
most advanced and functional alternative to GDs. However, regardless of the natural
origin of this approach, potential impacts have to be carefully investigated. It may
turn out as a highly powerful method for population suppression whose control in
spread (at least for the invasive approaches) is severely limited. Moreover, a spread
of Wolbachia to non-target species is possible. Whether TFT is able to serve as a
more controllable technique in this regard is worth further investigation.
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