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Introduction

‘Self-propagating artificial genetic elements’ (SPAGEs), in particular gene drives
(GD), represents a new quality in several respects in regard to the intended release
of genetically modified organisms (GMOs). Their implementation (e.g. to control
insects as disease vectors or to suppress invasive species) would imply a release
with consequences far beyond the range of hitherto existing GM crops. The spatial
and temporal spread of gene drive-equipped organisms is enormously enhanced by
overcoming the limits of Mendelian inheritance, and most tasks aim at a genetic
modification of wild species populations. The spectrum of application targets
includes the suppression, if not (regional) extinction, of wild populations. If
unforeseen problems occur after a release, corrective action can hardly be taken.

The results presented here were aimed at the identification of hazard and
exposure potentials emanating from SPAGEs with the help of a prospective and
precaution-oriented technology assessment and a vulnerability analysis of poten-
tially affected (agro-)ecological systems. In addition, options for a better control of
gene drives and design options for possible risk-reducing alternatives were exam-
ined with regard to technical reliability and the early developmental stage of the
technology. A comparative technology characterisation of various types of SPAGEs
and a fundamental consideration of tipping points, their identification and pre-
dictability, lay the ground for a differentiated assessment. Two case studies further
illustrate potential applications of SPAGEs in an agricultural context. Different
approaches to modelling the population dynamics of gene drives installed in olive
flies were examined in order to test the suitability and informative value of these
models. The incidence of phase transitions and tipping points is discussed in both
the qualitative and the quantitative parts of these cases. The case study of the olive
fly (Bactrocera oleae) was carried out in close co-operation with scientific and
practical actors of olive cultivation in Greece and Spain. For the case about oilseed
rape (Brassica napus), extensive material from previous studies on genetically
modified rape was processed. As a counterpart to the technology analysis of the
SPAGE technology, a methodological approach for the vulnerability analysis of
affected ecosystems was developed.
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Finally, the prospects and limits of an appropriate integration of the precau-
tionary principle into the risk assessment, risk management and risk regulation of
SPAGEs at the national and European levels are explored.

viii Introduction
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Chapter 1
Technology Characterisation

Johannes L. Frieß, Bernd Giese and Arnim von Gleich

Introduction

In recent years, innovation in genetic engineering brought forth a number of tech-
nologies to manipulate the fate of entire wild type populations. These technologies
rely on the dissemination of synthetic genetic elements within a population of sex-
ually reproducing species via the germline and are identified as Self-Propagating
Artificial Genetic Elements (SPAGE). Some secure their dissemination passively so
that only offspring carrying the SPAGE will survive or be fertile. Others overcome
the limitations of the Mendelian inheritance pattern by a distortion of allelic seg-
regation or a fragmentation of chromosomes, resulting in e.g. an altered sex ratio.
Genetic elements may also promote their preferred inheritance by a molecular mech-
anism. If a SPAGE overcomes the Mendelian pattern of inheritance and is thereby
enabled to spread and distribute a novel trait throughout a population – even defying
natural selection – it is called a gene drive. If organisms have a comparably short
generation time, as e.g. insects, then already after a few months, a large part of the
population could express a new property transmitted by the gene drive. In particular,
very invasive gene drives may be able to impose properties on entire populations that
otherwise could not spread.

SPAGEs are discussed for many potential applications and partially already
designed as a kind of self-propagating delete-function. If for example the prop-
erty mediated by the synthetic genetic element consists in male or female offspring
becoming infertile, an entire population may disappear.
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2 J. L. Frieß et al.

Currently, multiple applications are under consideration. Especially malaria- or
dengue-carryingmosquitoes are potential targets. In agriculture,weeds and croppests
could be eradicated or endangered species could be immunized against pathogens
using a GD. Two potential applications of gene drives even serve issues of nature
conservation, namely the eradication of invasive animal or plant species (Webber
et al. 2015) and the conservation of endangered species (Esvelt et al. 2014; European
Commission and Scientific Advice Mechanism 2017; Ledford 2015). Although dis-
cussed in the 2016 NASEM report on gene drives (National Academies of Sciences
2016), the idea to recover the sensitivity of pest species to pesticides or to remove
transgenic resistances from feral populations have not been pursued in the scientific
literature of the following years. So far, gene drives have not yet been released, but
the discussion is gaining momentum (Courtier-Orgogozo et al. 2017; Emerson et al.
2017; Hochkirch et al. 2017). In particular, the development of new gene drive vari-
ants is closely linked to the upswing that genome editing methods have taken by the
recent use of CRISPR-Cas gene scissors (Gantz et al. 2015; Gantz and Bier 2015).

Compared to previous releases of GMOs, SPAGE and especially gene drives
collide with basic principles of precaution due to their targeted property to spread in
wild populations and thus causing extreme exposure. Applications of this new quality
represent a shift of paradigm in the handling of GMOs. At least for the European
Community, the current regulation of the release of GMOs assumes that for specific
periods of time a certain amount of GMOs will be released in a particular region.1

However, now a type of genetic technology arises whose innermost principle lies in
exceeding these limits: the transformation or even eradication of wild populations.

So far, it is unclear whether particular SPAGE applications, once released, will
be retrievable or manageable at all. Due to their intended ability to spread, a loss
of control is highly probable, not least in comparison to hitherto existing GMOs. In
general, SPAGEs must be characterized as a technology with a high depth of inter-
vention into the genetic configuration of organisms and ecological systems, which
results in a high technological power (much higher compared to a manipulation at
the phenotype level and with high potential impacts with regard to the functionali-
ties of the modified organisms) and a high range of exposure (spread in space and
time because of self-reproduction, mobility and self-dispersal). Due to the increased
ability to self-propagate and spread through populations, a particularly high expo-
sure of these altered organisms to ecosystems must be expected. This dispersion
and exposure must in turn also be appraised as a high depth of intervention into
the targeted ecosystems, which additionally may be regarded as a contamination of
these systems. The increased technological power and exposure produced by these
technologies results in proportionally increasing lack of knowledge about possible
consequences, reaching from enormous scientific uncertainties to vast ignorance.
A correspondingly extended risk assessment (hazard and exposure assessment) is
required to fathom the extent and the depth of these dimensions of non-knowledge

1Cp. Annex III A and Annex III B of the EC Directive 2001/18/EC of the European Parliament
and of the Council on the deliberate release into the environment of genetically modified organisms
(EC Directive 2001/18).
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on the different organizational levels of biosystems that are affected by gene drives.
The question arises whether methods and models are already available to adequately
investigate hazard and exposure potentials caused by such awide spread of new prop-
erties in whole populations and possibly into related species. Above all, the effects
of a strong reduction of populations up to their eradication are important and com-
plex evolutionary changes that must be considered. Important questions regarding
technological, ecological as well as ethical issues become apparent.

Besides a review of modes of action of current SPAGE-technologies, the fol-
lowing technology characterisation analyses the depth and intensity of interven-
tion, the resulting potential power and exposure and the corresponding extent of
non-knowledge associated with the different SPAGE-techniques in a comparative
approach.2

SPAGE-Techniques

A variety of different self-propagating artificial genetic elements has been developed
in recent years. Some of them occur naturally as selfish genes and have been further
optimized, while others are genetically engineered.

The SPAGEs currently in development or already applied encompass:

• RIDL-technology (“release of insects carrying a dominant lethal genetic system”)
• Meiotic Drives (autosomal- or Y-linked X-shredder)
• Killer-Rescue
• Maternal Effector Dominant Embryonic Arrest (Medea)
• Underdominance-based systems
• Homing Endonuclease Genes (HEG) based systems, especially CRISPR/Cas.

SPAGEs are developed to manipulate genes and traits of organisms and thereby
alter whole populations to serve particular needs. Meanwhile a panoply of applica-
tions is envisaged for SPAGE. For instance, they should be applied to fight infectious
diseases in particular the vectors of diseases. Especially malaria- or dengue-carrying
mosquitoes are potential targets. In agriculture, weeds and crop pests should be erad-
icated or endangered species could be immunized against pathogens using a gene
drive. Two potential applications of gene drives even serve issues of nature con-
servation, namely the eradication of invasive species (Webber et al. 2015) and the
conservation of endangered species (Esvelt et al. 2014; Ledford 2015; Champer et al.
2017; European Commission and Scientific Advice Mechanism 2017).

Once released into the environment, SPAGEs can hardly be retrieved. Although
there are many ideas to restrict their spread or even to alleviate adverse effects,

2The technology characterisation was in large parts already published under Creative Commons
license CC-BY 4.0 in the article.

Frieß JL, von Gleich A, Giese B, 2019. Gene drives as a new quality in GMO releases - a
comparative technology characterization. PeerJ 7:e6793. http://doi.org/10.7717/peerj.6793.

http://doi.org/10.7717/peerj.6793
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a complete reversal and restoration of the pre-existing state (and genotype) seems
impossible.

So-called self-limiting approaches may pose a partial exception to this as their
mode of action is developed to result in a successive frequency decrease of the SPAGE
within a population.

Gene Drives

A number of natural mechanisms possess this notable property. In 2006, Sinkins and
Gould mentioned transposable elements, meiotic drive genes, homing endonuclease
genes and Wolbachia as naturally occurring gene drives. A theoretical concept for
gene drives as a method to drive a desired gene, or a set of genes into a population
was already proposed in 1960 by Craig et al.: “Mass release of male-producingmales
might be used in control operations” (Craig et al. 1960). The spread of chromosomal
translocations was already proposed as a means of population control (Curtis 1968;
Serebrovskii 1940). Hastings suggested to use so called “selfish genes” for that pur-
pose (Hastings 1994) and a practical implementationwas exploredwith the use of the
P-element for germline transformation of Drosophila melanogaster (Carareto et al.
1997). Austin Burt in 2003 suggested to use homing endonucleases for the design of
self-replicating drives (Burt 2003). Gene drives propagate even if they confer a fitness
penalty, or in other words “Mathematically, drives are initially favoured by selection
[…] if the inheritance bias of the drive exceeds its fitness penalty.” (Noble et al. 2018,
p. 201). Some secure their dissemination passively so that only offspring carrying
genetic information of the drive will survive or be fertile. Akbari et al. (2015) called
this type of mechanism “selective embryonic lethality”. Others actively overcome
the limitations of theMendelian inheritance pattern by a distortion of allelic segrega-
tion i.e. fragmentation of chromosomes, for example resulting in an altered sex ratio.
Active drives may also copy their genetic information between homologous chro-
mosomes resulting in homozygous offspring. Such approaches were termed „active
genetics “ by Gantz and Bier (2015). In the sense of such a broad definition most of
the SPAGE-technologies mentioned above can be regarded as gene drives. Due to the
exclusion ofWolbachia-based techniques in thiswork, only certainRIDL-approaches
with a self-limiting character represent exceptions.

Due to its inherently ‘invasive’ character, a once-released gene drive represents
a significant intervention into ecosystems. In principle, a gene drive needs several
generations to establish itself in a population. It is thus a technology capable to
reproduce itself and undergo mutational changes over time. Not only do gene drives
affect the environment, the environment affects the gene drives as well. A gene drive
engineered in the laboratory, once released will be confronted with evolutionary
processes.
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Methodology of Technology Characterisation

Technology characterisation is an approach for prospective technology assessment
that is applicable extremely early in the innovation process, when results of scien-
tific research and the outlines of the technology are quite well known, but possible
applications and affected systems are still unclear. This actually is the case with
SPAGE-technologies. Such an early assessment is important and useful, because in
case of severe concerns mitigations, corrections and course changes to alternative
development paths aremore easily directed andmuchmore cost-efficient before large
investments into products and production facilities are made. Technology character-
isation is in this way an important approach to operationalize the requirements of
precaution. The aim of technology characterisation is the early assessment of poten-
tial hazards and exposures (identifying reasons of concern) and, possibly still more
important, the assessment of different dimensions and forms of lacking knowledge
regarding hazards and exposure, reaching from uncertainties to absolute ignorance.
This is the only way to include complete surprises, which means possible events for
which currently no scientific approved ‘model of effect’ exists.3 However, approaches
for an early assessment of potential hazards and exposure as well as an assessment of
different dimensions and forms of lacking knowledge regarding hazards and expo-
sure already exist (Ahrens et al. 2005; Giese and von Gleich 2015; Linkov et al.
2018; Owen et al. 2009; Steinfeldt et al. 2007). The underlying hypothesis of tech-
nology characterisation is, that the range and the forms of non-knowledge are not
‘just there’, but are to a large extend produced by the characteristics of the tech-
nology. Depth of technological intervention and also the intensity of intervention
are the first criteria to investigate the range and forms of lacking knowledge (from
uncertainties to ignorance) by scrutinizing their technological origin. The depth of
intervention is a source of enormous technological power and therefore of mighty
potential effects, benefits as well as hazards, on one side. On the other side, the depth
of intervention presents sources of a high operating range of the created entities and
thus the potential for exposure. High power and high range of exposure lead to a high
extend of non-knowledge concerning possible effects and interactions. In order to
provide additional information on the frequency and the corrigibility of the expected
effects, the quantitative aspects of the use of the technology (intensity of intervention
i.e. quantity, frequency of its application), its reliability in practice, the probability
of failure, and, finally, possible ways of limiting harm in case of failure have to be
analyzed.

The aim of prospective technology characterisation is not to identify any possible
adverse effect of technologies.Most of the occurring adverse effectswill also in future
be manageable by trial and error. Instead, it should provide a basis for decision-
making in the view of the precautionary principle (Commision of the European

3As it was the case with DDT minimizing the thickness of bird eggs, ozone depletion triggered by
CFC, the ‘mad cow disease’ and industrial chemicals functioning as endocrine disrupters (European
Environment Agency 2002) and is actually the case with the reduction of insect populations in
Middle Europe.
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Communities 2000; The Rio declaration on environment and development 1992;
UnitedNations 2000). “Theprecautionaryprinciple enables decision-makers to adopt
precautionary measures when scientific evidence about an environmental or human
health hazard is uncertain and the stakes are high” (European Parliament Think Tank
2015) The precautionary principle legitimates precautionary action in caseswhen it is
unwarrantable to wait until a risk is clear and proven, because a probably occurring
disaster will then not be controllable. Preconditions for precautionary action are
therefore: (a) lack of knowledge (from uncertainty to ignorance), (b) comprehensible
reasons for concern (affecting extremely powerful and/or far reaching consequences),
(c) a rudimentary cost–benefit analysis (in which e.g. medical applications with few
less risky options are rated higher than applications in the food chain with plenty
alternatives), (d) adequate precautionary measures (reaching from containment over
substitution by less problematic alternatives to moratorium (Fischer et al. 2006). In
our approach to operationalize the precautionary principle, the focus of technology
characterisation lies on the prevention of far reaching, by-trend irreversible and global
effects of events with adverse consequences that cannot be managed adequately, that
cannot be retrieved, corrected or mitigated in case of their occurrence.

Based on the framework for technology characterisation SPAGE-technologies
will be compared considering the following criteria (also depicted in Fig. 1.1).

Fig. 1.1 Criteria of prospective technology characterisationwith corresponding gene drive-specific
effects and options. Technological power is not in the focus of this rather general prospective study
due to the very early innovation phase, where the particular design (esp. their cargo) and application
context of gene drives is not yet clear
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Depth of Intervention (Technological Power and Range)

Depth of intervention results in high technological power and range. For SPAGEs
in general, the depth of intervention is much higher than in approaches for breeding
and population control which are not based on genetic modifications. SPAGEs like
other genetic engineering technologies constitute a manipulation of the very basis
of organisms, their genetic characteristics, which results in one source of their tech-
nological power. The other source of power lies in the functionalities of the applied
genes resp. traits. The technological range describes the potential spatio-temporal
consequences of a gene drive, considering its lasting persistence in a population as
well as the range with which it could spread by mobility and across populations. But
there are differences. The mono-generational suppression of a single population is
considered as a comparably low range, while the permanent replacement of a pop-
ulation with genetically altered specimens is considered a high range. At the same
time, range considers the possibility of either intended or unintended spread of a
gene drive across multiple populations (invasiveness).

Intensity of Intervention (Number/Frequency)

The intensity of intervention as number and frequency of released organisms
describes the necessary quantity of interventions to drive a desired trait into a targeted
population. An approach requiring the released organisms to outnumber the wild
type organisms would score as high intensity and if an initially low percentage of the
population is sufficient it would correspond to a comparably lower intensity of inter-
vention. The quality of released organisms, e. g. their capability of self-reproduction,
which determines their range in a much higher proportion is determined by the cri-
terion of depth of intervention. In terms of intensity, without changing the depth of
intervention, power and range of a technology are only dependent on number and
frequency of its application.

Reliability of the Technology

Reliability describes the probability of failure of the technology with regard to its
intended use (unintended side effects and long term effects). Important reliability
issues are e. g. linkage-loss of the cargo gene and its driver system, the generation of
resistances in the target population, coevolution of the pathogen and system decay
(Alphey 2014).
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Corrigibility or Limitation of Damage in Case of Failure

This criterion addresses an important aspect of risk management. Can a gene drive
be retrieved in case that something goes dramatically wrong and can the damage of
a failed gene drive be reversed by any means and if so, how laboriously are they
compared to the initially released construct/system? For some SPAGE technologies
it is claimed that they can be somewhat remedied by a release of wild type organisms.
But such an endeavour would not really reverse the damage done. Evenmore difficult
to estimate are corrective actions such as a reversal drive which on one hand relies
on the release of a second generation gene drive to remedy the failures of the first.
And on the other hand, the gene pool of the target population in any case retains
transgenic elements.

Important Preliminary Remarks

As a means to compare the different SPAGE technologies, a rough assessment into
three classes as high, moderate and low was applied, based on the criteria introduced
above. Regardless of the fact that such a classification has to be further differentiated
in subsequent studies, it has to be noted that this rating only refers to the comparative
approach between the technologies included in this study and cannot be used to draw
any conclusion on their absolute impact, for instance in comparison to solutions
avoiding genetic technologies.

SPAGE Technologies

In the following, most of the SPAGEs taken into consideration to be used in a gene
drive are discussed, examining their methodological advantages and drawbacks. Fur-
thermore, they are compared and analysed in a hypothetical application concern-
ing the aforementioned criteria of technology characterisation, which are further
differentiated in the subsequent paragraph.

Other molecular components, such as transposable elements, TALENs (transcrip-
tion activator-like effector nuclease) andZFNs (zinc finger nuclease), which in theory
could be considered as being potentially involved in gene drive mechanisms were
not included into this technology characterisation due to their low transformation
rate, limited specificity or problems to deal with sequence polymorphisms in wild
populations.
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Release of Insects Carrying a Dominant Lethal Gene (RIDL)

In this approach, laboratory-reared organisms (until now flies, mosquitoes and a
moth species), equipped with a dominant lethal gene, are mass released to reduce
the number of offspring in a wild population. There are two varieties of RIDL. In the
bi-sex RIDL approach, the offspring of both sexes die in the zygotic, larval or early
pupal stage. In the female specific RIDL approach (fsRIDL), only female offspring
die. Male offspring is heterozygous for the dominant lethal gene and therefore would
pass on the lethal trait to 50% of their offspring in subsequent generations. Female
specific RIDL strains have been developed for Aedes aegypti and Aedes albopictus,
using flightlessness as a lethal trait (Alphey et al. 2013). Since RIDL as well as
fsRIDL organisms will be selected from the population within a few generations, the
RIDL technology can be considered self-limiting.

Depth of RIDL Intervention

The power (by quality) of the bi-sex RIDL technology is based on the functionality of
the applied gene comparably high due to its capacity of killing 100% of its offspring
but its range can be seen as low in comparison to other SPAGE techniques, being
self-limiting, it is not intended to persist in the ecosystem.

Although only half of the GMO’s offspring survives, fsRIDL scores as a high
power and low range technology due to its self-limiting and suppressive quality with
the potential to eradicate the population with a concomitant risk of invasion into
neighbouring populations, regarding its high release ratios.

Intensity of RIDL Intervention

Independent of the applied RIDL variant the technology requires mass releases of
genetically modified organisms. In the case of the bi-sex RIDL even a higher number
ofmass releasesmay be necessary.Oxitec has used release ratios of up to 54: 1, before
it observed a reduction in wild populations (Gene Watch UK 2013). The mass and
frequency for a successful application can therefore be rated as high.

Reliability of the bi-Sex RIDL Technology

The overall probability of failure of the bi-sex RIDL technology compared to other
SPAGE techniques ismoderate. This evaluation strongly stems from the issues arising
from the first field test trials. Key points of error encompass:

• lowered fitness of laboratory-reared GM insects due to inbreeding (colony effect)
• reduced mating capabilities of the GMOs (reducing the suppressive effect)
• selection against the fitness burden which the dominant lethal gene clearly poses,
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• the genetic bi-stable switch necessary to rear the flies in the laboratory requires
tetracycline (if tetracycline is present in the target ecosystem, the suppressive effect
would be reduced and protracted),

• errors in the release:

– wild types (would reduce the suppressive effect), and
– phenotypicwild types carrying the non-functioning dominant lethal gene (would
reduce the suppressive effect and persistently introduce synthetic DNA into the
ecosystem).

Potential Vulnerabilities of the Target System Towards the bi-Sex RIDL
Technology

• adverse ecological effects due to the eradication of the target population due to
the ratio of released GMOs to the native population,

• spread to other populations,
• toxicity of the dominant lethal gene product (tTA) to predators,
• deadGM-larvae are likely to enter the commercial food production and food chain.

Reliability of the fsRIDL Technology

Theoverall probability of failure specific for the fsRIDL technology ismoderate com-
pared to other SPAGE techniques. Most of the aforementioned weaknesses within
the technology however, in practice are alleviated by increased release numbers.
Nevertheless, key points of error encompass:

• The selection against the fitness burden of the dominant lethal gene which seems
more likely in a system with longer persistence, yet implausible within the few
generations fsRIDL organisms persist.

• errors in the release:

– wild types (would reduce the suppressive effect),
– female fsRIDL-organisms (would further enhance the suppressive effect in the
first generation), and

– phenotypicwild types carrying the non-functioning dominant lethal gene (would
reduce the suppressive effect and persistently introduce genetically modified
DNA sequences into the ecosystem).
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Potential Vulnerabilities of the Target System Towards the fsRIDL
Technology

• adverse ecological effects due to the eradication of the target population due to
the ratio of released GMOs to the native population,

• spread to other populations (which may be especially probable in a population
consisting mainly of fsRIDL males with a dwindling percentage of females),

• the genetic bistable switch necessary to rear the organisms in the laboratory
requires tetracycline (if tetracycline is present in the target ecosystem, the
suppressive effect would be reduced and protracted),

• toxicity of the dominant lethal gene product (tTA) to predators.

Possibilities for Limitation of Damage Caused by RIDL Technology

Independent of the applied RIDL variant, the only feasible option for an attempt to
restore the original population after detrimental effects caused by RIDL technology
is the release of wild type specimens. However, since bi-sex RIDL is self-limiting
and if fsRIDL-organisms will be selected from a population within a number of
generations, the damage of a failed release might be buffered by the resilience of
most of the ecological systems as long as it does not result in a complete eradication
of the target species or other parts of the food web.

Meiotic Drives (MD) in particular X-Shredder

Meiotic Drives (MD) consist of selfish genetic elements which cause a distortion of
allelic segregation that results in a bias of the frequency of Mendelian inheritance.
For instance, the Mendelian segregation frequency of 50% is distorted up to 70% in
Zea mays (Australian Academy of Science 2017; Lindholm et al. 2016). Other MDs
have been reported for Drosophila melanogaster (segregation distorter [SD] system)
(Larracuente and Presgraves 2012), the mouse Mus musculus (t-haplotypes, causing
a transmission ratio distortion) (Silver 1993), Zea mays (abnormal chromosome 10
[Ab10]), which affects Gonotaxis, distorted sex ratios in Silene species (Taylor 1994)
and mosquitoes. In the latter, MDs are naturally occurring in Aedes aegypti (Craig
et al. 1960) and Culex pipiens (Sweeny and Barr 1978). A major drawback of MDs
consists in the fact that the fitness of other alleles at the same locus, which do not
bias transmission, and alleles linked to them, is reduced (Lindholm et al. 2016).

For gene drives, a particularly interesting MD is the so called X-Shredder, which
causes fragmentation of the X chromosome by nucleases during male meiosis.
Thereby, only Y-bearing sperm can produce viable offspring, which is of course male
(Newton et al. 1976). An autosomal X-shredder can be regarded as self-limiting, a
Y-linked X-shredder as self-sustaining (Burt 2003; Burt and Trivers 2006; Deredec
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et al. 2008). A Y-linked X-shredder can invade adjacent populations or species with
incomplete mating barriers, therefore widespread effects may be anticipated (Alphey
2014). Galizi et al. (2014) published a synthetically engineered X-shredder aiming
at spermatocyte meiosis in Anopheles gambiae, producing mainly Y-chromosome-
carrying sperm, causing a male bias of up to 95%. A distortion of the sex ratio is
a penalty to fitness, which may in extreme cases lead to a population’s extinction.
Although rarely, in Drosophila, sometimes 100% female progeny is achieved. There-
fore, this trait is highly selected against. Hence, meiotic drive-based extinction has
never been observed in natural populations (Helleu et al. 2015). For this study we
focus on the self-sustaining variant of the Y-linked X-Shredder.

Depth of X-Shredder Intervention

The X-Shredder approach, considering a male bias up to 95% (Galizi et al. 2014),
would cause a major population suppression, therefore its technological power and
range are rated as high. Since it constitutes a self-sustaining gene drive and since a
population consisting mainly of males is much more likely to migrate in search of
females its range is also considered as high. Although, to date no field trials with
X-shredder gene drives have been undertaken, and therefore no migration patterns
of X-shredder males are available.

Intensity of X-Shredder Intervention

The X-Shredder approach requires a mass release of males. The necessary tech-
nological input generating power and the range (by quantity) can thus be regarded
as high. However, even a small release size would theoretically suffice to replace
a population over multiple generations, dependent on the fitness of the gene drive
organisms.

Reliability of the X-Shredder Technology

Based on the small number of available publications on X-Shredder approaches in a
preliminary comparative assessment of SPAGE technologies, the failure probability
is not easily estimated but it can comparatively be considered asmoderate. Key points
of error encompass:

• selection against the fitness burden which the construct clearly poses,
• errors in the release:

– phenotypic male wild types carrying the non-functioning construct (would
reduce the suppressive effect).
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Vulnerability of the Target System Towards the X-Shredder Technology

• adverse ecological effects due to the eradication of the target species (although not
yet being observed in nature) and

• spread to other populations (which seems likely in a population with a dwindling
number of females).

Possibilities for Limitation of Damage Caused by X-Shredder Technology

There is no possibility to directly remedy the damages obtained from an X-Shredder
release. This makes the technique highly problematic, it is built to first invade and
replace followed by immediate eradication, due to the lack of females. Its low
threshold quality further exacerbates the handling of Y-linked X-Shredder gene
drives.

Killer-Rescue

The Killer-Rescue System was first proposed by Gould et al. (2008). It consists of
two unlinked loci one encoding a toxin (killer allele), the other encodes an antidote
(rescue allele) (Gould et al. 2008). Thereby, the toxin and antidote could consist of
miRNAs and recoded gene or a toxic protein and detoxicating enzyme. Furthermore,
a cargo gene can be fused to the antidote gene. Homozygous carriers of both genes
would bemass-released intowild populations, offspringwhich inherit the killer allele
but not the rescue allele would be non-viable. Since both alleles are not linked in their
inheritance the killer allele will be quickly selected from the population, while the
rescue allele confers a clear fitness gain andwill increase in its prevalence. As soon as
the killer allele has completely disappeared from the population however, the fitness
gain of the Rescue allele will disappear as well, unless the cargo gene confers a gain
in fitness. This system is designed to be a self-limiting modification gene drive in
which, if the cargo gene bears a fitness penalty, its prevalence in the population would
decrease after a number of generations. There is a possible variant where multiple
copies of the killer allele are incorporated into the GDOs’ genome, enhancing the
selective benefit of the rescue allele. A particular benefit of the technique is that it is
easy to design and engineer.

Depth of Killer-Rescue Intervention

The Killer-Rescue system’s technological power compared to other SPAGE tech-
niques scores as low because the killer-allele will potentially cause only a short-term
reduction in the population size, it is not by design a suppression drive. Considering
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the technological range, Killer Rescue, due to its non-persistent quality and its there-
fore limited chance of contamination of other populations and relative high invasive
threshold scores as low.

Intensity of Killer-Rescue Intervention

The Killer-Rescue system is reliant on a high number of released carriers of up to a
ratio of gene drive organisms to wild types of 2:1, according to model scenarios by
(Gould et al. 2008). Although this ratio is much lower than reported for other mass
release dependent SPAGE techniques, the mass and frequency of Killer-Rescue still
has to be scored as high.

Reliability of the Killer-Rescue Technology

The Killer-Rescue system’s probability of failure scores as low in comparison to
other SPAGE-techniques. Although there is no data on most of the imaginable vul-
nerabilities of the technology. It would be recommendable to use miRNA as a killer
allele in order not to give the carrier-organisms a toxic quality. Key errors encompass:

• the selection against the fitness burdenwhich the constructs clearly pose (resistance
formation or toxin-inactivation).

Vulnerability of the Target System Towards the Killer Rescue Technology

Imaginable key vulnerabilities of the Killer-Rescue system encompass:

• Linkage loss
• Natural evolution of an antidote
• Inactivation of the killer allele.

Possibilities for Limitation of Damage Caused by Killer-Rescue
Technology

Since it is expected that the Killer-Rescue system has a high invasion threshold
(although lower than that of two-locus Underdominance), the most feasible option
to limit the spread of this gene drive is a release of wild types.
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Maternal-Effect Dominant Embryonic Arrest (Medea)

The term Medea is an acronym named after the sorceress in Greek mythology who
killed her own children. This name is accurate as a Medea selfish genetic element
consists of two chromosomally-located tightly linked transgenes: one that encodes a
(miRNA-)toxin inherited by all progeny ofMedea-bearingmothers, and a second that
encodes an antidote (gene without miRNA-sequence) active in the zygote (Akbari
et al. 2014). Therefore, only Medea-bearing offspring (hetero- or homozygous) sur-
vives. This maternally induced lethality of wild type offspring not inheriting aMedea
allele grants an ability to invade populations.

The Medea elements were first discovered in Tribolium flour beetles and have
also been reported in mice. The only published Medea constructs (Medea myd88,
o-fut1 and dah) have been inserted on an autosomal chromosome inD. melanogaster.
myd88 is a maternally expressed gene required for embryonic dorso-ventral pattern
formation.

If Medea is located on the X chromosome in a X/Y male heterogametic species,
Medea is predicted to spread to allele fixation,withwild type alleles being completely
eliminated (Akbari et al. 2014).

Medea organisms exhibit a high-frequency stable equilibriumwhen the transgenic
construct is associated without any fitness cost (Gokhale et al. 2014). The fitness
costs of homozygote Medea Drosophila were estimated to be 27.3% and 17.4%,
respectively, for two different targeted genes. In lab trials, where 25% of the original
memberswere homozygous forMedea, the gene spread through the entire population
within 10 to 12 generations. Observations indicate that a single copy of each Medea
toxin is sufficient to induce 100% maternal-effect lethality and a single copy of each
rescue transgene is sufficient to rescue normal development of embryos derived from
mothers expressing one or two copies of the toxin (Akbari et al. 2014). Until now,
attempts to establish a Medea system for Aedes aegypti were not successful. There
are other variants of single locus constructs, such as Semele and inverse Medea.
Semele confers toxic sperm that either renders females infertile or kills them. In
inverse Medea the promotors of the toxin and the antidote are switched (Marshall
and Akbari 2015).

Currently Medea is planned to be applied in order to take control of the cherry
fruit fly (spotted-wing fruit fly Drosophila suzukii) in California (Regalado 2017).
Two considered approaches are to either target female fertility genes or to alter the
ovipositor of theflies tomake themunable to puncture the ripening cherries.Buchman
et al. (2018) found pre-existing native resistances against the miRNA toxins of their
construct in 5 out of 8 examined D. suzukii strains. Together with the high fitness
penalties conferred by the construct, the Medea GD now has to be considered a high
threshold drive, that, when conferring a large fitness penalty, will only be transiently
maintained in the populationwithout supplemental releases. In amathematicalmodel
for the myd88 construct in the cherry fruit fly, a fitness cost for heterozygotes of 28
and 65% for homozygotes was assumed (Buchman et al. 2018).
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Depth of Medea Intervention

In a comparative approach of SPAGE the technological power ofMedea is to be rated
as moderate, as it will certainly drive to fixation and has therefore only a potentially
transient effect on population size. The range and thus its potential of exposure and
contamination would score high due to its higher invasiveness and potential to invade
non-target populations.

Intensity of Medea Intervention

In theory, it would not require many carrier organisms to drive a gene into a popu-
lation. Therefore, the intensity of intervention would have to be rated as low due to
its low number and frequency required for a successful approach, compared to other
SPAGE techniques. However, as demonstrated by Buchman et al. (2018), due to the
pre-existing resistances and high fitness penalties it is more likely that multiple mass
releases are required for a successful drive (Marshall et al. 2017). Therefore, a high
intensity of intervention is considered for Medea gene drives.

Reliability of the Medea Technology

The Medea technology’s probability of failure scores as low in comparison to other
SPAGE-techniques. This is founded on its low probability of linkage loss, resistance
formation, and its potent toxin- and rescue-mechanism. Thereby, the technique does
not rely on toxins that might harm other organisms upon ingestion but on RNAs
which degrade quickly outside the cells. Key points of error encompass:

• the selection against the fitness burdenwhich the constructs clearly pose (resistance
formation by toxin-inactivation)

• errors in the release:

– Medea-males, homozygous Medea-females (would protract the suppressive
effect and accelerate the genes’ drive to fixation),

– wild types (would reduce and protract the suppressive effect).

Vulnerability of the Target System Towards the Medea Technology

• adverse ecological effects due to the permanent introduction of engineered genes
into the ecosphere and their effects on population dynamics and

• effects due to the spread to other populations (will almost certainly happen over
time).
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Possibilities for Limitation of Damage Caused by Medea Technology

A potential measure would be to release a second generation Medea gene drive. This
would introduce a new toxin-antidote combination as well as the antidote for the first
generation toxin. Although the suppressive effect of Medea may be stopped by this
approach it introduces even more persisting GMOs in the ecosystem.

Underdominance (UD)

Underdominance, also known as heterozygote inferiority, is a genetically engineered
gene drive technique. There are two different approaches UDmel (Akbari et al. 2013)
and Rpl14 (Reeves et al. 2014). One approach is operated by two gene constructs.
Each construct consists of a maternal toxin gene and an embryonic antidote. How-
ever, the antidote to each toxin is located on the other construct. Thus, an embryo
needs both constructs in order to have both antidotes to the maternally administered
toxins. Therefore, UD heterozygotes have a lower fitness than homozygotes (Reeves
et al. 2014). The constructs can be located on the same chromosome or on different
chromosomes (two-locus Underdominance). When a UD female heterozygous for
both constructs mates with a wild type male, 25% will be heterozygous for both
constructs, while 25% of offspring will be non-viable wild types, and 50% will be
non-viable due to the lack of one of the necessary antidotes. The toxins of Under-
dominance constructs may be the same as utilised in the Medea technology: myd88,
dah and o-fut-1 (Akbari et al. 2013) or RpL14, a cytoplasmic ribosomal protein
which is haploinsufficient (Reeves et al. 2014). Since these toxins are administered
maternally, a release of wild type males into a replaced Underdominance population
would lead to a population crash, as all offspring would inherit the wrong antidote
(Akbari et al. 2013). A UD gene drive requires a high threshold release (National
Academies of Sciences 2016). For the RpL14 construct, this threshold is estimated
to be as high as 61% of the total population (Reeves et al. 2014).

Therefore, an intentional underdominant population transformation is inherently
reversible where it is realistically possible to release sufficient wild type individuals
to traverse the unstable equilibrium in the lower frequency direction (Gokhale et al.
2014).

Depth of Underdominance Intervention

The power of the Underdominance approach has to be rated as moderate compared
to other SPAGE techniques. This effect will at first persist but eventually fade over
the subsequent generations. In comparison to the Medea approach, the range of
Underdominance is estimated to be lower, due to its higher invasion threshold.
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Intensity of Underdominance Intervention

Since utilisation of this technology is more frequency-dependent than the Medea
approach, requiring even greater mass releases, its intensity generating quantitatively
mass and frequency is rated as high.

Reliability of the Underdominance Technology

The overall failure probability of the Underdominance technology in comparison
to other SPAGE techniques can be estimated as moderate. Key points of error
encompass:

• lowered fitness of laboratory-reared GM insects due to inbreeding (colony effect)
• the selection against the fitness burden which the constructs clearly pose.

Vulnerability of the Target System Towards the Underdominance
Technology

• adverse ecological effects due to the eradication of the population due to its small
size and

• spread to other populations.

Possibilities for Limitation of Damage Caused by Underdominance
Technology

For a UD drive the release of wild type specimen represents the most obvious option
to potentially restore the original population.

Homing Endonuclease Genes (HEG)

HEGs are selfish genetic elements. But different from transposable elements, they
code for a restriction enzyme with a target sequence of 20–30 bp. The HEG is
nestled within its own recognition site. An expressed homing endonuclease-protein
finds intact recognition sites and cuts them. Then the selfish genetic element relies on
the DNA-repair mechanism of homologous recombination which copies the HEGs
code and inserts it into the cut-site on the homologous chromosome.
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CRISPR/Cas9

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats,
whileCas stands forCRISPR-associated protein. Both components originate froman
adaptive immune system of bacteria and archaea. Cas9 is a ribonucleoprotein (RNP),
able to bind guide RNAs (gRNA), aka crRNA that specifically recognize and bind
to the target sequences (20 nucleotides). The target DNA-sequence must contain a
protospacer adjacent motif (PAM)with the sequence NGG (N can be any nucleotide)
for the Cas protein to cut. The cut takes place three nucleotides upstream of the PAM.
The Cas protein can cut at multiple PAMs as long as they are at least 8 nucleotides
apart. Just as ZFN and TALEN, this technology can be used to cause deletions as
well insertions, relying on Homologous Recombination. But CRISPR/Cas9 utilises
guide RNAs for target site recognition which makes this technology cheaper and
easier to customize, while also being more effective (Doudna and Charpentier 2014;
Jinek et al. 2012). Figure 1.2 shows the functional mechanism.

Themost probable application would utilise a CRISPR/Cas9-mediated gene drive
system inheriting a cargo gene to the vast majority of its offspring, which would
burden the population’s fitness. Although aCRISPR/Cas9-mediated gene drive could
just as well be designed as a self-limiting drive, its capabilities would not fully be
exploited if it is not applied as a self-sustaining drive.

Fig. 1.2 Mechanism of CRISPR/Cas9-based gene drives. A gene drive organism carries the gene
drive cassette (chromosomeA) andmates with a wild type (chromosomeB). The gene drive cassette
expresses the CRISPR/Cas9 complex, which then cuts its recognition site defined by the gRNA on
chromosome B. This cut then can either be repaired by Non-Homologous End Joining (NHEJ) or
Microhomology-Mediated End Joining (MMEJ) creating a homing resistant allele, or by homology
directed repair (HDR) copying the gene drive cassette into the cut region
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Depth of CRISPR/Cas9-Gene Drive Intervention

Power and range of a CRISPR/Cas9-based gene drive system in comparison to other
SPAGE techniques would score as high due to its overwhelming inheritance. But
power and range of a drive system are additionally determined by the functionality
of the cargo gene and its burden to the fitness of the population. Since the drive is
self-sustaining for multiple generations its range is probably to be scored as high as
well, causing the overall depth of intervention rating to be concomitantly high.

Intensity of CRISPR/Cas9-Gene Drive Intervention

Due to its non-Mendelian inheritance, this gene drive would be frequency indepen-
dent. Therefore, this technology’s necessary frequency and thus also the intensity of
intervention scores as low in comparison to other SPAGE techniques.

Reliability of the CRISPR/Cas9-Gene Drive Technology

The probability of failure of the CRISPR/Cas9-gene drive technology compared to
other SPAGE techniques, considering the current state of development is high. Key
points of error encompass:

• the selection against the fitness burden which the cargo gene could pose
• Non-homologous end joining (NHEJ) and microhomology-mediated end joining
(MMEJ)
In contrast to homology-directed repair (HDR), NHEJ andMMEJ reduce the con-
version rate and may cause resistance due to mutations, deletions etc. Depending
on the genomic location, HDR vs. NHEJ efficiency could be as low as ~10% (Lin
and Potter 2016). Usually whenever a cut is repaired by NHEJ the result is a drive
resistant allele. To reduce these events CRISPR/Cas9 could be used to enhance
HDR gene expression and repress NHEJ genes. This could be achieved by the
inclusion of HDR genes and NHEJ repressor genes. Furthermore, the generation
of nucleases creating sticky-end overhangs as opposed to blunt ends may optimize
the repair in the target organism. The rate of HDR depends on the species, cell
type, developmental stage, and cell cycle phase. For example faithful copying was
achieved with up to 97% efficiency in mosquitoes but only 2% in fruit flies (Esvelt
et al. 2014).

• Incomplete or imperfect copying during HDR
If the deletion preserves the reading frame it leads to a homing-resistant allele
(Marshall et al. 2017).

• Emergence of homing resistant alleles due to random target site mutagenesis.
This is circumvented by engineering multiple attack loci for the CRISPR/Cas9-
system in the genome reducing the chance of mutation in all attacked alleles.
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However, very large populations—such as those of some insects—might require
unfeasibly large numbers of gRNAs to prevent resistance (Ping 2017).

• Off-target-effects
Unspecific binding of gRNA causes unintended insertions at different loci.

• On-target mis-insertions
Unwanted genes or gene fragments are inserted into the target locus, instead or
additionally to the desired genes.

• Sequence polymorphisms
Resistance due to genetic variations within a species. To overcome this problem
multiple gRNA variants can be added to the CRISPR/Cas cassette.

• Intragenomic interactions
The distance of gRNA target sites may affect homing rates (Marshall et al. 2017).

• Maternal Effects
Dominant maternal effects due to Cas9 deposits may cause resistance. Propaga-
tion of resistant individuals may be prevented by targeting essential genes (Noble
et al. 2016). Homing and integration seems to occur in the germline. Upon fertil-
isation, if sufficient Cas9 (and gRNA) is in the cytoplasm of the female embryo
which is homo- or heterozygous for the gene drive, maternal effects can occur. The
CRISPR/Cas complex finds and cuts its recognition sites in the sperm’s genome
before the homologous female genome is close enough to be recruited for homol-
ogous recombination. Without a homologous template the cuts are then repaired
by non-homologous end joining and thus arises a resistant allele. In such an event
the number of gRNA variants is meaningless.

• errors in the release:

– phenotypic wild types carrying the non-functioning construct (would reduce the
suppressive effect and could constitute a persistently gene drive-resistant sub-
population).

Vulnerability of the Target System Towards the CRISPR/Cas9-Gene
Drive Technology

• adverse ecological effects due to the eradication of the population (depending on
the fitness burden and ratio of released to native organisms)

• effects due to the spread to other populations (which becomes more probable the
lower the fitness burden and the longer the gene drive is sustained in the ecosystem)

Possibilities for Limitation of Damage Caused by CRISPR/Cas9-Gene
Drive Technology

It is not yet possible to make reliable statements about the effectiveness of options for
limiting or reversing the changes caused by released CRISPR/Cas-based gene drives.
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Different measures for the inhibition of their spread as well as for the inactivation of
the functionalities induced by gene drives have already been proposed and also a first
experiment in yeast has been undertaken (DiCarlo et al. 2015; Esvelt et al. 2014).
However, a proof of their efficacy when used in insects or other higher organisms
has not yet been established. In addition, there is still no possibility for the complete
restoration of the natural gene sequence after the spread of RNA-guided gene drives.

Certain concepts to restrict the uncontrolled spread of a CRISPR/Cas9-mediated
gene drive are:

• A reversal drive which could be used to overwrite a first drive, although it would
have to be recoded to be immune to this first drives cutting. A third drive could
then restore the original wild type sequence, although the cas9-gene and gRNAs
would remain (Esvelt et al. 2014).

• Immunising drives could be used (pre-emptively) to render populations immune
to another drive by recoding the sequences targeted by that drive (Esvelt et al.
2014).

• In a split drive the genomic locations for the components of the drive are separated
in such a way that only a certain part of the information for a functionally active
drive is inherited. This serves the local confinement of a gene drive (DiCarlo et al.
2015).

• A daisy chain drive is defined by a linear chain of interdependent drive elements
on different genomic loci in which the first drive element is responsible for the
duplication of the second, the second for the third etc. but the first drive element
is not duplicated and therefore the whole drive systems successively gets lost over
time (Noble et al. 2016).

• An overwriting drive (for restoring edited traits) was tested in yeast (DiCarlo et al.
2015) but not in higher organisms.

Summary of the Technology Characterisation

In Table 1.1, the here discussed SPAGE technologies are compared in certain char-
acteristics as far as estimates are possible, considering information available in the
literature. In the subsequent Table 1.2 the different SPAGE techniques and their
evaluation resulting from the above represented technology characterisation are put
together for better comparison.

As a prerequisite for further orientation on the impact and potential exposure
of SPAGE, common features of these technological approaches were selected for a
comparative technology characterisation (power and range) as well as an analysis of
factors (traits) which influence its impact, spread and invasiveness.

As explained before, all SPAGE-Technologies are determined as of very high
depth of intervention. In Table 1.2, the focus lies on a differentiation within the field
of SPAGE technologies. Their general high depth of intervention is presupposed.
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Table 1.2 Comparative Technology Characterisation of SPAGE Techniques

SPAGE-Type Intensity of the
intervention

Depth of
intervention
technological
power/range

Probability of
failure

Discussed
possibilities for
corrective
action/limitation
of damage in
case of failure

Killer rescue High Low/moderate Low Wild type
release

Medea High Moderate/high Low 2nd generation
Medea drive

Two-locus
underdominance

High Moderate/low Moderate Wild type
release

Bi-sex RIDL High High/low Moderate Wild type
release

fsRIDL High High/moderate Moderate Wild type
release

X-Shredder High High/high Moderate None

CRISPR/Cas9
Gene Drive

Low High/high High Rescue drive

Such an internal differentiation is an important knowledge base for a differentiated
risk management.

The comparative technology characterisation revealed that concerning reliabil-
ity there are no remarkable differences, but there are differences especially in the
spectrum of power and range which presumably lead to different levels of poten-
tial hazards and exposure. For instance, SPAGEs may employ different mechanisms
to ensure their mode of inheritance. From simple lethality by toxic gene products
(RIDL), through more or less intricate toxin-antidote systems as Medea, Underdom-
inance, Killer Rescue to the biased segregation of sex chromosomes during meiosis
(X-Shredder). An extreme potential with regard to power and especially range could
be identified for endonuclease-based gene drives using the CRISPR/Cas9-system.
Moreover, as for some other SPAGEs, its probability of failure is comparably high.
The outstanding potential of CRISPR/Cas9-based gene drives was also illustrated
by the assessment of the range based on invasiveness of different SPAGE-techniques
according to their inheritance schemes. Along with power and range uncertainties
and ignorance rise with (a) the extent of known unknowns regarding potential effects
of known dependencies and relationships of the target species and possibly affected
non-target species and (b) not yet determinable effects (unknown unknowns) due
to unknown relationships or the inherent instability of genetic information which
becomes more relevant with increasing numbers of gene drive-modified organisms.
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In the light of the absence of proven options to (a) correct potential damage or
(b) just to limit the inherently self-propagating mechanism of SPAGE, these prop-
erties reveal important ‘reasons for concern’ with regard to the requirements of the
precautionary principle.
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Chapter 2
Gene Drives Touching Tipping Points

Broder Breckling and Arnim von Gleich

The Relevance of Tipping Points to Understand Implications
of Deliberate Release of Self Propagating Artificial Genetic
Elements (SPAGE)

Tipping points and tipping elements, phase transitions and similar critical phenom-
ena are widely discussed in scientific as well as socio-economic contexts as com-
ponents to understand unforeseen far reaching changes and critical transitions from
one stage into another in complex systems caused by small perturbations or grad-
ual changes. For the risk assessment of self-propagating artificial genetic elements
in self-sustaining wild populations of animals or plants, it is crucial to understand,
where tipping elements could become relevant, how they could be anticipated and
to what extent surprises and unexpected effects might occur.

Tipping points are an issue studied in a wide scope of scientific disciplines.
According to Lenton (2013) the term tip point “was first introduced in sociology
in the 1950s to describe the percentage of nonwhite residents in a US city neigh-
bourhood that would trigger a white flight” (p. 2 with reference to Grodzins 1957).
There exists a long scientific tradition of research regarding tipping points in physics
(Domb and Green 1972 ff) and a tradition in ecosystems theory and application as
well: The concept of tipping points helped to understand severe transitions in system
structures (Scheffer et al. 2001; de Yong et al. 2008). Actually tipping points are
intensively discussed as a component of ‘systemic risks’ regarding climate change
(Lenton et al. 2008; Lenton 2011a, b, 2012) and turmoil in financial markets (Sor-
nette 2003). By signing the Paris Agreement (United Nations Climate Change 2018)
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an attempt to avoid catastrophic disruptions by touching tipping points in the climate
system1 even found its way into international regulation. It was claimed that limiting
the raise of the global average temperature to 2 °C (or better to 1.5 °C) would keep
climate change within the normal range of climate variation (cf. Nordhaus 1975;
Rijsberman and Swart 1990; Randalls 2010; Lenton 2011b2).

Tipping points may be rare,3 but when they are touched they often lead to catas-
trophic consequences.4 Lack of knowledge, surprises, rare extreme eventswith severe
consequences (called ‘black swans’ Taleb 2007) combine the debate about tipping
points with the debate about precaution and the precautionary principle.

Tipping points refer to situations, where exceeding a particular (known—or pre-
viously unknown) threshold relates to subsequent and frequently self-amplifying
changes over time, which lead to different systems states or even overall changes in
the organization of a system. For biological systems, Schwegler (1981) developed
a typology (see Fig. 2.1). There are numerous tipping points for which we already
know the mechanism (the switch, the tipping element) and the triggered dynamics
(bifurcations, phase transitions etc.). Regarding the triggered dynamics there is a
wide scale of important differences in magnitudes. When positive feed-back pro-
cesses are triggered, there might be changes that are difficult or even impossible to
reverse, that do not allow recovery. Taleb et al. (2014) call this phenomenon “the
risk of ruin” (p. 2f.).

Tipping points refer to critical systems stages, where smallest impulses or gradi-
ent shifts can trigger far-reaching consequences. A tipping point delimits domains
of different dynamic behaviour of a system. When dealing with tipping points, 1.
initial states/dynamics, 2. impulses, 3. tipping elements (structures or functions that
can switch in the system, control parameters), 4. tipping mechanisms (swings, tran-
sitions, bifurcations, phase changes, etc.) and 5. the new states or dynamics are to
be considered. Many of the aspects relevant to anticipate dynamic processes may be
incompletely known or even unknown. Though tipping phenomena are part in every-
day life and we are familiar with many of them, there are also surprising tipping phe-
nomenawithmore or less far-reaching consequences. For thosewith the spatially and
temporally highest impact, scientific approaches are required for adequate handling

1For instance, a shutdown of the large ocean circulation or a massive permafrost melting.
2Lenton however argued that “Yet, no actual large-scale threshold (or ‘tipping point’) in the climate
system (of which there are probably several) has been clearly linked to 2 °C global warming” and
he adds additional perturbations as possible triggers of tipping points: “distributions of reflective
(sulfate) aerosols, absorbing (black carbon) aerosols, and land use could be more dangerous than
changes in globally well-mixed greenhouse gases” (Lenton 2011b, p. 451).
3“The traditional deterministic chaos, for which the butterfly effect was named, applies specifically
to low dimensional systems with a few variables in a particular regime. High dimensional systems,
like the earth, have large numbers of fine scale variables. Thus, it is apparent that not all butterfly
wing flaps can cause hurricanes. It is not clear that any one of them can, and, if small perturbations
can influence large scale events, it happens only under specific conditions where amplification
occurs” (Taleb et al. 2014, p. 12).
4“Passing a tipping point … is typically viewed as a ‘high-impact low-probability’ event” Lenton
(2011b, p. 201).
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Fig. 2.1 Schwegler (1981) and (1985) introduced a formal stability concept which distinguishes
transitions that are to be seen as tipping points (re-drawn and adapted). c-instability (named after the
climax state of ecosystems) is the domain of system states that can be reached through parameter
variations without discontinuities in the system development. This includes the passing of bifurca-
tion points. A t-instability occurs, if a transition between segregated branches of stable state occurs
as it is the case in hysteresis. O-instability means a transition, which is irreversible and leads to a
loss of systems organisation

strategies. Along with advances in the theory of complex dynamic systems (home-
ostasis, self-organisation, emergence, chaos theory, synergetics, operations research),
research has increasingly focused on problems of unpredictability, or the attempt to
prepare for possible surprises through non-linear behaviour at tipping points. Areas
of such precautionary research on tipping points are e.g. medicine, psychology, psy-
chiatry, ecosystem theory, meteorology and research on climate change as well as
social sciences and economics, especially business and finance. In this context, a sep-
arate research direction has emerged that deals with the precautionary question of the
extent to which a threatening approach to a tipping point with serious consequences
can be detected in good time for possible countermeasures (early warnings). Our
work on possible tipping points in connection with research and development, regu-
lation and release of gene drives can be classified here. We are primarily concerned
with tipping points in technology development (technology characterisation), in the
(agricultural) ecosystems that can be expected to be affected (vulnerability analysis)
and in the areas of technology governance and acceptance/acceptability. The focus
is on ’reasons for high concern’ that can justify precautionary measures.

Perturbations touching tipping points may trigger completely unexpected
behaviour of the system, confronting us with surprises. Such surprises are known
from dealing with (socio-) ecological (Holling 1978; Filbee-Dexter et al. 2017),
socio-economical (Kim and Mauborgne 2003; Helbing 2012) and socio-technical
systems (Taleb 2007). Thus the interest of research on tipping points not only lies
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in the identification and description of different characteristics of tipping points but
more and more in precautionary research about the possibilities and limitations to
timely identify indications, that a system is approaching a tipping point. There is a
growing literature about ‘early-warning signals for critical transitions’ in complex
dynamical systems (Scheffer et al. 2009; Lenton 2011a). Its focus lies on system
dynamics and tipping elements. Important aspects of tipping elements are thresh-
olds, bifurcations and basins of attraction. If these elements and their consequences
are already known and can be analysed empirically, scientific approaches are pos-
sible based on statistics (probabilistic forecasting) and on dynamic modelling (see
Table 1 in Lenton 2011a). Identified as generic ‘early warning signals’ are certain
courses of system behaviour like increasing time for recovering from perturbations,
increasing autocorrelation, increasing variance, increasing skewness and flickering
(ibid., see also de Yong et al. 2008; Veraart et al. 2012; Andersen et al. 2009; Car-
penter et al. 2011 and regarding financial markets Wanfeng et al. 2010 and Gatfaoui
and de Peretti 2019).

Still more challenging is the identification of tipping elements of which the conse-
quences are still unknown because they did not yet happen or should not happen at all.
A possible approach is the analysis of the dynamics and the structure (architecture) of
the system. Regarding system dynamics, the above mentioned early warning signals
of system behaviour may be helpful to identify even not yet known bifurcations or
basins of attraction. It is an aim of the modelling efforts as described in Chap. 5 to
contribute to such an approach. Regarding system architecture, a structural vulnera-
bility analysis taking into account results of research on ‘resilient systems’ should be
helpful (see Chap. 3: “Analysis of Vulnerability of Ecological Systems”). Taleb et al.
for instance identified ‘the connectivity of a system’ as a potential for the ‘propaga-
tion of harm’ and they add that our socio-technological and socio-economic global
systems are extremely interconnected especially by transportation and information
technology (‘the global connectivity of civilization’, Taleb et al. (2014, p. 4)). For
them ‘invasive species’ and ‘rapid global transmission of diseases’ are among the
severest historical consequences. They recommend “boundaries, barriers and sepa-
rations that inhibit propagation of shocks” (p. 10). The character of interconnections
within systems is indeed an important aspect of vulnerability or resilience, others are
structural and functional diversity and redundancy, buffers and stocks that increase
resilience or the lack of which may trigger bifurcations or phase transitions (von
Gleich and Giese 2019).

The capability of triggering bifurcations, phase transitions, alternative dynamic
regimes or alternative stable states is not limited to the state and structure of the
affected system. It is as well depending on the character and magnitude of the pertur-
bations.And regarding gene driveswe are dealingwith self-amplifying perturbations.
We focus on ambitions to develop organisms with a modification that facilitates gene
drives. A gene drive is a genomic construct which enables a higher rate of inheritance
of the construct than those occurring naturally as a result of Mendelian inheritance
(Burt 2003). The character and magnitude of perturbation caused by gene drives
is dependent on the one side on the implemented functionality, which can be very
powerful and on the other hand on the extremely extended exposure (see Chap. 1
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Technology Characterisation). Self-propagating exposure magnifies the opportuni-
ties to touch otherwise unreachable tipping points and thus increases the probabil-
ity of the occurrence of ‘black swans’, of extremely improbable, “unforeseen and
unforeseeable events of extreme consequences” (Taleb et al. 2014, p. 1). This is the
reason why Taleb et al. (2014) request “more precaution about newly implemented
techniques, or larger size of exposures” (Taleb et al. 2014 p. 7). Regarding tipping
points, the expectable impact of technological interventions into socio-ecological
systems can be identified by the method of a structural vulnerability analysis, with
its focus on weak points independent of certain perturbations (see Chap. 3: “Analysis
of Vulnerability of Ecological Systems”). An important element should be the test
of model processes. Whenever an apparent trend to a significant alteration in a given
context occurs, it is reasonable to ask in which way tipping point dynamics could be
involved in order to understand ongoing and coming developments.

We already mentioned that tipping points occurred and may occur in socio-
technological systems. With regard to molecular biotechnological developments we
are apparently in an accelerated innovation phase, where rapid transitions occur,
where new and previously inaccessible technical options are on the way to become
feasible. The construction and especially the release of Self-Propagating Artificial
Genetic Elements (SPAGE) in wild living populations of organisms is in itself touch-
ing a tipping point because of the new quality of technical power and the intended
self-propagating exposure.

To outline how the understanding of the involvement of tipping points contributes
to a rational understanding of the ongoing developments, we first discuss the sig-
nificance of tipping point dynamics in exemplary contexts well established in the
scientific discourse. Therefore, we summarize frequently used formal types of tip-
ping points known from the analysis of dynamic systems. Then we take a look in
which regard the concept of tipping points helps to understand the potential transi-
tions that are involved in possible applications of SPAGE. For this purpose, we use a
systems hierarchy approach to address the different organisation levels which could
be influenced by tipping point transitions.

Conceptual Background: Phase Transitions in Dynamic
Systems

We first take a look at examples of phase transitions in different scientific contexts.
This underlines that tipping point dynamics are not a singular phenomenon in ecol-
ogy but a fundamental topic in science dealing with dynamic systems, for which a
considerable body of theory is available that helps to understand possible risks and
supports the development of adequate handling strategies in various contexts. With
regard to tipping points it became obvious that they are of specific importance in
the management of ecological systems and that concept transfers between different
disciplines helped in understanding case-specific details.
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Examples in Different Scientific Domains

Phase transitions that take place when exceeding critical stages in various physical,
ecological and even socio-economic contexts encompass scales from the global level
down to small-scale systems.We summarize someof themostwidely studied systems
where tipping points are crucial for understanding.

Biosphere Ecology: Global Climate Change

As already mentioned tipping points are mainly discussed in the current scientific
as well as public debate with regard to the global climate system and the changes
that global transitions may bring for regional scales, land use, and security of coastal
zones (Bindoff et al. 2014; Parmesan and Yohe 2003; Harley et al. 2006). It is
assumed, that the global climate system represents a steady state with limited random
shifts close to an equilibrium which depends on the overlay of different feedback
mechanisms. Disturbances which might raise the global average temperature above
about two degrees is currently assumed to activate processes that lead to further
warming andpotential unmanageable transitions in the global climate system (Lenton
2011b). These processes are referred to as tipping elements in the global climate
system (Lenton et al. 2008). Considerable efforts in research as well as in political
administration on various levels are on the way to identify and to quantify these
potentially critical thresholds and avoid the exceedance of tipping points beyond
which undesirable self-amplifying traits gain an extent and intensity that might go
beyond available management capacities and lead to an overall state of the global
climate systemwhich provides lessmanagement options than the currently prevailing
state of the global climate system.

There are several critical components considered, which may be involved in the
tipping point dynamics within global climate system (Fig. 2.2): A particular extent
of global warming could reduce polar and high mountain ice cover. This would
significantly reduce the earth’s albedo, i.e. the light reflection of the earth and the
absorption of solar irradiance would increase. This could lead to further melting of
ice leading to further warming until a higher equilibrium would be reached (Notz
2009; Lenton 2012). Another tipping element could be the thawing of permafrost
soils, driving the system in the same direction. The onset of bacterial activity in
water saturated and previously frozen soil with a high content of dead organic mate-
rial would lead to the release of large amounts of CO2 as well as methane (CH4) to
the atmosphere. Methane is about 34 times higher in efficiency as a greenhouse gas
than CO2 (Dean 2018; Biskaborn et al. 2019). Another tipping element could be the
release of methane hydrates in the ocean shelf marginal areas, which might become
unstable when water temperatures increase (Kvenvolden 1988; United Nations Cli-
mate Change 2014). Global climate research attempts quantifications of these and
additional other tipping elements as well as counteracting processes to come up with
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Fig. 2.2 The global climate is governed by a variety of interlinked feedback processes, among of
which are the release of carbon dioxide (CO2) and methane (CH4) from thawing permafrost soils,
and methane release from potentially instable methane hydrates under sediments on the ocean floor
as a result of increasing temperatures. In the discussion on global warming, it is considered as
probable, that tipping points exist, beyond which there would be the onset of a self-amplifying shift
towards a different equilibrium of globally higher temperatures. Though a global trend is generally
widely detected, there is uncertainty remaining how the different processes are interlinked and how
a new equilibrium would stabilise

an integrative picture in which tipping point dynamics appear to play a crucial role
for the understanding of long-term and large-scale dynamics.

Tipping point dynamics have a crucial role also in many smaller scale processes.

Fire Ecology

In many ecosystems, fire is an important structuring factor. In landscapes where
accumulated organic matter is sufficiently abundant and dry, fire events of various
orders of magnitude can take place as a regular part of the systems dynamics. Fire
ignition can have natural reasons (e.g. lightning, electrostatic discharges) or emerge
due to anthropogenic influence. The attempt to understand the rapid transition pro-
cess from heat mediated, self-amplifying transition of organic material to ashes led
to the development of a specific scientific discipline: fire ecology—with an elabo-
rated body of empirical as well as theoretical findings (e.g. Goldammer 2012). This
encompasses the insight, that large-scale natural fire are a regular component of those
landscapes, in which a pronounced seasonal change between draught and humidity
facilitates an accumulation of organic material. Fire events become the more prob-
able to expand, the higher the amount of accumulated combustible material is. In
these landscapes, fire leads to a characteristic vegetation pattern with larger even-
aged plant stands, which result from the temporal synchrony of re-growth starting
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(Johnson 1996). Young vegetation usually has a reduced inflammability which is suc-
cessively increasing with age. An interesting implication is, that an anthropogenic
suppression of the fire outbreak without reducing combustible material (e.g. through
prescribed fires) might increase the risk and the extent of large fires and thus the
subsequent damage potential of single events (Piñol et al. 2005). The critical point
that triggers the phase transition in fire ecology is apparently the randomly occurring
igniting event. How far the single event expands across larger parts of the landscape
is influenced by the particular vegetation structure and the extent of available com-
bustible material which was accumulated in the ecological system (Chandler et al.
1983).

Fire ecology can also be used as an example to explain that the tipping point
concept is helpful on different levels of the same context: Landscape analysis can
bring about insight in a further tipping element. In random pattern of inflammable
and non-inflammable sites a density threshold can exist beyond which the spatial
range of a fire tremendously expands (see the explanation below under percolation).

Population Ecology: Outbreaks and Epidemics

The population outbreak dynamics that can be observed in some biota, e.g. in the form
of plankton blooms appears to be phenomenologically related. There are modelling
approaches departing from similar formal descriptions. In aquatic systems there is
the possibility of a sudden extreme quantitative increase of particular species with
dramatic consequences for other organic ecosystemcomponents.While usually being
embedded in stabilizing nutrient capacity limitations or predator–prey interactions,
an escape from these limitations can occur under certain conditions and give rise
to extremely increasing, several orders of magnitude higher population densities
(Hallegraeff 1993). In these systems, a precise tipping point is not easy to determine,
though in dynamic model representations the behaviour can be studied (e.g. Huppert
et al. 2002).

The outbreak of epidemics and biological invasions follows comparable patterns
and is frequently analysed with similar formal approaches (Earn et al. 2000).

Aquatic Ecology: Alternative Stable States in Shallow Lakes and Other
Ecological Systems

During the 1970s it was discovered, that in temperate climates shallow lakes can
shift between two different types of organisms that dominate the species composition
(biocenosis). Under otherwise comparable external conditions, the biocenosis can be
either dominated by ground-rooted macrophytes or alternatively by plankton algae.
After extensive limnological studies (Scheffer et al. 1993; Scheffer and van Nes
2007) the conclusion was drawn, that it is possible to force transitions between
these different states. Such a transition can be induced by considerably increasing or
decreasing the nutrient load, in particular phosphate: A strong eutrophication allows
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the plankton to thrive to an extent that themacrophytes are shaded out and vanish from
the system. The other way round, a restoration of themacrophyte dominance requires
an extensive removal of nutrients—far more than required to establish the algae-
dominated stage. It occurs, when the nutrient limitation is sufficiently pronounced so
that algae density becomes sufficiently thin so that shading of macrophyte re-growth
is no more efficient.

This type of switching between alternative stable states is known also from a
variety of other, in particular physical, systems (e.g. magnetism, Jiles and Atherton
1986). The involveddirection-dependent transitions are called hysteresis (Mayergoyz
2012 see also Fig. 2.9). In an ecological context, the shallow lakeswere one of the first
examples in ecology being studied and successfully modelled on a quantitative basis.
Meanwhile, this example encouraged additional research for comparable phenomena
in other ecosystems. Today, quite a number of other ecological processes is known
that follow an according pattern. Scheffer et al. (2001) provide a list of studies
describing this type of ecological transitions.

Concepts and Applications in Dynamic Theory: Important
Forms of Phase Transitions Where Tipping Points Mark
Domain Boundaries

The previously described examples have been modelled in formal structures which
can be assigned to specific forms of transitions. While the global climate system
requires an overlay of a number of different counteracting processes of different
dynamic forms, the conceptual understanding of other transition processes is less
complex and it is easier to identify a limited number of dominating drivers. Knowing
them informs about the repertoire of approaches that could play a role alsowith regard
to SPAGE. The following dynamic paradigms are frequently employed to understand
tipping point dynamics. A number of approaches was developed for mathematical
modelling of physical and chemical as well as for ecological and social systems,
which capture different tipping point situations. The approaches illustrate, that the
metaphor of a tipping point summarises different forms, applicable to particular
situations.

Balance and Seesaw

The most simplistic form of a tipping point model follows the idea of a balance or a
seesaw (Fig. 2.3). Putting increasing amounts of weight on the lighter side leads to an
equilibrium point onwhich both sides reach equivalence. Exceeding this point causes
the system to flip over. A fundamental characteristic of tipping points is apparent in
such a system: For a distinction to which side the seesaw will tilt, there are large
domains where changes in load have a limited effect. This is different precisely at
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Fig. 2.3 An infinitely small impact can be linked to an infinitely large effect. This is characteristic
for a seesaw precisely at the tipping point

the tipping point. At the tipping point, infinitesimal influences can be decisive, to
which side the seesaw tilts. Prigogine and Stengers (1984) argue for a generalization
of the effect: that at the tipping point, the principle of causality, i.e. the consistent
connection of quantifiable cause and effect, does not hold, because for this point no
finite relation of cause and effect can be specified. Precisely at the border between
two different dynamic domains infinitesimally small influences can trigger effects
of any order or magnitude—depending on the systems specification. With regard to
SPAGE, it can be argued, that resulting parameter changes can influence ecological
balances and shift systems states towards new equilibria. Models (see Chap. 5) can
illustrate such an effect.

Domino Effects: Iteration

Spatially extended iterative processes are a significant domain for tipping point
dynamic studies. The domino effect (Fig. 2.4) can be seen as a simplistic model
of such an iterative phenomenon. In systems, where long cause-effect chains play
a role, small-scale local events can affect their neighbourhoods in a way that the

Fig. 2.4 Falling domino pieces are a frequently used metaphor and abstraction of interlinked
cause-effect chains. In an ecological context, it has to be emphasised, that this kind of chain- or
network-propagation is not necessarily linear but can in principle also follow amplification dynamics
including exponential processes
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change in a local state is transmitted to the surroundings. If the latter is capable
to perform the same transition, large-scale macroscopic results can be caused by a
local tip. A chain, where the fall of a single domino stone causes the next one to
fall demonstrates a linearly proceeding dynamic. It is equally possible that an array
is exposed in a way that one stone interacts with two or more others. Then specific
exponential processes can emerge.

With some extensions, critical mass dynamics can be described by such an
approach: The atoms of some radioactive elements decay at a random rate and emit
particles and/or radiation. If they hit other kernels in the surrounding, they can induce
additional fissions from which more particles are emitted. In a sub-critical mass, the
spontaneous decay induces on average less that one additional fission in the sur-
rounding. If, however, the density of unstable atoms within the energetic range of
emitted particles is sufficiently high, an exponential increase of radioactive decays
would emerge as a chain reaction and cause a nuclear explosion. The critical mass is
specified by the probabilistic condition that on average, the fission of a single atom
must cause more than one additional fission event (Holdren and Bunn 2002).

It is obvious to identify for such a case a tipping point with the critical mass.
Other models of cascading effects follow comparable dynamics. This is in particular
the case for outbreak and epidemic processes which occur in population systems. Its
relevance for the SPAGE context results from its importance for inter-generational
self-amplification.

Excitable Media

A variety of chemical reactions (e.g. Belousov–Zhabotinsky reaction, Briggs–
Rauscher reaction) as well as physiological (e.g. neuron excitation, tachycardia and
ventricular fibrillation) and ecological systems reaction (e.g. some lichen growth
forms and vegetation pattern) can be described by the excitable media type of inter-
action. It is one of the basic forms of a pattern-generating mechanism in spatially
structured self-organising systems. In these spatially structured systems, three dif-
ferent states can occur locally: 1—a locally excitable state which can persist for long
times until it is activated by 2—an excited state occurring in direct neighbourhood.
Then 1 also transits to the excited state. In analogy to a chain reaction thus the excite-
ment can spatially propagate. The excited state persists for a particular time span and
then turns into 3—a refractory state, which is no more excitable for a specific time
span required for a regeneration of the excitable state. The local transitions are usually
modelled on a grid to study the emergence of spatial patterns (Fig. 2.5). Though the
underlying conception is rather simplistic, an according parametrization approach
facilitates possibilities to describe a wide variety of pattern generating processes. A
large body of literature exists, theoretical studies (Holden et al. 2013; Meron 1992)
as well as applied studies (Kapral and Showalter 2012; Mosekilde and Mouritsen
2012). Fire ecology can be considered as a special case of an excitable media system,
where the excited phase is comparatively very short, and the refractory phase by far
longer. Alsomany processes of invasions or epidemics and a number of predator prey
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Fig. 2.5 Excitable media pattern:
The spatially distributed alteration of a locally excitable, excited and refractory state (equally:
susceptible, infected, recovering) is used to describe a wide variety of biological as well as social
pattern generating processes. Among typical spatial pattern that can occur, are coherent spiral waves
as well as transient random configurations. Here, a simulation on a hexagonal grid is shown where
the transition from an excited to an excitable cell occurs at a probability of 0.5, while remaining
for 3 iterations in an excited, and 4 iterations in a refractory state before returning to excitable.
The grayscale indicates the age of the cells after the most recent excitation with white as the most
recently excited and black as excitable. The simulation started from a random distribution of 54
excited cells on a 30 x 90 grid

interactions can be captured and studied in this form (Breckling et al. 2011; Makeev
and Semendyaeva 2017). In these models, the transition from excitable to excited
can be interpreted as a tipping event, furthermore there are parameter specifications
beyond which the observable pattern transits to different characteristics. Because of
its relation to ecological dispersal processes, the approach can help to understand
dynamic phenomena of SPAGE dispersal the same way as conventional ecological
dynamic can be modelled.

In epidemics, the according states frequently are named “susceptible, infected,
recovered” and are modelled in random networks (Volz and Meyers 2007). For
SPAGE the model type is of interest because it provides a way to describe long-term
and large scale dispersal effects basing on a specification of strictly local interactions.
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Percolation

With regard to ecological application potential, percolation theory is to some extent
related to excitable media. A grid-based process is considered in which permeable
and impermeable cells are randomly dispersed. In such a setting, it is statistically
analysed, at which density of randomly dispersed permeable cells a continuous con-
nection of opposite sides of the grid becomes probable (Fig. 2.6). As soon as a grid
type specific density (the percolation threshold) is exceeded, percolation takes place
with a high probability, otherwise not. It is remarkable that the threshold stands for
a rather sharply dividing boundary which can be considered as a specific form of
a tipping point. Percolation theory has various applications in physics as well as in
epidemiology and ecology (see e.g. Boswell et al. 1998; Davis et al. 2008). To fire
ecology, percolation theory contributed the following interesting result. In a random
landscape consisting of flammable and non-flammable spatial components (local
sites), fires rapidly extinguish when the overall frequency of randomly distributed
highly flammable locations is below the percolation threshold. Above the percolation
threshold, however, there is a high probability that local fires expand throughout the
entire landscape (in a model: across the grid). At the percolation threshold itself (the
tipping point), there is a singularity: the way the fire has to take across the landscape
would be the longest compared to other constellations, and the intensity in terms of
synchronously burning sites would be the lowest possible above extinction (Galeano
Sancho 2015). In such a situation, the fire (or otherwise represented dispersal pro-
cess) would persist for the longest temporal range directly before percolation would
occur. For ecological applications, percolation analysis can help to decide, whether a
population could sustain with regard to the particular biogeographical setting, which
is an important question in an assessment of gene drive persistence.

Fig. 2.6 Percolationmodels are used to describe dispersal processes in heterogeneousmedia.When
an increasing rate of randomly placed local obstacles are placed across a grid, a characteristic tipping
point emerges above which for almost any configuration a transition throughout the grid is possible.
Three configurations are shown, one below (left), one above (right) and one close to the percolation
threshold (middle). The system at the tipping point has specific characteristics. Percolation models
are used e.g. in physics, in soil science but also in landscape ecology to analyse dispersal and
persistence pattern of organisms in fragmented environments. For gene drive organisms the approach
is highly relevant to assess overall implications of altered abilities to copewith local spatial resistance
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Fig. 2.7 Bifurcations occur in dynamic systems as a result of a non-linearity. A typical example is
the pitchfork bifurcation. The normal form of the according differential equation is dx/dt = r ∗ x −
x3. When increasing the critical parameter r, a tipping point occurs beyond which the configuration
transits from a globally stable state to a configuration with two alternative stable states separated by
an unstable equilibrium (dotted line). In many physical systems as well as in ecological population
dynamics this type of tipping point can be observed

Threshold Effects and Phase Transitions, Bifurcations
and Hopf-Bifurcation

It is amajor issue in dynamic theory to analyse forms of transitionswhich can occur in
systems inwhich causal structures determine the change of states over time. A typical
transition occurring at a tipping point is a pitchfork bifurcation (Fig. 2.7). If a system
reaches a critical state, at the bifurcation point an infinitesimally small influence can
decide, to which side of a “pitchfork”, that characterizes possible stable states, the
system will develop. Also for this scenario, the characterisation by Prigogine and
Stengers (1984) is applicable that at the bifurcation point there is an exception in an
otherwise coherent causal structure.

A bifurcation named after the Austrian mathematician E.F.F. Hopf is a transition
where the stable state of a system becomes unstable and a limit cycle occurs when a
critical threshold (bifurcation point or tipping point) is exceeded (Fig. 2.8). A variety
of oscillatory processes in ecology can be described with a Hopf bifurcation model
(e.g. Fussmann et al. 2000).

Hysteresis

For the discussion of tipping points in the given context, hysteresis is one of the
significant forms of transition and plays a central role in the climate change debate.
Hysteresis is a system structure with a domain in the state space where alternative
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Fig. 2.8 Hopf-bifurcations occur also in population dynamics: Beyond a tipping point, a stable
equilibrium becomes unstable and a limit cycle occurs. This is a transition from a stationary stable
state to a stable periodic oscillation. Grey area: Domain of a critical parameter where oscillatory
behaviour occurs

stable states are possible, i.e. under exactly the same external conditions the sys-
tem will remain in either one of two possible states. This implies that the system
description goes beyond a plain functional relationship where each input is related
to only one specific output. The parameter domain in which alternative stable states
occur, is usually limited. The hysteresis effect occurs, when the limiting parameter
is exceeded and the system flips into the other one of two states. As a characteristic
property, the transition from stable state 1 to stable state 2 happens at a different
size of the critical parameter than the return from stable state 2 to stable state 1. The
description of such a transition requires a three-dimensional representation (Fig. 2.9).
Conceptual descriptions are given e.g. by Scheffer et al. (2001) and Gordon et al.
(2008). The analysis of relations in an ecological context as well as with regard to
the global climate system have brought about a large number of illustrative cases
(Scheffer and van Nes 2007). For SPAGE the approach is of high interest since it
provides an explanation, under which conditions a system could shift to a basically
different set of states, which can be very difficult to restore and get back to previous
states.

After having discussed a short survey of examples and formal constructs in which
the effect of critical conditions and tipping points are captured, we now analyse
potential occurrences of tipping points with regard to the new genomic constructs
like SPAGE and gene drives. There are indications that some of the major forms in
which tipping points occur, are highly likely to play a significant role also for an
understanding of implications of a deliberate release of SPAGE.
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Fig. 2.9 Hysteresis can occur in an ecological context where the change of a critical parameter
leads to an abrupt transition towards a new equilibrium (bold dotted arrows). There is the specific
condition that the reversal occurs at a different value of the critical parameter. This comes with the
implication of the existence of two alternative equilibria for a particular size range of the critical
parameter. This behaviour is known for a variety of ecological systems, including shallow lakes in
temperate climate. For global climate change a related configuration is also in discussion

Potential Tipping Points with SPAGE Involvement

When considering SPAGE, tipping points can be discussed on various levels. Though
at first glance it may seem likely to think of molecular properties of the transgenes in
first place. However, since the implications of SPAGE are necessarily embedded in
a wider ecological and social context, the possibility of tipping point dynamics must
be also expected in a wider spectrum of contexts. A systematic assessment is an open
and important research question, which requires substantial attention and an effort
in interdisciplinary exchange. Here, we can provide an outline and first hypotheses
on tipping point dynamics and associated model forms.

A Hierarchy in Consideration Levels: Where SPAGE-Related
Tipping Points Could Occur

In ecology, the assignment of interactions to specific levels of organizationwas estab-
lished as an efficient approach for structuring and systematisation. How to do that is
summed up under the term hierarchy theory (O’Neill et al. 1986). Organisation levels
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Fig. 2.10 Hierarchy theory is used to structure the topics dealt with in biology. Levels are distin-
guished according to emergent properties. From lower to higher levels, additional interaction types
play a role which require specific forms of descriptions and which are not relevant on the lower
levels. The physiological domain consists of biomolecules, cell organelles up to the level of the
individual. From individual to the biosphere we have the ecological domain. To study each of the
levels, requires specialised expertise

are distinguished according to specific properties that emerge on a particular level
as a result of systems internal interaction and self-organisation (Fig. 2.10). In ecol-
ogy,mainly the levels organism—population—landscape—biome and biosphere are
distinguished. The approach is complemented with an extended view including addi-
tional levels from the molecular level up to the largest knownmacroscopic structures
to facilitate interdisciplinary connections and views (Jantsch 1980).

Tipping Points on the Molecular and Physiological Level

The very first tipping point, proof of concept and SPAGE feasibility, can be consid-
ered as being passed. This was a transition from largely conceptual considerations
(Burt 2003) to finally successful efforts on the molecular level to produce and imple-
ment an artificial genomic structure which is inherited to subsequent generations at
higher rates than the natural Mendelian inheritance. From the very beginning, such
a structure can be combined with other and in the end potential harmful properties
on the population level (Hammond et al. 2016).

For gene drives, a next critical threshold would be a release, which means that
alterations on the molecular level that lead to a manifestation on the individual
level would become connected to higher levels of naturally self-organising systems,
i.e. the population level and communities of organisms (ecosystems). This threshold
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requires, that a considerable body of regulation, risk assessment and public discourse
would have to be developed and settled beforehand. This is currently not the case.
Relevant questions to manage the risks, uncertainties and lack of knowledge which
are created by the release of gene drive organisms are not solved—but the according
scoping has been started (Oye et al. 2014). In the meantime, laboratory development
under controlled conditions continues towards a differentiation and diversification
of the approaches, as we described in the Chaps. 1 and 7.

Tipping Points on the Population Level

On the population level, a variety of different SPAGE constructs and species spe-
cific tipping points have to be considered. For a prospective analysis of the dynamic
behaviour of SPAGE organisms detailed modelling studies would be required. The
modelling set-up would have to encompass studies of individual interactions as well
as large-scale spatially explicit (meta-) population representations, comparable to
and expanding the modelling approaches (as laid out in Chap. 5). Phase transitions
that occur when transgressing tipping points on this level can be structural shifts
of systems on local, regional or potentially even global range, including extinc-
tion events. Various dynamic regime shifts, trophic network alterations including
secondary higher trophic level effects, virulence changes, etc. have to be assessed.
Depending on the type of SPAGE, transitions like bifurcations, limit cycles, strange
attractors and hysteresis can be phenomena on this level. It has to be emphasised,
that regardless of the efficiency of population level model projections, long-term
predictions concerning the evolutionary fate of a specific release are likely to remain
in the domain of the “unknown unknowns” (see Chaps. 1 and 9).

Tipping Points on the Ecosystem Level

The ecosystem level encompasses the overall budgets of energy and matter trans-
formation jointly brought about by the community of organisms on the basis of the
available bio-element reserves and energy basis including inputs into and outputs
from the system (Jax 2016; Breckling and Koehler 2016). It is the integrating level
at a specific site with sufficiently reasonable internal structural homogeneity. Com-
prehensive ecosystem studies are difficult, complex and therefore rare. Frequently,
ecosystem investigations focus on specific ecosystem-related aspects like ecosys-
tem services (Fischlin et al. 2007) or ecosystem integrity (Woodley et al. 1993).
Both approaches are of a high importance for the impact assessment of SPAGE
technologies.

Concerning systemic tipping points, an ecosystem assessment would in particular
focus on key processes and key species. Ecosystem engineers (Jones et al. 1994) are
species, which provide through their activity structures and conditions that largely
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influence the overall systems characteristics and composition of the overall com-
munity. Keystone species (Paine 1966) have a central function in the structuring
of the trophic relations and thus the overall systems condition, frequently through
indirect effects. If species with such a pronounced role in the ecosystem would be
directly or indirectly affected through population alterations caused by a SPAGE, this
might have consequences where tipping point dynamics on the ecosystem level may
become apparent. An implication is, that through matter-, energy- and information-
processing on the ecosystems level, minor impacts can be damped, amplified or
transformed. Anticipation of these effects is notoriously difficult, but therefore not
irrelevant. Knowledge in this field was accumulated in particular in conservation
ecology (Schwartz et al. 2000) and in restoration ecology (Jordan et al. 1990).

Tipping Points on the Landscape and (Cross-) Regional Level

The landscape level encompasses a network of different ecosystem types (Forman
2014). Here, the spatial aspect of process organization is in the foreground. Spatially
explicit approaches like grid-basedmodels, an ecological version of cellular automata
(Breckling et al. 2011) are used on this level e.g. with relation to excitable media or
percolation. Furthermore, individual-based models (Łomnicki 1999; Judson 1994)
with their high level-integrating potential are used to analyse the role of organism’s
activities across larger spatial scales in heterogeneous structures (see Chap. 5). Well
known tippingpoints on the landscape level result from fragmentation effects (Opdam
et al. 1993), and are an issue analysed in metapopulation theory (Hanski 1999) and
population viability analysis (Beissinger and McCullough 2002) as far as referring
to large-scale structures.

Tipping Points in an Evolutionary Context

The evolutionary context of SPAGE is probably the aspect that involves the highest
degree of relevance from a perspective of risk analysis, since it deals with long-
term implication on a scale and temporal extent which goes beyond direct empirical
accessibility. Unfortunately, it is also the domain that allows the least precise predic-
tion and maintains in scientific processes the highest level of irreducible uncertainty
and “unknown unknowns”. This is because the evolutionary process connects small-
scale processes on the molecular scale, i.e. mutations, with macroscopic selection
processes on the level of the whole organism through the amplification of fitness-
related reproduction dynamics further on with large-scale landscape and community
relations. Key issues for an understanding of evolutionary processes are considera-
tions of a multi-level selection which acknowledge, that evolutionary change is not
exclusively an interaction between genome and a particular environmentally deter-
mined fitness trait but that fitness consists of a variety of components which can be
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distributed and interfere across different levels. The other decisive theorem comes
under the name of the “red queen hypothesis” (Van Valen 1973). This widely dis-
cussed hypothesis puts forward that fitness is neither an intrinsic property of an
organism nor stationary. Instead, it is a continuously changing relation of the mem-
bers of a population and their environment, which is influenced from both sides. This
requires—in order to maintain a currently held position—an ongoing change. Thus,
even for a stationary state, an underlying evolutionary adaptation would be required.

For evolutionary dynamics, models usually canmake qualitative and probabilistic
statements, which may outline expectations. Models also can give clear indication,
that it is highly unlikely to predict the potential fate of a SPAGE in an evolutionary
perspective. Reliable quantitative predictions in this domain can be assumed to be
rare. On ameta-level we can discuss the conclusionwhether tipping points of SPAGE
in an evolutionary domain indicate an irreversible phase shift from known unknowns
to unknown unknowns.

Tipping Point Considerations with Regard to a Social
Ecological Domain of SPAGE—The Interaction of Natural
and Social Processes

Systems descriptions, though mainly used in scientific processes, have been applied
to describe changes and transitions in social and economic dynamics (Becker and
Breckling 2011). Therefore, it is a reasonable question to study, how the availability
of SPAGE may influence ongoing processes in a social ecological context (Becker
and Jahn 2006) and what kind of tipping points might occur in this context. Since it is
apparent, that SPAGE open up new opportunities as well as new and potentially risky
and controversial developments (Oye et al. 2014; Esvelt et al. 2014), it is a useful and
necessary task to identify qualitative transitions in the use of the technologies and
employ the concept of tipping points to analyse and understand transitions concerning
e.g. land use, health, economy, regulation, public involvement, and issues how the
feedback between socio-economic activities and ecological development is operated.
In the following we list a number of starting points for investigations aiming at an
identification of such SPAGE related tipping points in the social ecological domain.

Tipping Points in Application and Feasibility Considerations

A first basic transition following a balance (or seesaw) paradigm was apparently
passed already and this opens the space for transitions in succeeding domains. The
prospects of gene drives were postulated from theoretical grounds (Burt 2003), how-
ever, their realisation turned out to be difficult if not unfeasible with means available
at that time. CRISPR/Cas was originally not developed for the production of gene
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drives (Jinek et al. 2012). Evolved in bacteria, its natural function is to defend a
bacterial cell against viral intrusion. Once CRISPR/Cas was isolated, characterized,
and its mode of action understood, it became apparent that it enables various addi-
tional uses. It turned out that it could be applied also as an instrument enabling the
steps which are necessary to manage the molecular obstacles in the construction
and implementation of gene drives. This transition from conceptual reasoning to
practical availability enabled various kind of gene drive applications (e.g. Buchman
et al. (2018) for the fruit fly Drosophila suzukii, Gantz et al. (2015) for the mosquito
Anopheles stephensi). What was demonstrated to be feasible now could possibly
lead to further frontier crossing, requiring a discourse in additional fields like risk
assessment and risk management.

Tipping Points in Risk Assessment and Management

In order to understand risks which are combined with further reaching technologies
it is necessary to execute test applications under limited and controlled conditions
before first applications. These experiments are set-up to study a given context so
that cause-effect networks can be analysed. From an epistemological perspective, this
implies specific conditions: A strict delimitation of the experiment from an unob-
served surrounding, and a setting that allows to observe or detect relevant intended
and potentially also unintended effects. The spatio-temporal extent of these experi-
ments depends on the type of interaction to be studied. Extrapolation from smaller to
larger scales are possible as long as re-scaling is reasonable without the interference
of processes that lead to changes of the results, i.e. that hierarchy effects, phase transi-
tions or tipping points play a role. Scaling issues are a critical point in risk assessment
(Woodbury 2003). A typical example is the discussion about an adequate (and clearly
limited) contribution of bio-based energy to the transition towards renewable energy
(e.g. Vogt 2016). The larger the spatio-temporal extent, the more difficult and costly
experimentation will become. It is apparent and generally accepted in the scientific
community, that experiments that regarding their effects cannot be controlled and
spatio-temporally limited are irresponsible. This implies, that there is a tipping point
up to which sufficient knowledge can be gained and accountability for action can
be assigned. A situation, where an experiment would be required for risk assess-
ment that in practice could not be reversed, would represent in the terminology of
Schwegler (1981) an organizational instability. In such an experiment the domain
of a system’s operability is left (see Fig. 2.1). A determination where such a tipping
point might occur in the context of deliberation of a gene drive becomes apparent
when it would be necessary to practically release a gene drive organism in order to
identify implied risks. It is clear, that under controlled conditions not all parameter
can be studied that play a role in the wild. In particular spreading, colonization and
metapopulation dynamics are difficult to be studied because scaling effects play an
important role. This makes it difficult to extrapolate results from spatio-temporally
limited conditions.
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Tipping Points in Regulation and Law Enforcement

Regulation and enforcement are not to be understood as a process in the same line.
In particular, the entry into force of a particular law or a regulation can be considered
as a tipping point, which concludes a developmental process. It is quite obvious,
that regulation is not a process that follows from scientific advancement or social
consensus in a direct and conclusive way. It is a complex interaction that involves
social functioning and integration at large. Scientific contributions are part of the
input, in addition considerations of the overall legal integrity, ethical considerations
and higher level jurisdictional aspects significantly contribute.

For gene drives, it is already apparent from what we know to date, that not all
questions that arise in this context are covered by existing regulations.While there are
regulations to safeguard laboratory processes (in Germany issued by ZKBS 2016),
there are many open questions how to facilitate a secure handling of the emerging
hazard and exposure potentials beyond the lab. One of the very obvious issues which
requires updated regulation is the expectable conflict with the Cartagena Protocol
on Biosafety (Secretariat of the Convention on Biological Diversity 2000). As an
international convention, the protocol regulates that the transboundary movement
of genetically modified organisms is legal only after an informed consent of the
country into which the organism is moved. This was meant to apply for organisms
under controlled conditions or under cultivation. For gene drive organisms, it would
be required to establish an international consent if species like olive flies, mosquitos
or fruit flies would be released, even if the release would initially target only a
local population. This is because the construct has a very high probability to become
dispersed to other regions. Amore detailed assessment of legal implications certainly
would identify further open questions. The expanded technological options make it
necessary to develop new and more specific and adequate regulations (see Chaps. 8
and 9).

It can be expected, that these new regulations also would require a stricter man-
agement of access to the required laboratory material to prevent abuse, as Oye et al.
(2014) cautiously indicated. The requirements of an adequate handling of the tech-
nological power is currently under discussion rather than being coherently regulated
(National Research Council 2015; National Academies of Sciences, Engineering,
and Medicine 2016). The transition may take place between a regulatory regime that
allows a trans-regional alteration of wild living species characteristics based on indi-
vidual resp. partial interests or an integrated, international regulatory regime, which
would, in order to be efficient, require new enforcement instruments. Most likely,
a qualitative transition in trans-boundary regulation would be required to cope with
the risks that can be involved by the release of self-propagating artificial genetic
elements.
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Tipping Points in Social Acceptance

Gene drives, as a type of SPAGEwhich are designed for efficient dispersal throughout
natural populations, are a qualitatively new instrument in nature management. While
established methods of genetic modification were justified by promises like bigger
harvests and to be indispensable to feed the world with regard to the limited planetary
resources, gene drive technologies promise, among others, a relief of major human
diseases through elimination of vectors, elimination of significant agricultural pests,
breaking of pesticide resistance developments, and elimination of invasive species
(Collins 2018). Since for some of these promises, at least a technical feasibility seems
credible, it requires a profound technical, ecological as well as ethical discourse.

With the experience of the debate on genetically modified crops in Europe during
the last two decades it is apparent, that there seem to be tipping points also in dis-
course dynamics. In other upcoming technical domains risk assessment and its public
perception, proponents and opponents were engaged in a constructive exchange of
arguments; for the introduction of nano-materials see e.g. Filser (2019) and Wigger
et al. (2015). In contrast, for the GM debate it turned out, that apparently there are
at least bi-stable results possible. On the one hand arguments are used selectively
as instruments to follow pre-defined business intentions rather than being primarily
problem-oriented. On the other hand, unsatisfiable requests for zero risk were raised.
For the discourse on SPAGE it will be an interesting research domain, to assess, how
ethical considerations, scientific progress in SPAGE development, the perception of
the economic potential and political influences merge either to shape public consen-
sus or to fuel an ‘us versus them’ attitude. Promises, disappointment, credibility, and
willingness to trust will play a significant and to-date not foreseeable role.

Discourse Outlook

SPAGE are a topic, which gains significance the more application attempts beyond
laboratory conditions are proposed. The release of self-propagating artificial genetic
elements which are intended to operate beyond the capability to control, withdraw
or limit their proliferation in any way poses new questions. Incorporated in self-
reproducing organismal entities, which are subject of evolutionary changes, of com-
bination and interaction with an untested and untestable manifold of self-amplifying
contexts, potential SPAGE application apparently requires answers to the question
how to delimit domains of acceptability, how to discuss, draw and enforce lines that
would be unjustifiable to be crossed. These are typical thresholds characterized by
tipping points.

To minimise the probability that un-ethical results derive from “good intentions”,
it seems of high priority to debate this issue not only within the scientific community.
It is required to involve not only molecular scientific expertise but also landscape
ecological, geographic and ethical expertise, among others. It would be of equally
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high significance to facilitate a general public discourse that brings the topic to the
attention of the broader public in a way that is not primarily driven by feasibility,
fascination or scandalisation but sheds light to problems of knowability as well as
reversibility and control.

We need to be aware that a release of SPAGE affects several tipping points. The
technological power and range of SPAGE result in a range of effect potentials that
cannot be holistically assessed in its implications for the biosphere. May be for the
first time, humans are acquiring the potential to use the self-organisation potentials
of populations to drive artificial properties into natural population including detri-
mental ones which have the potential to induce extinctions. It is by far not the tipping
point that this would enable human induced extinctions of wild living populations
for the first time. But that extinctions could be enabled by molecular tools and be
lab-made and releasable is so fundamentally new, that regardless of specific appli-
cation intentions, the handling of this potential requires extensive public insight,
control and regulation, considerations and the highest achievable standard in ethical
argumentation.
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Chapter 3
Vulnerability Analysis of Ecological
Systems

Carina R. Lalyer, Arnim von Gleich and Bernd Giese

Introduction

Vulnerability analysis can be seen as the counterpart to technology characterization.
Technology characterisation scrutinises the intervening technology. Vulnerability
analyses potentially affected systems. That may be socio-ecological, socio-technical,
socio-economic or other systems. In this chapter ecological systems are in focus.

Ecosystems represent complex assemblieswhose dynamics are still far frombeing
fully understood.Modelling the behaviour of ecological systems is thus a challenging
task. Extensive abstractions are required to enable the analysis of the performance
of at least some of its elements under changing environmental conditions or in the
presence of certain stressors. In particular, for “novel entities” (Steffen et al. 2015)
like gene drives, an analysis of their possible impact on ecosystems is complicated
especially because of the lack of comparative cases. In the course of a vulnerability
analysis of an ecosystem affected by gene drives, assessments of potential impacts
are only possible in a rather simplified form. As an ecosystem may be defined by
the interactions between its biotic and abiotic elements (Chapin et al. 2011, p. 5),
the vulnerability analysis of an ecosystem requires an investigation at different hier-
archical levels, from species characterization to the organism’s interactions with the
environment including its abiotic attributes (De Lange et al. 2010). Elements of these
levels as for example species that fulfil important functions like ecosystem engineers,
may represent central parts of tipping point dynamics when they are affected above
a certain threshold.
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To explore the relevant criteria for a vulnerability analysis of ecosystems that are
confronted with a gene drive, a framework for this kind of analysis is developed in
this chapter.

Ecosystem Vulnerability Analysis

The technological advances in gene drive systems opened new possibilities for the
scientific community, interested parties and governments to address problems in the
agricultural, conservation and public health sector. However, these developments are
highly debatable. Gene drives can be used to transform, suppress or even eliminate
specific species (Meghani and Kuzma 2017) that act as disease vectors, reduce bio-
diversity or have become agricultural pests. Currently, one of the greatest threats to
biodiversity is the establishment of invasive species (Scalera 2010). Known methods
to control organisms only lead to a short term suppression of the population and thus
rely on continuous applications (Moro et al. 2018). However, using gene drives in
wild populations requires careful considerations because the impact of the use of this
new technology is far reaching and uncertain.

This uncertainty and lack of knowledge is due to research gaps concerning the
biological and ecological traits of certain species and as well as knowledge gaps
regarding the ecological effects of hazards and exposure after releasing gene drives
(GD) into wild populations (Moro et al. 2018).

Moreover, due to many failures in the attempt to eradicate or control unwanted
species,1 a rigorous study must be performed to assess the potential impacts and
risks associated with the unprecedented release of gene drive organisms (GDO).
As already mentioned, vulnerability analysis is confronted with different forms of
lacking knowledge, with scientific uncertainties, known unknowns and unknown
unknowns. Vulnerability analysis may contribute to the reduction of any one of
them, by more precise science, by modelling or by identifying tipping points.

An ecological vulnerability analysis is suggested to be applied when a specific
threat for the environment is expected (De Lange et al. 2010). For example, exposure
of an ecosystem to a threat could be the release of GDs into wild populations. In
the light of the potential power and range of current GD systems and regarding the
fact that a gradual release approach is impossible, as it is practised with common
GMOs, an a priori analysis is necessary to determine how vulnerable an ecosystem
is. Essential steps are the identification of its exposure and sensitivity towards such a
perturbation, its internal weaknesses and tipping points and its capacity to recover or
adapt following an initial perturbation (von Gleich et al. 2010; Gößling-Reisemann
et al. 2013; Weißhuhn et al. 2018).

Turner et al. (2003) describe vulnerability as the “degree to which a system, sub-
system or system component is likely to experience harm due to exposure to a hazard,

1E.g. for population control of rabbits (Arthur and Louzis 1988) or the introduction of the cane toad
in Australia to protect the cultivation of sugar cane (Doody et al. 2015).
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either a perturbation or stress/stressor.” (Turner et al. 2003, p. 8074). “Vulnerabil-
ity” is used in both social and natural science disciplines, where authors define it in
different ways, without a consensus of its conceptualization (Füssel 2007). Newell
et al. (2005 cited in Füssel 2007) even suggested that the term vulnerability is a
“conceptual cluster” in interdisciplinary research.

Although ecosystem vulnerability is still a new topic, it is important to detect the
potentialweaknesses and adaptive capacities of an ecosystemunder threat (Weißhuhn
et al. 2018). Therefore, by performing such an analysis, it should be possible to
estimate “the inability of an ecosystem to tolerate stressors over time and space”
(Williams and Kapustka 2000, p. 1056).

According to Liverman (1990 cited in Füssel 2007, p. 155) vulnerability is related
to concepts of “resilience, marginality, susceptibility, adaptability, fragility and risk”
wherein Füssel (2007, p. 155) has added the concepts of “exposure, sensitivity,
coping capacity […] and robustness”. When describing vulnerability, it is important
to specify the system and its vulnerability to specific hazards as well as to mention
the time frame (Brooks 2003 cited in Füssel 2007, p. 156).

The fundamentals of a vulnerability analysis were set by two “reduced-formmod-
els” (Turner et al. 2003, p. 8074) developed in the realm of environmental and climate
assessments (White 1974 and Cutter 2001 cited in Turner et al. 2003). First, the risk-
hazard model was put into place in the 1970s and 1980s in which the impact of a
hazard—the risk—is defined as a function of exposure to the hazard and the “dose–
response” (sensitivity) of the system exposed (Burton et al. 1978 and Kates 1985
cited in Turner et al. 2003). Due to the shortcoming of these models, like the lack of
taking into account the system’s abilities to amplify or reduce the impacts (Kasper-
son et al. 1988 and Palm 1990 cited in Turner et al. 2003; Weißhuhn et al. 2018) or
the fact that the system comprises different sub-elements that react differently to the
hazard (Cutter 1996 and Cutter et al. 2000, cited in Turner et al. 2003; Frazier et al.
2014), the “pressure-and-release” models were developed. In these type of models,
risk is defined as a function of stress and the explicit vulnerability of the exposed sys-
tem (Blaikie et al. 1994 cited in Turner et al. 2003). Although, these models mainly
address social vulnerabilities in the face of natural hazards, they put forward the basis
of a general vulnerability analysis (Turner et al. 2003). Subsequently, adaptive capac-
ity has been introduced (Smit and Wandel 2006 and Engle 2011 cited in Weißhuhn
et al. 2018). Opposed to the history of the concept of vulnerability in which people
are susceptible to natural hazards, ecosystem vulnerability analysis follows a view
where the environment is exposed to perturbations caused by humans (Birkmann and
Wisner 2006; Weißhuhn et al. 2018).

Weißhuhn et al. (2018) performed a review of scientific publications focusing on
environmental or ecosystem vulnerability assessments. They found out that this kind
of research gained more attention starting from 2009, which denotes a rather new
topic in research. Recent work aimed to create a more interdisciplinary framework
defining vulnerability as a function of exposure, sensitivity and adaptive capac-
ity (Frazier et al. 2014; Füssel 2007; Weißhuhn et al. 2018). This definition of
vulnerability is the framework that is used in the present study.
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An ecosystem can be considered vulnerable regarding a certain perturbation when
it is highly exposed, has a high sensitivity and low adaptive capacity (Mumby et al.
2014). Thus, those ecosystems that turn out to be vulnerable need propermanagement
strategies (Weißhuhn et al. 2018). According toWeißhuhn et al. (2018) and de Lange
et al. (2005, p. 27) vulnerability is defined as a function of exposure and sensitivity,
leading to the potential impact (Mumby et al. 2014), and adaptive capacity (AC).
These qualities will be described in the following passages.

Exposure

Exposure describes the fact that the ecosystem is in contact with the stressor (De
Lange et al. 2010). To assess exposure, Frazier et al. (2014) recommend to examine
the probability of an occurrence of the disturbance or its spatial proximity, whereas,
Dong et al. (2015) suggest to determine the threatened area. The probability of the
exposure of an ecosystem towards a certain stressor is determined by the quality of
the stressor (e.g. its persistence or pervasiveness) and the qualities of the affected
systems. As it is shown in Fig. 3.1, in this study the exposure relevant qualities of
the ecosystem are differentiated between qualities of the ecosystem and qualities of
the wild species targeted by GDOs. For the latter qualities of the drive have to be
taken into account, which influence its spread within and probably also beyond the
target species population. The qualities of the drive are identified in the course of the
technology characterization as described in Chap. 1. In order to assess the exposure
potential of the ecosystem, as suggested by de Lange et al. (De Lange et al. 2010), a
possible measurement can be the scale of exposure. In order to determine the scale,
the current study has compiled the following characteristics as:

(a) Ecosystem characteristics

1. Distribution of adequate habitat conditions: it is important to know what are
the conditions required for the survival of the gene drive target species;
• The range of environmental characteristics, in which a species lives in,
is called the species’ ecological niche (Hutchinson 1957 cited in Chase
2011, p. 93). This niche results from evolutionary processes in which
species interact with their environment and other organisms (Chase 2011).
According to Chase and Leibold (2002 cited in Chase 2011, p. 93) the
nichedefines a species’ spatial existence, biogeography, interspecies inter-
actions, abundance and ecological role. Chase (2011) describes in his
review on niche theory, that there are two components in which the defi-
nition of a niche can be divided into: first the range of biotic and abiotic
characteristics that enable a species to persist in a space (Grinnell 1917;
Hutchinson 1957 cited in Chase 2011, p. 94), also named the requirement
component (Chase 2011) and secondly, the impact the species has on its
given environment (Elton 1927 cited in Chase 2011, p. 94), known as the
impact component (Chase 2011).
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Fig. 3.1 Relevant criteria and levels of investigation for an event-based analysis of vulnerability
(eVA) in adaption to Gößling-Reisemann et al. (2013) and criteria i.e. after de Lange et al. (2010),
Moro et al. (2018), Weißhuhn et al. (2018) and Mumby et al. (2014)

• Huey (1991) underlines the importance of the environmental physical
conditions (temperature, humidity, salinity etc.) and of the organisms’
physiology to perform in a given habitat or to choose a specific habitat.

2. Biogeographical barriers (adapted from Moro et al. 2018);
• Physical, physiological or environmental barriers influence the dispersal
of a species in a certain landscape (Capinha et al. 2015).

• According to Cox et al. (2016, pp. 91–92), the distribution of species is
limitedbygeographical barriers that canbeof different types (e.g. physical
likemountains, biological like predators or climatic like temperature etc.).

• In spite of these natural barriers that have confined species to certain
locations, organisms have been able to establish themselves in places far
away from their native ranges (Capinha et al. 2015). This “breakdown”
of biogeographical barriers arose from human assisted dispersal through
travel and trade (Capinha et al. 2015) and causes an intermixing of biota
that puts the native species under additional pressure (Capinha et al. 2015;
Montgomery et al. 2015). It can be expected that the locations with inten-
sified trading relations and those that are closely located to them will suf-
fer the greatest homogenization of biota (Capinha et al. 2015). The new
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biota community would be formed by competitive generalists that will
be composed of few but widespread species (McKinney and Lockwood
1999).

3. Distribution of food sources: determines where the organismmight migrate;
• One factor in selecting a habitat is the quality and locality of resources.
Habitats undergo fluctuations regarding their quality over time and space
(Jonzén et al. 2004). The variation is a consequence of the habitat itself
or of the number of organisms using it, in relation to their density (Jonzén
et al. 2004).

4. Density of species population;
• Density-dependent habitat selection portrays the mechanisms behind
habitat selection in relation to population size. The size of a population
in a certain habitat is bound to density-dependent processes, due to the
fact that a population can grow in size as long as the carrying capacity
of the habitat allows it (Morris 2003). Fretwell and Lucas (1969 cited in
Rosenzweig 1991) suggested that these processes are based on the optimal
foraging and intraspecific competition principles.

• del Monte-Luna et al. (2004, p. 485) propose a general definition of the
carrying capacity which is: “the limit of growth or development of each
and all hierarchical levels of biological integration, beginning with the
population, and shaped by processes and interdependent relationships
between finite resources and the consumers of those resources”. The level
of limiting resources is not constant over time, it varies according to the
stochasticity of the environment, but when abstracted in models, it may
be expressed as a fixed parameter (del Monte-Luna et al. 2004).

Qualities of the target species for the gene drive are also highly important to know
in order to assess the exposure potential of the GDO. With regard to gene drive-
specific qualities, the following list focuses on some points which are also part of
the technology characterization of gene drives (see Chap. 1):

(b) Species characteristics

1. Biology and ecology of the target species (adapted from Moro et al. 2018);
2. Habitat choice: different habitats hold different living conditions (adapted

from De Lange et al. 2010);
• Morris (2003) defined habitat selection as the process throughwhich indi-
viduals of a certain population preferentially choose to occupy or use a
certain habitat based on particular variables. The selection of habitat is
related to population density regulation, community interactions and the
origin and maintenance of biodiversity (Morris 2003). “Habitat” accord-
ing to Whittaker et al. (1973 cited in Chase 2011, p. 94) portrays the
“environmental features” where a species can live. Whereas in Morris
(2003, p. 2) the given definition for habitat is “a spatially bounded area,
with a subset of physical and biotic conditions, within which the density
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of interacting individuals, and at least one of the parameters of population
growth, is different than in adjacent subsets.”

3. Seasonal influence on the population (adapted from De Lange et al. 2010);
• Seasonality produces environmental variability in terms of temperature,
humidity, resource availability etc. which influences the life-history traits
of organisms (Turchin 2003 cited in Taylor et al. 2013).

4. Gene flow in the target population (adapted from Moro et al. 2018);
• Moro et al. (2018) argue that the spread of a gene throughout an ideal
population is determined by random mating and whether the gene flow is
high or not.

5. Spread rate (invasiveness) of the GD in the target population;
• In gene drive systems that depend on thresholds, the spread of the GD
will be determined not only by its inheritance rate but also by the number
of released GDOs. If the necessary ratio of GDO to wild organisms is
reached, the GD will spread and GDO numbers will further increase in
the long run (Marshall and Akbari 2016).

6. Ability of dispersal: How far can the organism travel from the source
population? (adapted from Moro et al. 2018);
• This trait of the organism would also determine the gene flow between
populations (Mitton 2013; Onstad and Gassmann 2014).

7. Potential of the GDO to affect non-target populations (adapted from Moro
et al. 2018);
• Gene flow facilitated by dispersal could spread the GD to non-target
populations. However, Oye et al. (2014) warn that scientists have little
experience with engineering natural systems for evolutionary robustness.
Thus, they argue that precision drives could prevent the drive from spread-
ing into non-intended populations, but their reliability requires further
research (Oye et al. 2014). Other ways to prevent the spread to other
populations than the intended one is by molecular confinement, threshold
drives that will not fixate into the population at low frequencies, targeting
very specific DNA sequences that are population specific or gene drives
that transform the population to be sensible to a specific chemical (Esvelt
et al. 2014; Marshall and Akbari 2016; Marshall and Hay 2011).

8. Potential of the GDO to hybridize (adapted from Moro et al. 2018);
• Interspecific gene flow may happen through hybridization, introgression
(David et al. 2013) or horizontal gene transfer (Werren 2011).

Sensitivity

Sensitivity of the ecosystem is the susceptibility to disturbances (Weißhuhn et al.
2018). It expresses the degree to which the system can be affected by a certain
disturbance or stress. It is a quality of the affected system but also depends on
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the intensity of the disturbance and may change depending on the length of the
exposure due to development of increased tolerance (Weißhuhn et al. 2018). De
Lange et al. (2010) emphasise among other aspects the need to know the sensitivity
of the community of species, their functions within the ecosystem and the trophic
relationships. The following characteristics for sensitivity have been collated on the
level of:

(a) Ecosystem characteristics

1. Structural biodiversity (adapted from De Lange et al. 2010), represented by
species composition, population structure and number of individuals.

2. Key functional traits of species in the ecosystem: functional role of the
species (adapted from De Lange et al. 2010);
• The dynamics of ecosystems depend on the traits of organisms, their evo-
lutionary histories and interactions in the community (Chapin et al. 2011).
Therefore, it is important to understand the role of organisms in their com-
munity. Recently, the role of biodiversity in ecosystem functioning has
gained popularity and appreciation (Díaz et al. 2006 in Chapin et al. 2011,
p. 3).

• Functional traits represent characteristics that allow a species to survive
and reproduce and they impact its fitness. The loss or gain of species
within a system can alter ecosystem processes due to the change in the
species’ functional traits that have great impacts on the system, namely
effects on provision or limiting resources, microclimate, intraspecific or
interspecific interactions and effects on disturbance regimes (Chapin et al.
2011). It is especially important in case the targeted species is or affects
a key stone species (Paine 1969 cited in Bond 1994).

3. Species redundancy within functional groups (difference in sensitivity of
functionally similar species) (adapted from De Lange et al. 2010);
• The redundancy hypothesis suggests that resilience is maintained by the
ability of the species to compensate through their functional role in case
species are lost (Walker 1992 cited in Mitchell et al. 2000; Fonseca and
Ganade 2001).

• It is thought that the more species are in a system, the wider will be the
range of conditions under which ecosystem processes can be maintained
at their characteristic state (Chapin et al. 2011). Redundancy denotes
diverse responses that allow ecosystem resilience to variation and change
(Bengtsson et al. 2003). This is due to the theory of “diversity as insur-
ance” (Chapin et al. 2011): Diversity ensures maintenance of function-
ality under extreme or novel conditions because different species do not
respond in the sameway to an eventual perturbation due to their evolution
and life history. In other words, species diversity stabilizes ecosystem
processes when e.g. annual variations happen or extreme events occur
because it is unlikely that all species that perform a functional role go
extinct (Walker 1995 in Chapin et al. 2011, p. 333).
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4. Trophic relationships within the community (adapted from De Lange et al.
2010);
• Energy and nutrient flow in an ecosystem is regulated by food webs
(Chapin et al. 2011, p. 300). The trophic relationships that determine
food webs are complex but can be narrowed down to bottom-up (e.g. pro-
ductivity of plants regulate herbivore numbers) and top-down controls
(e.g. predators that regulate prey population) (ibid.).

5. Emergent properties (adapted from De Lange et al. 2010);
• According to Reuter et al. (2005), emergent properties are new qualities
that form at higher integration levels and constitute more than the sum of
the low-level components. The emergence concept is based in a view of
nature as a hierarchical structure in which different organizational levels
ranging from an individual, to community, ecosystem and landscape exist
(Reuter et al. 2005). For example, dispersal characteristics of individuals
of different carabid beetles have influence on the population size of these
species as an emergent property (ibid.).

6. Seasonal climatic influence (adapted from De Lange et al. 2010)
7. Impact of climate change over time;

• Can lead to additive effects. An additive effect is when the combined
effects of multiple drivers are equal to the sum of the individual effects
(Crain et al. 2008). Synergistic cumulative effects occur when the com-
bined effect is greater than the sum of the individual effects (ibid.). Antag-
onistic cumulative effects occur when the combined effect is smaller than
the sum of the individual effects (ibid.).

(b) Species characteristics

1. Genetic diversity of the species;
2. Human pressures on the species;

• Stressors produced by humans (habitat destruction, hunting, use of pes-
ticides) often interact and produce combined effects on biodiversity or
ecosystem services2 (Crain et al. 2008), termed additive effects.

3. Influence of climate change (adapted from De Lange et al. 2010).

Adaptive Capacity

The third step in the vulnerability assessment of ecosystems is to investigate their
adaptive capacity (AC). According toWeißhuhn, adaptive capacity describes the sys-
tem’s ability to compensate the impacts of disturbances (Weißhuhn et al. 2018). AC
is scarcely properly described for natural systems (Weißhuhn et al. 2018), however
according to Folke et al. (2002) it is related to genetic diversity, biological diversity

2Ecosystem services are benefits that humans receive from ecological systems (Díaz et al. 2013)
e.g. timber, food, biodiversity etc.
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and landscape heterogeneity (Peterson et al. 1998; Carpenter et al. 2001; Bengtsson
et al. 2003 cited in Folke et al. 2002).

Weißhuhn et al. (2018) suggest that AC can be measured through:

1. Genetic variability (direct relationship)
2. Species ability to reproduce (Díaz et al. 2013 cited in Weißhuhn et al. 2018)
3. Species ability to disperse in/invade into disturbed environments (Díaz et al. 2013

cited in Weißhuhn et al. 2018)
4. Response diversity within functional groups;

• Elmqvist et al. (2003, p. 488) define response diversity as “the diversity of
responses to environmental change among species that contribute to the same
ecosystem function.” In order to maintain desirable states of an ecosystem,
after a disturbance, it is important that diverse functional groups are available
to reorganize the system (Lundberg and Moberg 2003 cited in Elmqvist et al.
2003).

Mumbyet al. (2014) highlight the general relevanceof biodiversity for the capacity
of an ecosystem to adapt. Biodiversity is considered to be the “biological diversity
in a system, taking into account the genetic, species diversity and their functional
roles but also ecosystem diversity in a landscape” (Chapin et al. 2011). The debate
about the role of biodiversity in ecosystem resilience is ongoing.

Event-Based Analysis of Vulnerability

When potential disturbing events can already be described, it is advisable for an
analysis of ecosystem vulnerability to refer to the factors exposure, sensitivity and
adaptive capacity described in the previous section within the framework of an event-
based vulnerability analysis (eVA). In many cases, conclusions about an expected
exposure can already be drawn from the character of the disturbance. If, for example,
flying insects are considered as the source of the disturbance, a comparatively high
mobility and, in the case of distinct climatic tolerance, even ubiquitous distribution
and thus intensive exposure can be assumed. An appropriate scheme of an eVA in
adaption to Gößling-Reisemann et al. (2013) for the release of GDO is presented in
Fig. 3.1.

Potential Tipping Events Caused by GDO

In ecosystems, tipping points can be defined for different dimensions of potential
outcomes. Besides a loss of biodiversity by a population reduction, ecosystem func-
tions and services might as well be affected. Moreover, following the disappearance
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of a population or a species, functional shifts within the niche of the suppressed
species may occur.

In the case of population suppression, tipping points are already reached when
the size of the target population is decreased below a certain threshold at which
the population becomes instable and potentially disappears. This also applies to
non-target species when they are affected due to an interspecific spread of the GD
or indirect effects that are caused by the suppression of the target population. An
overview on the variety of tipping events that may follow a population suppression
is given in Fig. 3.2.

Among the potential impacts of the release of a suppression drive a number of
effects represent tipping points. With regard to controllability, a tipping point is
already reached when a GD appears in a non-target population. For an application
as suppression drive against an invasive species this would mean that it cannot be
guaranteed that the drive remains limited to invasive populations. If populations of
the target species in their native habitat are also concerned, a suppression might have
serious consequences for the respective ecosystem. The worst case would be the
eradication of a non-target population, an event that marks a further tipping point in
this direction. In general, each local extinction of a target species can be regarded as
a tipping event—not least with regard to its potential irreversibility. The final tipping
point would then be the global eradication of the target species.

Fig. 3.2 Possible tipping points following a population suppression
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Besides an unintentionally strong reduction of the target population with the out-
comes as described above, the transfer of a GD from the target species to a non-target
species marks an additional dimension of tipping events. Similar to the cases dis-
cussed above it may lead to either the eradication of a non-target species population
or—as the worst case—to a global extinction of the non-target species.

The extinction of a species on the global or local level may cause different effects
within the ecosystem. Adjustments in the abundance and population structure of
other species are more distinct if the species that becomes extinct has an important
role and therefore a strong interaction with other species as e.g., predator, prey or
competitor (Estes et al. 1989). Impactsmanifest not only becauseof the disappearance
of a species. Estes et al. recognized that besides global and local extinction also the
reduction of a species below a certain level can impede a significant interaction with
other species (Estes et al. 1989). They coined the term “ecological extinction” for this
class of impairment. Accompanying changes in ecosystem functions and moreover,
in ecosystem services would therefore represent tipping points.

With regard to socio-economic systems, the appearance of a new exotic pest or the
appearance of a secondary pest due to niche filling after the suppression or eradication
of a species denotes a further tipping event.

Structural Analysis of Vulnerability

An event based analysis of the vulnerability of ecosystems, for which the case studies
in this volume exemplarily provide preparatory work, will focus on the qualities
described above for the characterization of a potential exposure of the system, its
sensitivity and adaptive capacity. Still more difficult is the situation when we try not
only to consider disturbances that are already known but also unknown perturbations,
so-called ecological surprises (Filbee-Dexter et al. 2017). In this case not an event
based vulnerability analysis (eVA) but a structural vulnerability analysis (sVA) of
the system is the method of choice (Gößling-Reisemann et al. 2013). The structural
vulnerability analysis asks at which elements or relations the system will surrender,
when it comes under pressure. The distinction between eVA and sVA additionally
meets the requirements of the fact that an ecosystem is not only threatened by external
stressors but also by internal stressors, weak points and tipping points. Whereas an
eVA is oriented along an analysis of exposure, sensitivity and adaptive capacity of the
potentially affected system, the structural analysis excludes exposure and sensitivity
and instead focuses on critical elements within the system that primarily account for
its vulnerability.With the term critical elements an additional aspect comes into view
regarding the ecosystem services of the system. Critical elements refer to elements
that are essential (of high value) for the society that is dependent on the systems
services (e. g. feed or food, healthy air and water etc.). Independent of any external
perturbations, the specific condition and structure of potentially affected ecosystems
yields important information on their general vulnerability. A structural analysis
of vulnerability (sVA) lays its focus on the structure and the adaptive capacity of
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the system, on its capacities to cope with unknown external stressors, as well as
internal weak points, tipping points and critical elements and thus on the capability
to maintain system services.

Resilience of Ecosystems

Investigations of inevitable competencies, construction elements and construction
principles of systems for their resilience yielded adaption and resistance (or robust-
ness) as necessary abilities and (e.g.) redundancy, diversity and self-organization
as important construction principles (von Gleich and Giese 2019). Although differ-
ent authors define adaptive capacity as either “potential of recovery” or “resilience”
(Weißhuhn et al. 2018), both of the concepts are being characterized by the ecosys-
tem’s biotic elements (Oliver et al. 2015; Thrush et al. 2009; Weißhuhn et al. 2018).
But apart from a confusing mixture of the concept of resilience with the capacity to
adapt (as an element of vulnerability analysis), the full potential of resilience can
only be tapped when both terms are applied separately.

Through resilience, ecosystems maintain relatively stable functionality over long
periods of time despite fluctuations in the environment. Holling introduced resilience
in ecosystem theory as the capacity to “absorb changes of state variables, driving
variables, and parameters, and still persist.” (Holling 1973, p. 17). Thereby, resilience
determines the persistence of systems—or their extinction. According to Thrush
et al. (2009), resilience is the potential for recovery from disturbance (Pimm 1991
cited in Thrush et al. 2009). Holling later referred to this definition of resilience
as engineering resilience (Holling 1996). An indicator for engineering resilience is
seen in the “duration of the recovery phase” (Weißhuhn et al. 2018). Mitchell et al.
(2000) state that an ecosystem returns faster in time to equilibrium after a perturbation
when its resilience is high. The second definition is that of the ecological resilience “a
variable that represents the movement of an ecosystem within and between stability
domains” (Thrush et al. 2009, p. 3209, see also Gunderson 2000; Ludwig et al. 1997;
Holling 1996). Walker et al. define ecological resilience as “the capacity of a system
to absorb disturbance and reorganize while undergoing change so as to still retain
essentially the same function, structure, identity, and feedbacks” (Walker et al. 2004,
p. 5). According to Thrush et al. (2009) engineering resilience can be used tomeasure
resilience empirically while ecological resilience requires measurement over a long
time period. Besides the differentiation of engineering and ecological resilience, a
transition in the notion of resilience occurred in that it was once focused on the
conservation of structure integrity and is now also considering reorganization of the
affected system (Oliver et al. 2015).

Ecosystems are resilient to regimes of natural variations like daily, seasonal or
annual cycles and to extreme events that occurred already throughout their evolution-
ary history. Positive and negative feedbacks are of high importance to maintain the
internal dynamics of an ecosystem (Hanski et al. 2001; Chapin et al. 2011). Negative
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feedbacks are the ones that stabilize the system and confer resilience (Chapin et al.
2011).

Oliver et al. (2015) suggest the same characteristics as being descriptive for
ecosystem resistance or recovery. They differentiate between the following:

(a) The level of species:

• Sensitivity towards change
• Rate of population increase
• Adaptive phenotypic plasticity
• Genetic variability and dispersion (portfolio effect)
• No growth suppression in the case of low population density (allee effects).

(b) The level of the communities of species through:

• Correlation between the traits affected by change and those traits which are
important for ecosystem functions

• Functional redundancy (combined with varying responses to environmental
perturbations)

• Highly connected nested networks of species with generalized interactions
versus networks with strong specialized interactions.

(c) The level of landscapes:

• Level of heterogeneity in the local environment
• Landscape level functional connectivity
• Possibility of alternative stable states
• Spaciousness which generally promises resource wealth.

In addition, Thrush et al. (2009) stress that resilience is being influenced by:

• Metacommunity structure (pattern of spatial dimensions of specific ecological
communities)

• Community connectivity
• β-diversity (quantifies the difference between total species diversity of a region [γ-
diversity] and local species diversity [α-diversity] and reflects the species turnover
between the different locations in a region).

Moreover, the ecological memory is an important capacity of ecosystems to
achieve resilience (Walter et al. 2013 cited in Weißhuhn et al. 2018). The ecologi-
cal memory shapes how ecosystems react in the face of disturbance regimes and is
defined as the “ability of the past to influence the present trajectory of the system”
(Peterson 2002 cited in Hughes et al. 2019, p. 40). Depending on the ecological
memory which can also be manifested through the species life-history traits or dif-
ferent biotic or abiotic structures like presence of certain species, the ecosystem can
be resilient or vulnerable in the face of disturbances (Johnstone et al. 2016).

However, although this listing may be tempting to derive resilience from a mere
description of the system under study, Thrush et al. (2009) argues that empirical
studies are not sufficient to measure resilience. Instead, there is a need to develop
models and identify the positive feedbacks that would drive systems to change.
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Regime Shifts and Resilience

The ecological definition of resilience states that a variable of the ecosystem can
move “within and between stability domains” (Ludwig et al. 1997 and Gunderson
2000 cited in Thrush et al. 2009). It has been proposed that there is not one stable
equilibrium in which the ecosystem can be (Chapin et al. 2011, p. 7) but rather that
systems may have alternative stable states reached by abrupt shifts (Oliver et al.
2015) that are determined by large disturbances (Beisner et al. 2003). Alternative
stable states have been proposed for the first time in the late 1960s by (Lewontin 1969
cited in Beisner et al. 2003) in reference to communities of organisms (Beisner et al.
2003). According to Beisner et al. (2003), the concept of alternative stable states is
being used in ecology in two ways: first, it refers to stability in population ecology
(Lewontin 1969 and Sutherland 1974 cited in Beisner et al. 2003). In models of
population ecology, the environment is in a fixed state where the biotic community
has “different stable configurations” and secondly, the ecosystem perspective focuses
on the effects of environmental change (May 1977 cited in Beisner et al. 2003). The
variables and characteristics of the communities or ecosystemswill persist in different
possible arrangements, contributing to an alternate stable state (Beisner et al. 2003).

Therefore, if an ecosystem is resilient, it may enter into an alternative stable state,
but if resilience is reduced by for example limiting species redundancy, reducing
response diversity or human made pressures, the ecosystem may abruptly shift to
a less desirable state (Folke et al. 2004), due to the fact that it may have reached a
tipping point. The scientific community still debates when a different state can be
named alternative but it is agreed that identification of critical variables and how they
are affected requires a thorough understanding of species interactions and feedbacks
between the biotic and abiotic elements of the ecosystem (Beisner et al. 2003). Thrush
et al. (2009) suggest the following indicators for implications of disturbances orwhen
there is a risk of regime shift (see also Chap. 2 on tipping points for case specific as
well as more general indications):

• Communities are homogenising
• The complexities of food webs decrease
• Diversity within functional groups decreases
• Biogenic habitat structure decreases
• Size of organisms decreases
• Decrease in abundance of key species or key functional groups
• Changes in productivity
• Changes in recruitment and juvenile mortality
• Changes in the timing of events which lead to a decoupling of processes.

In order to further unravel the concepts of vulnerability and resilience and at the
same time exploit the potential of the latter, it is recommended to shift the use of
the resilience concept from an analytical category (related to ecosystem stability or
maintenance of ecosystem services) to a guiding concept of the design of resilient
socio-ecological systems. In vonGleich andGiese (2019) corresponding construction
principles are listed.
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Summary

The prospective analysis of the vulnerability of ecosystems is an extremely demand-
ing task considering the necessary knowledge about the elements of an ecosystem
and their interaction. According to the current state of research, the vulnerability of
an ecosystem is dependent on three main criteria: The magnitude of exposure, the
system’s sensitivity and its adaptive capacity. Thus, an ecosystem can be considered
vulnerable when the magnitude of its exposure is high, its sensitivity is high and its
adaptive capacity is low. For each of the three criteria, factors could be identified that
significantly influence the impact of a stressor (such as a GDO) on an ecosystem.

In the context of an event-based vulnerability analysis, the categories exposure,
sensitivity and adaptive capacity are used to assess the vulnerability of an ecosystem.
However, the large number of potentially relevant factors in question can only be
partially assessed within the framework of an event based vulnerability analysis.

If an event-based analysis is hindered by lack of knowledge about potential stres-
sors and their possible impacts, a structural analysis of vulnerability can give first
hints on weak points, tipping points and critical elements and the general suscep-
tibility of the potentially affected ecosystem to stress. For a structural analysis it
is assumed that all elements and relations of the system are subject to stress. The
focus is then on the question which of these elements or relations would most likely
give way in case of perturbance. Subsequently, it has to be investigated whether a
possibility can be identified that a specific stressor like a GDO is able to negatively
influence the identified critical elements, relations or weak points.

However, beyond the described indicators that should help to assess the poten-
tial vulnerability of an ecosystem, the system’s fate is determined by its resilience,
a capacity that not only comprises a conservation of structure integrity because it
includes the capability for a reorganization of the affected system as well. But reorga-
nization may thereby lead to alternative stable states which may have a less desirable
character for humankind.

In the following chapters on case studies some elements of a prospective vul-
nerability analysis are performed, by the ecological characterisation of olive flies
and oilseed rape (also regarding gene flow within and between species) and by the
modelling of dispersal and invasiveness. However, these studies can only be seen as
preliminary approaches whose value is not least an identification of the knowledge
gaps that have to be filled before a more comprehensive analysis of vulnerability is
possible.
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Chapter 4
Case Study 1: Olive Fruit Fly (Bactrocera
oleae)

Merle Preu, Johannes L. Frieß, Broder Breckling and Winfried Schröder

Population Biology

The olive fruit fly Bactrocera oleae (Rossi) (Diptera, Tephritidae) (former name:
Dacus oleae) is a phytophagous insect associated to olive trees (Olea europaea,
Oleaceae).With its larvae feedingmonophagously onolive fruits, thefly is considered
the most severe pest of olive cultivation causing tremendous economic losses. The
current distribution of B. oleae encompasses the Mediterranean basin, Africa, the
Canary Islands, theMiddle East, California andCentralAmerica (Daane and Johnson
2010; Nardi et al. 2005).

Phenology

Female olive fruit flies oviposit their eggs underneath the skin of ripening olive fruits
(Nardi et al. 2005). Usually only one egg per fruit is laid, a process taking six to
13 min (Christenson and Foote 1960; Genç and Nation 2008a; Gutierrez et al. 2009).
Studies found that females lay an average of four to 19 eggs per day and a total of
200–350 eggs in their lifetime (Genç and Nation 2008b; Kokkari et al. 2017; Sharaf
1980; Tsiropoulos 1980). To this end, undamaged and unripe olive fruits are preferred
for oviposition (Genç andNation 2008b; Yokoyama andMiller 2004). After hatching
inside the fruit, larvae feed monophagously on the pulp and pass through three instar
stages to complete larval development (Daane and Johnson 2010; Sharaf 1980). Prior
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to pupation, the last instar leaves the fruit, drops to the soil and pupates at a depth
of one to nine centimetres (Dimou et al. 2003; Sharaf 1980). When conditions are
favourable, e.g. during summer, pupation may also take place inside the olive fruit
(Dimou et al. 2003; Sharaf 1980). Finally, mature adults emerge from the exuviae of
the pupa.

Over the course of a year, the olive fruit fly exhibits three to five overlapping gen-
erations with seasonal fluctuations of fly densities (Boccaccio and Petacchi 2009;
Comins and Fletcher 1988; Kokkari et al. 2017; Pontikakos et al. 2010; Voulgaris
et al. 2013). The population dynamics of a Mediterranean population and phenolog-
ical characteristics of investigated B. oleae populations are summarized in Table 4.1.
In the Mediterranean, B. oleae eggs first appear in August, with a peak of ovipo-
sition occurring in mid-October (Bento et al. 1999; Kapatos and Fletcher 1984;
Petacchi et al. 2015). Larvae are observed from the end of August and pupation
was recorded from the middle of September onwards (Bento et al. 1999). However,
life stage-specific developmental times and thus B. oleae population dynamics may
considerably vary between locations and are strongly driven by climatic conditions
(Marchi et al. 2016; Ordano et al. 2015).

While B. oleae may be able to even lay eggs in fall and early winter in mild
environments (Castrignanò et al. 2012; Petacchi et al. 2015), harsh winter conditions
induce overwintering for populations in most Mediterranean regions. The fly over-
winters in its adult- or, more commonly, in its pupa-stage in the soil (Kapatos and
Fletcher 1984; Neuenschwander et al. 1981; Sharaf 1980). Low winter temperatures
regularly cause extremely high mortalities (Table 4.2), with reductions of the adult
population of up to 99.7% (Arambourg and Pralavorio 1970; Bigler and Delucchi
1981; Gonçalves et al. 2012). A maximum of two flies per tree was determined to be
the overwintering population in a Greek olive orchard (Krimbas and Tsakas 1971).
Pupae disappear in high quantities of up to 98.5% over the winter (Arambourg and
Pralavorio 1970; Gonçalves et al. 2012). Consequently, B. oleae is assumed to fre-
quently go through a bottleneck during winter (Ochando and Reyes 2000). Since
all populations in the same area suffer the bottleneck more or less simultaneously,
a recolonization by surrounding populations is unlikely (Ochando and Reyes 2000).
The spring population consists of the surviving adults, insects arising from overwin-
tering pupae or individuals produced from a spring infestation of unharvested fruits
or wild occurring olive trees (Economopoulos et al. 1982; Marchini et al. 2017).

Population Characteristics

In order to assess the inheritance of genetic features, certain qualities of the regarded
population need to be considered. Therefore, this section reviews two important
aspects determining gene propagation in B. oleae populations: sex ratio and mating
behaviour.
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Table 4.2 Overwintering
mortalities of different life
stages of Bactrocera oleae
reported in the literature

Life stage Overwintering
mortality (%)

References

Immature stages 98.5 Gonçalves et al.
(2012)

62.2–91.3 Bigler and Delucchi
(1981)

Adults 98.5–99.7 Arambourg and
Pralavorio (1970)

Sex Ratio

Trap catches constitute the major data source for population analyses of the olive
fruit fly. The attractiveness of traps to olive fruit flies varies over the course of a year
(Neuenschwander and Michelakis 1979a) with different effects of various trap sys-
tems (e.g. pheromone based traps, food odours) on the two sexes (Economopoulos
and Stravropoulou-Delivoria 1984; Neuenschwander and Michelakis 1979a). These
aspects need to be considered when looking at trap-determined sex ratios of wild
populations. However, most studies report a sex ratio close to 1:1 (Ant et al. 2012;
Moore 1962; Speranza et al. 2004). Katsoyannos and Kouloussis (2001) observed a
slightly higher number of males (52.2% males) captured on coloured spheres over
the course of two years and a total of 7518 flies. In contrast to these observations,
in laboratory trials, adults emerged with a ratio of 1:2 (male:female) from reared
larvae (Genç and Nation 2008b). Compared to trap catches, the knock-down method
or so-called “sondage” (use of insecticides) is considered to be a relatively unbi-
ased method for population analyses. With this technique, Neuenschwander and
Michelakis (1979a) demonstrated that the sex ratio of wild populations stays closer
to 1:1 than is suggested by trap catches.

Mating Behaviour

After emergence from the pupa, adults complete gonad maturation and reach sexual
maturity within three to eight days (Canale et al. 2012; Mazomenos 1984). After
mating, females remain unreceptive to further mating for a few days or weeks and
store the received semen until ovulation (Solinas andNuzzaci 1984; Tzanakakis et al.
1968; Zervas 1982). Studies demonstrated that female B. oleae are oligogamous,
mating only one to three times (Zervas 1982; Zouros and Krimbas 1970). Zouros
and Krimbas (1970) demonstrated monogamy for a vast proportion of female flies
and estimated a frequency of 17% for female polygamy (Zouros and Krimbas 1970).
In contrast to these findings, males are polygamous, mating daily when receptive
females are available (Zervas 1982).

Strong intraspecific competition and sexual selection was observed for olive fruit
flies (Benelli 2014; Benelli et al. 2012, 2013, 2015). Competition among male flies
occurred for single leaf territories suitable for courtship display (wing vibration),
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whereas females competed for oviposition sites (Benelli 2014; Benelli et al. 2012).
Aggressive behaviour was expressed by wing waving, fast running towards the
opponent, pouncing and boxing on the head and thorax of the foe (Benelli 2014).

Environmental Tolerances

The life cycle of Bactrocera oleae is closely linked to environmental conditions, in
particular to local climatic conditions (Fletcher et al. 1978). This section gives an
overview on the two main climatic factors impacting the development of the olive
fruit fly in Mediterranean regions: temperature and relative humidity.

Temperature

Local temperature is a major driver of olive fruit fly development and a determinant
of the population dynamics (Marchi et al. 2016; Ordano et al. 2015). Consequently,
many models on B. oleae phenology and population evolution are driven by local
temperature data. For this, comprehensive knowledge on the effect of temperature
on survival and development of different life stages of B. oleae is indispensable. A
number of scientific studies have assessed temperature-dependent mortalities and
developmental times of the olive fruit fly, e.g. in laboratory trials, the summarized
data is displayed in Tables 4.3 and 4.4. In general, high mortalities of the fly are
observed at high summer temperatures and at low temperatures over the winter
months (Gonçalves et al. 2012). Thus, temperature conditions of the previous seasons
were found to determine the rate of B. oleae infestation (Marchi et al. 2016). Mild
winters are characteristically followed by high olive fruit fly infestations (Marchi
et al. 2016).

Strong temperature effects have been observed on the reproduction of Bactro-
cera oleae (Tzanakakis and Koveos 1986). No ovarian development was observed
at temperatures lower than 12 °C (Fletcher and Kapatos 1983). The upper matura-
tion threshold was found to be 29.3 °C, with very few females maturing at 29 °C
(Fletcher et al. 1978; Fletcher and Kapatos 1983). In some Mediterranean regions,
these temperature requirements annually cause two periods when no reproduction
occurs: during the winter months and at the beginning of summer, a period character-
ized by high temperatures and low humidity (Economopoulos et al. 1982; Fletcher
et al. 1978). In mild climates, however, B. oleae might even be actively reproducing
in winter (Economopoulos et al. 1982).

Relative Humidity

The development of Bactrocera oleae, i.e. longevity, maturation and survival, is
strongly correlated with relative air humidity (Broufas et al. 2009; Broumas et al.
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Table 4.3 Temperature-dependent mortalities of Bactrocera oleae life stages reported in the
scientific literature

Life stage Temperature (°C) Mortality (proportion of
population)

References

Egg 8 No hatching Tsiropoulos (1972)

10–30 <20% Tsiropoulos (1972)

16 45–51% Genç and Nation (2008a)

22 27–33% Genç and Nation (2008a)

25 13–31% Sánchez-Ramos et al. (2013)

27 13–26% Genç and Nation (2008a)

35 98% Genç and Nation (2008a)

35 No hatching Tsiropoulos (1972)

Larvae 10 100% Tsitsipis (1980)

16 38–63% Genç and Nation (2008a)

22 18–47% Genç and Nation (2008a)

27 10–31% Genç and Nation (2008a)

32.5 100% Tsitsipis (1980)

35 92–94% Genç and Nation (2008a)

Pupae 12.5 15.8% Tsitsipis (1980)

16 44–70% Genç and Nation (2008a)

22 26–56% Genç and Nation (2008a)

27 18–37% Genç and Nation (2008a)

30 48% Tsitsipis (1980)

35 No development Genç and Nation (2008a)

Adult 16 53–76% Genç and Nation (2008a)

22 31–64% Genç and Nation (2008a)

27 25–50% Genç and Nation (2008a)

35 No development Genç and Nation (2008a)

2002; Fletcher et al. 1978). Especially long life spans of adult flies have been observed
in high air humidity (Broufas et al. 2009). A summary of the effect of humidity on
different life parameters of B. oleae is displayed in Table 4.5. Humidity may also
impact the effectiveness of specific trapping systems for fly monitoring (Bueno and
Jones 2002; Mazomenos et al. 2002).

Dispersal Dynamics

Scientists have utilized various techniques to determine the dispersal potential of
adult olive fruit flies, ranging from traditional capture–recapture experiments and
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Table 4.4 Temperature-dependent development of Bactrocera oleae as reported in scientific
literature

Stage Temperature (°C) Developmental time/Life
span

References

Egg 10 3 days Tsitsipis (1977)

15 1 day Tsitsipis (1977)

16 11 days Genç and Nation (2008a)

20 1 day Tsitsipis (1977)

22 4 days Genç and Nation (2008a)

24 2 days Genç and Nation (2008b)

25 1 day Tsitsipis (1977)

27 3 days Genç and Nation (2008a)

30 1 day Tsitsipis (1977)

35 2 days Genç and Nation (2008a)

Larvae 12.5 37 days Tsitsipis (1980)

15 25 days Tsitsipis (1980)

20 15 days Tsitsipis (1980)

16 33 days Genç and Nation (2008a)

22 14 days Genç and Nation (2008a)

25 10 days Tsitsipis (1980)

25 7 days Neuenschwander and
Michelakis (1979b)

27 11 days Genç and Nation (2008a)

30 10 days Tsitsipis (1980)

35 5 days Genç and Nation (2008a)

Pupa 12.5 49 days Tsitsipis (1980)

14 34.5 days Tsiropoulos (1972)

15 35 days Tsitsipis (1980)

16 28 days Genç and Nation (2008a)

20 15 days Tsitsipis (1980)

22 12 days Genç and Nation (2008a)

25 10 days Tsitsipis (1980)

25 13 days Tsiropoulos (1972)

27 8 days Genç and Nation (2008a)

30 9 days Tsitsipis (1980)

35 No development Genç and Nation (2008a)

Adult (male) 25 47 days Sánchez-Ramos et al.
(2013)

Adult (female) 25 34 days Sánchez-Ramos et al.
(2013)

25 19–31 days Broufas et al. (2009)
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Table 4.5 Life parameters of Bactrocera oleae depending on relative humidity as reported in
scientific literature

Relative
humidity

Temperature Longevity Proportion
of mature
females
(%)

Mean
number
of eggs
per
female

Egg
hatching
(%)

References

12 25 °C 19 days 4 109 12 Broufas
et al. (2009)33 34 days 41 215 77

55 48 days 61 444 82

75 50 days 67 581 86

94 31 days 92 234 87

<90 20 °C 0 Tsitsipis
and Abatzis
(1980)

95 72

100 97

performance analyses on flight mills to the use of molecular techniques. This section
provides a literature review in order to provide data appropriate for dispersal mod-
els. Experimentally determined maximum and typical dispersal distances as well as
observed impacts of laboratory treatments and genetic parameters are summarized
for Mediterranean Bactrocera oleae populations.

Dispersal Distances

In suitable environmental conditions, non-dispersive movements are assumed for
adult olive fruit flies (Remund et al. 1976), with typical distances of 180–190 m
overcome within two weeks (Fletcher and Economopoulos 1976; Fletcher and
Kapatos 1981). Radioactive labelling revealed that the major proportion of a wild
B. oleae population did not disperse further than 1000 m within one month and no
migration was observed (Pelekassis et al. 1963). However, extreme conditions, such
as high population densities (overcrowding) or lack of oviposition sites, might induce
long distance dispersal of olive fruit flies (Economopoulos et al. 1978; Fletcher and
Kapatos 1981; Remund et al. 1976). A release experiment by Fletcher and Kapatos
(1981) illustrates this situation for B. oleae populations on Corfu, Greece. After
release to a grove with no new season crop, flies travelled more than 400 m during
the first seven days, but only dispersed over 180 m when 30% of olives in the release
grove bore fruit (Fletcher and Kapatos 1981). Maximum dispersal distances for
B. oleae reported in the literature range from 4000 to 5000 m (Economopoulos et al.
1978; Pelekassis et al. 1963; Remund et al. 1976). A summary of dispersal distances
recorded in scientific studies is displayed in Table 4.6.
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Table 4.6 Dispersal distances of Bactrocera oleae in the Mediterranean region

Distance (m) Conditions Duration Survival (%) References

50 Irradiated
laboratory-reared olive
fruit flies

Rempoulakis and Nestel
(2012)

60 Laboratory-reared flies
(olive diet)

Economopoulos et al.
unpubl., reported in
Remund et al. (1976)

180 30% fruit crop in release
grove

1 week Fletcher and Kapatos
(1981)

180–190 Suitable environmental
conditions,
laboratory-reared flies

2 weeks 13 Fletcher and
Economopoulos (1976)

400 No fruit crop in release
grove

1 week Fletcher and Kapatos
(1981)

<1000 Wild flies,
semi-mountainous olive
grove, Greece, 86% of
population dispersed up
to 1000 m

35 days Pelekassis et al. (1963)

1000–2500 Wild flies,
semi-mountainous olive
grove, Greece, 10% of
population dispersed
1000–2500 m

35 days Pelekassis et al. (1963)

2000 Wild flies, closest olive
grove 2000 m distance

<1 Economopoulos et al.
(1978)

2000 Artificially-reared flies,
closest olive grove
2000 m distance

<1 Economopoulos et al.
(1978)

2000–3000 Overcrowding,
laboratory-reared flies
(olive diet)

Economopoulos et al.
unpubl., reported in
Remund et al. (1976)

4000 Wild and
artificially-reared flies,
closest olive grove
2000 m distance

<1 Economopoulos et al.
(1978)

2500–4300 Wild flies,
semi-mountainous olive
grove, Greece, 4% of
population dispersed
2500–4300 m,
maximum dispersal
distance

35 days Pelekassis et al. (1963)

3000–5000 Laboratory-reared flies
(olive diet)

Economopoulos et al.
unpubl., reported in
Remund et al. (1976)
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The flight potential of B. oleae is likely to vary with fly characteristics, e.g. fly
age and sex. Remund et al. (1976) determined flight performance by means of flight
propensity, number of flights and total distance flown for laboratory-reared B. oleae
on flight-mills. The authors observed a threefold increase of the distance overcome
by 14-day-old adult flies compared to their 2-day-old conspecifics. At the same time,
females displayed a higher flight capacity with regard to all parameters assessed than
their male counterparts. This effect of fly sex, however, was not detected in a release
experiment by Fletcher and Economopoulos (1976).

Some strategies to reduce population densities of B. oleae in the Mediterranean
area depend on the release of laboratory-reared individuals that have been sterilised
by irradiation treatments. As a consequence, experimenters investigated the impact
of laboratory-rearing as well as different rearing conditions on the fly’s dispersal
potential, assessing both non-sterilised and sterilised specimens. Based on results of
field experiments, Fletcher and Economopoulos (1976) suggested greater dispersal
distances for wild-compared to laboratory-reared olive fruit flies. In their experiment,
no additional negative impact of the irradiation procedure of laboratory-reared B.
oleaewas observed. Remund et al. (1976) found a significant impact of diet on flight
performance of olive fruit flies. Compared to individuals reared on an artificial diet,
flies feeding on olives flew 2–3 times greater distances (Remund et al. 1976).

Genetic Variability and Gene Flow

Genetic parameters of Bactrocera oleae indicate a high degree of genetic variability
for Mediterranean populations, as displayed by polymorphism and the number of
alleles per locus (Augustinos et al. 2005; Ochando and Reyes 2000; Segura et al.
2008). Compared to polyphagous fruit flies, a lower genetic variability was expected
forB. oleae due to its high host specialization.However, actual genetic variabilitywas
comparable or even higher (Augustinos et al. 2005; Ochando andReyes 2000). At the
same time, analyses detected more variability within than among Mediterranean B.
oleae populations, indicating the occurrence of gene flow among these populations
(Segura et al. 2008). In the regarded studies, gene flow (Nm, with N as the effective
population size and m as the net migration rate per generation) was estimated after
Wright (1931). Despite the relatively short regular dispersal distances of B. oleae
individuals observed in field experiments, molecular analyses indicate a high level
of gene flow among Mediterranean populations (Augustinos et al. 2005; Ochando
and Reyes 2000; Segura et al. 2008). Gene flow was as high as Nm = 8.9 between
different populations from Spain that were separated by hundreds of kilometres of
dry climate (Ochando and Reyes 2000). According to Wright (1931), an Nm equal
to 1 would be sufficient to prevent differentiation among populations. In addition
to ecological dispersal, social-ecological aspects, such as trade with olive cultivars,
have to be considered as potential source of gene flow (Augustinos et al. 2005; Segura
et al. 2008).
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With regard to the fly’s dependence on its olive host and its winter disappearance,
a high potential for the occurrence of bottlenecks was acknowledged in different
studies (Augustinos et al. 2005; Ochando and Reyes 2000). As bottlenecks might
result in inbreeding, heterozygote deficiency detected in Spanish fly populations sub-
stantiated this assumption (Ochando and Reyes 2000). An interesting result was an
inhomogeneity of genetic variability among loci, which indicates selective processes
(Augustinos et al. 2005). Natural selection due to agricultural practices may be the
factor responsible for the pattern of genetic variability (Ochando and Reyes 2000).

Eggs

Hosted underneath the olive’s epidermis, B. oleae eggs are protected from most
natural enemies (Bateman 1972; Daane and Johnson 2010). However, predation
may occur by birds feeding on whole olives, such as thrushes (Bigler et al. 1986;
Neuenschwander et al. 1983), or by the midge Prolasioptera berlesiana (Kalaitzaki
et al. 2014). Larvae of the latter occur in olive punctures infested with the fungus
Macrophoma dalmatica and were observed to destroy olive fly eggs (Solinas 1967).
Recognized as a so-called biocomplex, relationships and potential dependencies
between B. oleae,M. dalmatica and P. berlesiana have extensively been studied and
tested for the use in biological pest management. Even though olive fly oviposition
holes appear to be themain entrance for the fungus aswell as for themidge (González
et al. 2006;Neuenschwander et al. 1983), neither of the insects plays an important role
as disseminating agent ofM. dalmatica spores (Harpaz andGerson 1966). According
to Neuenschwander et al. (1983) P. berlesiana oviposition immediately followed B.
oleae attacks. The midges may, to a minor extent, prey on olive fly eggs and young
larvae, but rely on fungal diet for survival (Harpaz and Gerson 1966; Solinas 1967).
Maximum B. oleae egg mortality induced by P. berlesiana was estimated at 30–
50% for Cretan populations (Neuenschwander et al. 1983). Overall predation of
eggs, however, is low, with 0–6% predation-induced egg mortality determined for
traditional groves in Portugal (Gonçalves et al. 2012).

Larvae

After hatching, B. oleae larvae feed monophagous on the pulp of their olive hosts
(Daane and Johnson 2010).Within the tissue of an unripe fruit, olive fruit flies depend
on the presence of symbioticmicroorganisms for growth and survival (Bateman1972;
Ben-Yosef et al. 2010, 2014). The identity of the fly’s symbiotic microflora is in the
focus of scientific controversy. For many decades a mutualistic relationship with the
extracellular bacterium Pseudomonas savastanoi has been suspected (Hagen 1966).
However, most recently discovered associations involve the bacterium Acetobacter
tropicalis (Kounatidis et al. 2009) and the before undescribed gut bacterium Can-
didatus Erwinia dacicola, which was numerically dominant inhabitant of the fly’s
oesophagus bulb (Ben-Yosef et al. 2014; Capuzzo et al. 2005; Estes et al. 2009;
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Sacchetti et al. 2008). Based on the absence of Ca. E. dacicola in other investigated
tephritids and the peculiar morphological structure of the bacteria-hosting oesopha-
gus bulb of B. oleae, Capuzzo et al. (2005) proposed a coevolution of B. oleae with
Ca.E. dacicola.A total of 16 different bacteria were found to be associated with wild
olive flies in Greece, displaying varying bacteria compositions between generations
of the same year (Tsiropoulos 1983). It is important to note, that a lower number
of different bacteria, as well as a reduced compositional variability was detected in
laboratory-reared olive flies (Tsiropoulos 1983).

Life Stages at the Soil

Life stages associated to the soil, such as late instar larvae, pupae and emerging
adults, are most exposed to predation (Bateman 1972; Daane and Johnson 2010).
Common predators at the soil surface are arthropods like beetles, myriapods and
ants (Daane and Johnson 2010; Neuenschwander et al. 1983). Ants are considered to
play a major role in the destruction of B. oleae developmental stages. Individual ants
or groups are capable of transporting B. oleae to the nest, eventually damaging their
prey (Neuenschwander et al. 1983). Ants were also reported to be the main predators
of B. oleae pupae in recently invaded habitats in California (Orsini 2006; Orsini et al.
2007). Additionally, food searching birds, e.g. the black bird (Turdus merula), the
robin (Erithacus rubecula) or the starling (Sturnus vulgaris), may destroy life stages
of B. oleae on the soil surface (Neuenschwander et al. 1983). Pupae removal by birds
can account for up to 70%, depending on orchard type (Bigler et al. 1986).

Adults

In contrast to their monophagous larvae, adults of B. oleae feed on a variety of
organic sources, including insect honeydews, plant nectar and pollen, fruit exudates,
bird dung, bacteria and yeast (Christenson and Foote 1960; Daane and Johnson 2010;
Tsiropoulos 1977). As a result, adult olive flies may be found in vegetation other than
olive trees, e.g. walnut, apple or plane trees (Economopoulos et al. 1982). Despite
this range of food sources, the diet of B. oleae may be poor or unbalanced in its
amino acid composition (Ben-Yosef et al. 2010). Experimental evidence suggests
that the gut symbiontic bacterium Ca.E. dacicola, that was present in all life stages
of B. oleae (Estes et al. 2009) enables adult olive fruit flies to utilize non-essential
amino acids and urea as a source of nitrogen (Ben-Yosef et al. 2010, 2014). The
authors proposed that B. oleae depends on the symbiont for protein synthesis and
egg production.

Birds as well as cursorial and web spiders are considered to be important preda-
tors in olive orchards, capable of suppressing B. oleae population densities (Bigler
et al. 1986; Picchi et al. 2016). These predators were found to be considerably more
numerous aroundorganic olive orchards compared to conventionallymanaged groves
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Fig. 4.1 Schematic representation of the ecological network of the olive fruit fly Bactrocera oleae

(Bigler et al. 1986; Picchi et al. 2016, 2017). However, the general lack of scien-
tific literature on further potential predators of adult olive flies and predation rates
highlights avenues for future research.

The life stages of B. oleae and interspecies relations are depicted in Fig. 4.1.

Competition for Olive Fruits

A number of olive tree pests have been identified besides the olive fruit fly. A com-
prehensive list of pests and diseases occurring on the Maltese Islands is provided by
Haber and Mifsud (2007). The authors report different species of insects and erio-
phyid mites, as well as fungal and bacterial diseases. Most of these species occur
primarily on leaves, stems and fresh shoots of the trees (Haber and Mifsud 2007;
Martin et al. 2000), which indicates a rather low potential for direct competition
for olive fruits with B. oleae. However, some hemiptera species also directly impact
olive fruits, e.g. Pollinia pollini, Aspidiotus nerii, Hemiberlesia rapax, Leucaspis
riccae (Alford 2014; Daane et al. 2005; Haber and Mifsud 2007). Even though these
species do not penetrate the olive fruit skin, potential surface modifications might
impede oviposition by B. oleae. In general, no literature references could be detected
concerning the fly’s competition with other olive pests.
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At the same time, different studies highlight aggressive intraspecific interactions
for adult olive fruit flies (Benelli 2014; Benelli et al. 2013, 2015). The intense intra-
specific competition indicates that geneticallymodifiedflies,whichmight be released
for eradication purposes, need to be capable of competing with wild types in order
to mate and successfully spread the modified gene.

Potential Hazards with Regard to Gene Drive Release

Based on the ecological network analysis, a number of potential hazards, associated
to the release of gene drive-equipped olive fruit flies to wild populations can be
identified and are briefly discussed in this section.

Unintentional Long-Distance Transport of the Genetically
Modified Organism

A serious increase of exposure associated with the release of genetically modified
organisms is the potential for unintentional transport to non-target locations. Speci-
mensmight arrive in new locations via natural dispersal or by human agency. The lat-
ter bears potential for long-distance transport of the altered organism. In the receiving
habitat, the newcomermay become invasive or co-exist with related species, enabling
a potential transfer ofmodified genes across species boundaries. In this section poten-
tial pathways for long-distance transport of the olive fruit fly Bactrocera oleae are
evaluated.

There are three main vectors for unintentional long-distance transport of B. oleae:

• Transport of adult individuals
Living adult insect specimens might be transported as hitchhikers on aircrafts,
e.g. in the passenger area or within the airline baggage. A prominent example
of insect transport along this pathway is the commonly known airport malaria
(Isaäcson 1989). In a similar manner, also agricultural pests may travel by this
vector (Liebhold et al. 2006). The increase of public air traffic is expected to
enhance the chances of insect transport by this vector in coming decades.

• Transport of immature life stages within the olive host
The olive fruit fly undergoes egg and larval development within its olive fruit
host. During this time, transport of the fruit might, in favourable conditions result
in transport of the living insect to distant locations. Inspection records of 1962
indeed revealed that, within its host, the olive fruit fly arrived in the US via ships
and aircrafts (Rainwater 1963). Both transport of single olives or entire trees may
serve as a vector for unintentional introductions. Especially the trade of olive
cultivars may result in unintentional introductions of the olive fruit fly and was
suggested for the arrival of B. oleae in the New World (Nardi et al. 2005).
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• Transport of immature stages (larvae, pupae) within the soil
Life stages associated to the soil, such as larvae and pupae, may be transported
within their host material. Soil adhering to shoes of outgoing tourists or soil asso-
ciated to traded olive trees might serve as vector for immature stages of the olive
fruit fly.

Hybridization and Horizontal Gene Transfer Across Species
Boundaries

Ecological risk assessment for the release of gene drive-carrying organisms to natural
populations is urged to consider the risk of unintentional transfer of the altered gene
across species boundaries. Vertical inter-species transfer of altered genes will depend
on the organism’s ability to produce hybrids with related species.

Three fruit flies from the B. (subgenus Bactrocera) dorsalis complex (B. dorsalis,
B. papayae, and B. philippinensis) were found capable of cross-mating (Schutze
et al. 2013) and sperm transfer was observed betweenB. dorsalis andB. (Bactrocera)
carambolae in outdoor field cages (McInnis et al. 1999). For the olive fruit fly, no
studies testing the hybridization potential with related species were detected.B. oleae
belongs to the subgenus Daculus, a sister group to the subgenus Bactrocera (Smith
et al. 2003; Zhang et al. 2010). Hybridization trials should focus on the nearest
African congeners (Daculus), B. biguttula and B. munroi, which are also associated
withOleaceae (Copeland et al. 2004; Drew andHancock 2000) and exhibited amean
genetic divergence of 3.4% to B. oleae (Bon et al. 2016). Morphological features,
i.e. length of terminalia, pheromone composition and variation in courtship signals
might play a role formating compatibility (Iwaizumi et al. 1997; Schutze et al. 2013).

The classification ofTephritidae species and their geographic distribution is shown
in Fig. 4.2.

Ecological Niche Filling by Other Species

The declared aim of planned releases of gene drive-equipped insects is the local
suppression or eradication of pest species. However, after extinction, the vacant
ecological niche might be occupied by a related or competing species. In order to
assess this possibility for the case study of the olive fruit fly, potential competitors of
the olive fly were investigated. Despite the existence of other olive pests, no studies
could be detected on competition with other olive pests. As a consequence of this
potential lack of direct competitors, a genetically induced reduction in olive fruit fly
densities may be unlikely to cause another pest population to increase.
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Fig. 4.2 Classification and distribution of 17 Tephritidae species. Adapted from Bonizzoni et al.
(2007)

The close co-evolution ofB. oleaewith symbioticmicroorganisms,which is essen-
tial for its development inside an unripe fruit, already indicates that the ecological
niche of the olive fruit fly might not easily be occupied by another organism.

Concluding Remark

With regard to its physiological and ecological characteristics, the olive fly can be
considered a prototypic case to discuss the implications of SPAGE application in
an economically significant, European context. Furthermore, B. oleae is a suitable
candidate for a potential target organism in suppression drives, as it already has been
the object of pest control efforts for several decades. Compared to other cases, the
narrow specialisation and the involved network of ecological relations make this
case relatively easy to survey. It appears well suitable to expand risk assessment
experience with a wild species with a high dispersal potential, high rates of gene
flow and even some risk of hybridisation with related species. It is easy to study
under laboratory conditions and reproduces quickly. This case study revealed that
uncertainties exist with regard to the dispersal capacity of gene drive-bearing olive
flies, as well as concerning the high gene flow between different populations and
most importantly with regard to the population bottlenecks that regularly occur in
winter. These would significantly increase or decrease genetic variability between
subpopulations and thereby severely jeopardize the intended outcome of any SPAGE-
application. Nevertheless, there remain significant knowledge gaps in particular on
the role of relations to symbiotic and other microflora and wider aspects of the
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ecological relations. However, experience gained in the study of this species can be
useful to compare assessments of organisms with a more complex or more difficult
to survey life cycles for which gene drive applications are discussed.

The Control of pest populations is one of the main objectives for possible SPAGE
applications. The olive fly, as the main pest in olive cultivation poses a good example
of a potential target organism in a European context. This case study revealed that
uncertainties exist with regard to the dispersal capacity of gene drive-bearing olive
flies, as well as concerning the high gene flow between different populations and
most importantly with regard to the population bottlenecks that regularly occur in
winter. These would significantly increase or decrease genetic variability between
subpopulations and thereby severely jeopardize the intended outcome of any SPAGE-
application. In summary, it can be said that the naturally occurring variability, in
contrast to comparatively homogeneous laboratory conditions, leads to considerable
and easily underestimated uncertainties about possible post-release effects. This is
further exemplified in the stochastic model concerning winter bottlenecks and the
individual based model, explored in Chap. 6. These models clearly show that even
with a highly efficient gene drive, fluctuations in a single ecological factor may lead
to vastly different outcomes.
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Chapter 5
Case Study 2: Oilseed Rape (Brassica
napus L.)

Johannes L. Frieß, Broder Breckling, Kathrin Pascher
and Winfried Schröder

Intention and Scope of the Case Study Oilseed Rape
(Brassica napus)

SPAGE (Self-Propagating Artificial Genetic Element) technologies allow for a pro-
liferation of genetic information on the population level at a higher rate than usual
Mendelian inheritance. Currently projected developments of SPAGE mainly aim at
a reduction or suppression of animal populations which are considered to be harmful
or undesirable (Oye et al. 2014). However, the application of SPAGE is not lim-
ited to animals only. In principle, also plant populations can be targeted (National
Academies of Sciences 2016). The GeneTip case study on oilseed rape (Brassica
napus) is intended to assess, which interactions play a role in a plant-specific context
to address relevant ecological interactions that need to be fully explored in order to
estimate potential risks. For such an assessment, oilseed rape is of particular interest
though no application developments are known to be currently on the way. Apart
from that, first experiments for instance increased shatter resistance to avoid seed
loss during harvest are already in development (Braatz et al. 2017).

Brassica napus exhibits relatively well studied environmental interaction types
that are prototypic for many other plants, in particular addressing relations of cul-
tivation and genetic exchange with feral and weedy species (Landbo et al. 1996;
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Pascher et al. 2006, 2010, 2017). It is one of the species that has its centre of ori-
gin in Europe, and thus a specific responsibility of the European Union to secure
sustainability conditions for related wild species may be implied. An analysis of
the environmental network of oilseed rape helps to understand the context that is of
comparable importance with the prerequisites for various other plant species.

Oilseed rape exemplifies the following risk relevant relations:

The plant is a main crop in Central European areas with significant economic value.
It is traded world-wide to a relevant economic extent. Oilseed rape has a variety
of technical uses including biodiesel or lubricant for industrial machinery (Moser
et al. 2013). It is most widely applied for food (e.g. edible oil, honey) as well as
in animal feed (Sarwar et al. 2013). The pollen of the plant is dispersed over very
large distances by wind and insects, in rare cases even up to 26 km (Devaux et al.
2005; Ramsay et al. 2003). Not only does oilseed rape frequently grow as a volun-
teer and establish feral populations, it also forms seed banks, which are viable for
up to 15–20 years (D’Hertefeldt et al. 2008; Lutman 1993; Schlink 1998a, b). Its far
reaching spatio-temporal spread and persistence is further coupled with a remark-
able extent of hybridisation potential to a large number of related species within
the Brassica genus and partly even to other genera such as Raphanus, Sinapis and
Erucastrum (Chèvre et al. 2004). Gene flow is rather well studied and models on the
population dynamics exist (Colbach et al. 2001a, b; Habekotté 1997a; Middelhoff
et al. 2011). Furthermore, extensive studies on the occurrence of transgene escapees
from genetically modified (GM) oilseed rape cultivation and in countries without
cultivation of GM oilseed rape have been conducted (Knispel and McLachlan 2010;
Simard et al. 2005; Warwick et al. 2003, 2008; Yoshimura et al. 2006). It was also
shown, that a self-organised formation of gene stacking can occur in the wild, accu-
mulating unassessed combinations of transgenes even within a very short period
of time (Hall et al. 2000; Warwick et al. 2008). Beyond that, there is a still largely
unknown hybridization network to othermembers of the Brassicaceae family, involv-
ing bridge species (Eschmann-Grupe et al. 2003; Sobrino-Vesperinas 1988). From
invasion biology it is known that plants can undergo an adaptation phase while they
persist unrecognised before they expand in range and frequency (cp. Prentis et al.
2008).

The intention of this case study is to consider and accumulate potential cause-
effect pathways to be studied in a plant context, which provides some differences
compared to animal application of SPAGE techniques.

Oilseed Rape—Biological and Ecological Characteristics

Brassica napus is an allotetraploid combination of its two diploid parent species
Brassica rapa and Brassica oleracea. As both wild parent species used to appear
on the coasts of the Atlantic Ocean and the North Sea, several records suggest that
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amphiploid oilseed rape forms derived from the crossbreeding ofB. rapa andB. oler-
acea have occurred several times at different sites and with different forms of diploid
parents (Song et al. 1990). Comparative genome analyses indicate that the diploid
species B. nigra, B. rapa and B. oleracea are derived from hexaploid ancestors.

The oldest archaeological documented findings of oilseed rape in Europe date
back to the thirteenth century. There is no evidence for a wild parental species of
the crop (Chalhoub et al. 2014). It is assumed that Brassica napus has its origin in
the Mediterranean, the common distribution area resulting in a B. napus geno- and
phenotype have been exemplified (Körber-Grohne 1995). Due to its origin, B. napus
is well adapted to the Mediterranean and central European climate conditions.

Although oilseed rape has characteristics of wild plants such as seed dormancy
and adaptation of seed germination capacity to the annual cycle, it does not exist as a
wild plant (Ammann and Vogel 1999). Janchen (1972), Adler et al. (1993) describe
oilseed rape as largely cultivation dependent, although long-term persistence of feral
populations has already been confirmed in several European countries (France: e.g.
Pessel et al. 2001;GreatBritain: e.g.Crawley andBrown2004;Germany: e.g.Menzel
2006; Austria: e.g. Pascher et al. 2010; Netherlands: e.g. Tamis and De Jong 2010).

Besides feral oilseed rapewhich grows on landfills, along roadsides, and in ruderal
sites, the so-called volunteer oilseed rape grows as a weed in fields in subsequent
crop rotations. This is due to the oilseed rape’s secondary dormancy allowing it to
remain in the seed banks for multiple years. Up to twelve volunteer oilseed rape
plants per 21.6 m2 were found by (Förster et al. 1998) on former oilseed rape fields
in subsequent crops. Thus, volunteers represent an essential factor which needs to be
considered in risk assessment of transgenic crop varieties (Pekrun et al. 1998). For
instance, 70% of the oilseed rape seeds stored in the soil were still able to germinate
after 1.5 years and up to 58% even after five years (Schlink 1998a, b, 1994). Due
to the secondary dormancy, germination capacity can even be maintained for more
than 10 years in deeper soil layers. Such high survival rates are otherwise achieved
only by weed seeds (Mayer et al. 1995).

Oilseed rape as a di-genomic species possesses the complete genomes of its two
parental species (Fig. 5.1). For this reason, various interspecific crosses with the
parental species proved to be successful in the past (Chen et al. 1988; Gland 1982).
Hybridisation of Brassica napus subsp. napus with other closely related species has
been demonstrated several times (e.g. Kerlan et al. 1992; OECD 1997; Scheffler and
Dale 1994). In order to successfully hybridise two species, the polyploidy level of
the female plant has to be at least as high as that of the male pollen donating plant.
Therefore, oilseed rape as a tetraploid plant often performs better as a pollen acceptor
than as a pollen donor in hybridisation events with related diploid species (Harberd
and McArthur 1980; Sikka 1940).

Allotetraploid hybridisation due to the double genomeof oilseed rape increases the
genetic variability which can occur in the resulting hybrids. Due to backcrossingwith
the parent species, new genes can be incorporated into the gene pool (introgression).
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Fig. 5.1 Relations of selected diploid and alloploid members of the genus Brassica. Adapted from
Nagaharu 1935

Profile: Oilseed rape, Brassica napus L. (Fig. 5.2).
Location: On agricultural land: under cultivation, and as a volunteer in subsequent
crop rotations. As feral plants on landfills, along roadsides, on fallow land, former
rapeseed fields. Mainly on fresh, nutrient- and alkaline sandy or loamy soils, deep soil
with sufficient water supply.
Life form: annual to perennial.
Flower: In cultivation, the main flowering time of feral oilseed rape is between
March/April to June. Outside cultivation, flowering extends to October, sometimes
even later. Flowering usually lasts for about two to three weeks.
Fertilisation: Oilseed rape is self-compatible and high levels of self-pollination (up
to 70–80%) were described. Its brightly coloured petals, productive nectaries, the fra-
grance, the protogyny and the outwardly open anthers already indicate its potential for
cross-pollination, which is conferred by insects; wind pollination also occurs and is
responsible for pollen distributions over large distances up to 26 km (Ramsey et al.
2003).
Fruit: The fruits are up to 8 cm long and up to 4 mm thick, with a 1–2 cm long beak.
At the time of the harvest, there are about 30–50 plants per square meter in the field.
Each plant produces 7–10 lateral shoots and 120–200 pods.
Seeds: Each pod contains about 18–30 small, one millimetre large, spherical seeds.
Plants produce more than 1000–1400 seeds. Thousand grain weight (TGW) is approx.
5 g.
Germination:Germination is rapid and uniform. Seeds survive in the soil by secondary
dormancyvaries depending on the germination temperature, the light supply, the variety
and the season. B. napus is frost resistant down to about −15 to −20 °C.
Phenotypic plasticity:Depending on exposition, climatic conditions and nutrient sup-
ply, plants can considerably vary in height, branching and number of pods (between
one single up to several hundreds.

(profile adapted from Breckling et al. 2004).
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Fig. 5.2 Flowering oilseed rape

Production, Uses and Genetic Modification

Oilseed rape is one of the first crops of which genetically modified varieties were
grown on a large scale. Multiple varieties with various properties, in particular her-
bicide resistance have been developed. Genetically modified oilseed rape varieties
have been grown in the USA and Canada since 1996 (ISAAA 2017), and in Aus-
tralia since 2008 (James 2015). In the EU, albeit there have been 383 field trials in
11 countries,1 there are so far only approvals for import of GM oilseed rape as food
and feed, but not for commercial cultivation inside the EU. Table 5.1 lists the top
rapeseed producing countries concerning the mass and area of cultivated rapeseed.
If known, the estimated percentage of GM rapeseed is given.

Up until the 1970s, due to its high erucic acid and glucosinolate contents, oilseed
rape could hardly be used for consumption. Since 1974, however, LEAR-varieties
(low erucic acid rapeseed) with an erucic acid content below 2% became avail-
able. Developed in Canada, double low varieties with low erucic acid and almost
no glucosinolate contents were bred by traditional means (canola). This allowed the
increased use of the oil and seed protein feed for non-ruminating animals such as
pig and chicken. Next to the widely cultivated double low varieties, HEAR—(high
erucic acid rapeseed), HO—(high oleic acid), HOLLi—(High oleic, low linoleic),
and triple-zero varieties exist. The latter in addition to the low erucic acid and
glucosinolate contents, is also low in fibre content.

1https://gmoinfo.jrc.ec.europa.eu/overview-plants.aspx.

https://gmoinfo.jrc.ec.europa.eu/overview-plants.aspx
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Table 5.1 Top oilseed rape producers and cultivation areas in 2016 (FAOSTAT, ISAAA, USDA)

Country Produced rapeseed /tonnes Cultivated area /ha GMO Percentage

Canada 18,423,600 7,990,300 93%

China 15,281,624 7,614,543

India 6,797,000 5,762,000

France 4,727,961 1,550,720

Germany 4,579,600 1,325,700

Australia 2,944,000 2,357,000 23%

Poland 2,219,270 826,946

United Kingdom 1,775,000 579,000

United States 1,403,650 686,440 90%

Czech Republic 1,359,125 392,991

Romania 1,292,779 455,048

Ukraine 1,153,910 449,930

Russia 998,932 911,849

Hungary 608,700 222,085

Oilseed rape has a wide range of applications such as cooking oil, ingredient
of cosmetics but also pesticides, biofuels, etc. It is the third-largest used source of
vegetable oil in the world (USDA 2018) followed by soybeans and oil palms (Kumar
et al. 2007; Langhof and Rühl 2017).

Potential Hybridisation Partners

Besides oilseed rape’s capability to persist in the seed bank and re-emerge either as
feral or volunteer, the plant also has multiple potential hybridisation partners. With
decreasing likelihood of hybridisation according to a study in Austria (Pascher et al.
2000), these are:

Turnip Brassica rapa (feral): partental species
Cabbage Brassica oleracea (feral): parental species
Longstalked rape Brassica elongata
Brown mustard Brassica juncea
Black mustard Brassica nigra
Haddick Raphanus raphanistrum
Wild mustard Sinapis arvensis
White mustard Sinapis alba
Perennial wall-rocket Diplotaxis tenuifolia
Annual wall-rocket Diplotaxis muralis
Radish Raphanus sativus
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Garden rocket Eruca sativa
Watercress dogmustard Erucastrum nasturtiifolium
Hairy rocket Erucastrum gallicum
Steppe cabbage Rapistrum perenne
Shortpod mustard Hirschfeldia incana (formerly Brassica geniculata)
Annual bastardcabbage Rapistrum rugosum
Austrian hare’s ear mustard Coringia austriaca
Oriental hare’s ear mustard Conringia orientalis
Tatarian cabbage Crambe tataria (endangered species in Austria, only

one location of occurence)
Hedge mustard Sisymbrium spp

Additional species for single European countries are listed in Chévre et al. (2004).
A study from Belgium (Devos et al. 2009) established a gene flow index to evalu-
ate the introgessive hybridisation potential (IHP) of each relative. They conclude
that Brassica rapa as one of the parents of oilseed rape has the highest introgres-
sive hybridisation propensity (IHP value = 11.5), followed by Hirschfeldia incana
and Raphanus raphanistrum (IHP = 6.7), Brassica juncea (IHP = 5.1), Diplotaxis
tenuifolia and Sinapis arvensis (IHP = 4.5), in Flanders.

The following paragraphs take a closer look at some of the well-documented
hybridisation partners of oilseed rape most common in Germany.

Oilseed turnip (Brassica rapa)

Brassica rapa is not only a highly developed crop but also one of the oldest crops
that was grown by man. B. rapa ssp campestris is the wild form of todays culti-
vated turnip, a breeding source of a variety of crops. Compared to oilseed rape,
turnip (Fig. 5.3) has some morphological differences (Fischbeck et al. 1982). Since
B. napus (AACC) is an allotetraploid descendant of B. rapa (AA) and B. oleracea
(CC), spontaneous interspecific hybridisation between oilseed rape and turnip occurs
frequently. Spontaneous crosses have been observed under natural conditions, among
others by Stace (2010). Successful hybridisation has also been proven under con-
trolled as well as under field conditions in different countries: Canada, England,
Denmark, New Zealand, Australia, Czech Republic, (Bing et al. 1991; Jørgensen
et al. 1996; Jørgensen and Andersen 1994; Metz et al. 1997; Mikkelsen et al. 1996;
Scott and Wilkinson 1998).

Hybridisation is most successful when oilseed rape functions as the female parent
(Scheffler and Dale 1994), but crossings in both directions are possible (Becker
1951). Jørgensen and Andersen (1994) could show an interspecific hybridisation rate
of 9–93% in crossbreeding of Brassica napus and Brassica rapa. In hybridisation
experiments between oilseed rape and turnip it was found that all F1-hybrids were
morphologically similar to oilseed rape, but showed a reduced pollen fertility of
around 55% (Warwick et al. 2003). The introgression rate of herbicide resistance
genes from oilseed rape to turnip was observed to be low (Hansen et al. 2001;
Jørgensen 1999; Norris and Sweet 2002). Interspecific hybrids are able to backcross
with B. rapa as a female parent (Jørgensen et al. 1996; Mikkelsen et al. 1996).
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Fig. 5.3 As one of the most significant hybridization partners, Brassica rapa also occurs outside
cultivation at feral sites (Vechta 2019)

Haddick (Raphanus raphanistrum)

The haddick, also called wild radish, is native to Europe, Western Asia and parts
of Northern Africa. It is considered a wide-spread and invasive weed that grows
in summer crops, former oilseed rape fields but also in urban environments and
along roads. Raphanus raphanistrum shows a great morphological variability. Seeds
of haddick remain viable in the soil for a long time due to a restistant seed coat
(Darmency et al. 1998).

Already in 1924, intergeneric hybrids between the more distantly related gen-
era Raphanus and Brassica have been successfully produced (Karpechenko 1924).
Transgenic oilseed rape hybrids can also be created by ovary culture (Kerlan et al.
1993). Under natural conditions successful hybridisation was detected between male
sterile specimens of B. napus and R. raphanistrum (Eber et al. 1994). In that experi-
ment, frequent chromosome pairing and the presence ofmultivalent compounds have
indicated that recombination is also possible between the chromosomes of different
genomes. The recombination between the genomes of B. napus and R. raphanistrum
could also be shown experimentally (Baranger et al. 1995).

Spontaneous hybridisation of oilseed rape and haddick, even under natural field
conditions, was achieved at a relatively high frequency in France (Darmency et al.
1998) and Australia (Rieger et al. 2001). Intergeneric gene flow may occur mainly
through introgression of the transgene into the genome of the weeds (Chèvre et al.
1997).

The hybrid frequency is expected to range between 0.006 and 0.2% of the total
seeds produced (Darmency et al. 1998). Inmale sterile oilseed rape plants surrounded
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by haddick, even up to 37 hybrids per plant could be detected. Seed production of the
F1 and F2 generations even reached rates of 0.4–2% in comparison to wild haddick.

In contrast, Australian studies on gene flow between oilseed rape and haddick
showed low hybridisation rates (<4 × 10–8). When haddick acted as the maternal
partner, no hybrids were detected (Rieger et al. 2001).

Perennial wall-rocket (Diplotaxis tenuifolia) and Annual wall-rocket (Diplotaxis
muralis).

The genusDiplotaxis encompasses around 30 species.Diplotaxis is spread across the
warmerWest Eurasian as well as in the East Africanmountains. Its centre of diversity
lies in the south-western Mediterranean area (Eschmann-Grupe et al. 2003).

Diplotaxis tenuifolia occurs in moderately dry ruderal areas, which can be found
especially in harbour areas, on railways or increasingly in urban areas but also in
farmland. It is one of the four species in Austria with the highest hybridisation
probability with oilseed rape due to the close genetic relationship and the frequent
occurrence (Pascher et al. 2000).Hybridisation eventswith oilseed rapewere reported
by Ringdahl et al. (1987). Similar to Diplotaxis muralis, hybridisation with oilseed
rape as a female parent was unsuccessful (Salisbury 1989). The crossing between
D. muralis andD. tenuifolia produced a successful F1-generation (Eschmann-Grupe
et al. 2003; Sobrino-Vesperinas 1988), so hybridisations with Diplotaxis sp. and
oilseed rape might also create viable hybrids via such “bridges”.

D.muralis prefersmoderately dry soils and can be found on short-livedweedfields
and, as the name implies, close to walls. In a crossing experiment by Ringdahl et al.
(1987), a total of 285 flowers of 9 Diplotaxis plants were pollinated with oilseed
rape pollen. 157 pods (60.1%) with 607 seeds were formed, 31 (5.1%) of these
seeds were hybrids(Ringdahl et al. 1987). In Australia, Diplotaxis muralis produces
viable but sterile hybrids after forced pollination with oilseed rape pollen. The cross
yielded 0.054 seeds per pollinated flower (Salisbury 1991). In contrast to the results
of (Salisbury 1989) attempts of hybridisation with oilseed rape as a female parent
produced hybrids in studies by Bijral and Sharma (1996).

Conclusions on Gene Flow Potential

There are numerous, widely distributed hybridisation partners with a high level of
cross-fertilisation within the Brassicaceae family—almost exclusively among the
species of the tribe Brassiceae—which makes the formation of intra- and interspe-
cific hybrids quite common (Chèvre et al. 2004). Large-scale cultivation of trans-
genic oilseed rape over several years supports the formation of hybrids and thus
the propagation of transgenes. It can establish feral populations at ruderal sites and
occasionally even in natural habitats such as river banks (Pascher et al. 2000, 2017;
Pascher and Gollmann 1999). Also, the persistence of oilseed rape seeds in the soil
is an essential factor. There are various studies with different results concerning the
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distribution of pollen or hybridisation frequencies of related crossing partners of
oilseed rape. For instance, the outcrossing rates of the same plant species differ by
several orders of magnitude in different experiments. Furthermore, the frequency
of naturally occurring gene transfer varies to a large extent not only between plant
families and species, but also between populations, individuals and even from year to
year, hinting at the importance of the current environmental conditions such as tem-
peratures and moisture during ‘pollen rain’, wind force and direction, size of donor
and receiver population, distance etc. or different test setup (e.g. Gliddon 1999).

Finally, knowledge about distribution, abundance and flowering times of sin-
gle relevant species are indispensable. In the GenEERA project (2001−2004), the
cultivation sites of oilseed rape and the co-occurrences of potential hybridisation
partners in the vicinity was assessed and quantified in maps and geostatistically eval-
uated for typical Northern German landscapes and an urban area, the city of Bremen.
Figure 5.4a shows the cultivation situation. Figure 5.4b indicates the approx. 500 km2

that were visited in all publicly accessible areas to map the number of oilseed rape
single plants and populations as well as its potential hybridisation partners.

Pests and Pathogens

As the Brassica species are important native components of many ecosystems in
temperate climate, they provide forage for a large number of invertebrates and several
other organisms such as mice and birds (Organisation for Economic Co-operation
and Development OECD 2012). Herbivory is an important limiting factor in the
commercial crop production ofBrassica species (Kimber andMcGregor 1995; Lamb
1989).

Oilseed rape is also targeted by a wide range of pathogens, bacterial, fungal,
viral, phytoplasmal, andmiscellaneous other diseases. Three diseases are particularly
dangerous, because they are pandemic and have a potential for major crop injury.
These fungal diseases are blackleg, also known as stem canker, Sclerotinia stem
rot and clubroot. The conventional development of resistant varieties is difficult
due to the multi race pathogenicity (Organisation for Economic Co-operation and
Development OECD 2012).

Pollen Transfer and Gene Flow

Oilseed rape fields produce pollen for about three weeks, depending on the particular
weather conditions. Brassica napus is self-fertile. But since the stigma is mature
around three days before and after the anther, cross-pollination is also well possible.
Therefore, seed formation mainly consists of a mixture of cross- and self-pollination
of variable ratios. The ratio of cross fertilisation depends on various factors such as
the weather at the time of flowering and the genetic predisposition of the lineages
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�Fig. 5.4 a Satellite image of the surroundings of Bremen (Landsat) from May 2001. Oilseed rape
fields aremarked in yellow. The border of Bremen is indicated as a thin red line. Areas visited during
the field survey are surrounded by a yellow line. From: (Menzel and Born 2004, p. 43). b Number
of hybridisation partners mapped during the field survey in 2001. Solid Black line: Bremen city
limit. Light grey lines: Main traffic axes. The colour code refers to the number of species (oilseed
rape and hybridisation partners) found in the respective grid element (1 km2). It is apparent that
the central urban region harbours the highest species number of the considered plant group. From:
Menzel and Born (2004, p. 31)

(Hühn and Rakow 1979). Exact details of the quantitative effect of individual factors
are not available in the literature and the estimates for self- and cross-pollination
vary greatly. For instance, Hühn and Rakow (1979) assume that self-pollination
accounts for an average of two-thirds of oilseed rape. Timmons et al. (1995) reported
outcrossing rates of 5–55% based on various data from the literature under field
conditions. Neemann and Scherwaß (1999) assume an average cross-fertilisation
rate of 20–30%. Other authors report the outcrossing rate in rapeseed to be 5–30%
(Rakow and Woods 1987), 22–36% (Scheffler et al. 1993) or 41% (Lavigne et al.
1998).

Oilseed rape pollen is more or less spherical with a diameter of 25 µm. Their size
corresponds approximately to the size of many fungal spores, which are distributed
primarily by wind (McCartney and Lacey 1991). A yield reduction of 33–50% in
oilseed rape flowering under windless conditions in a greenhouse experiment sug-
gests that wind also plays a role in the pollination of oilseed rape, especially for long
distance dispersal (Timmons et al. 1995). Furthermore, it is reported that good yields
can be achieved even in the absence of insects (Wilkinson et al. 1995). The attractive
flowers of oilseed rape are mainly pollinated by insects, honey bees play a significant
role in pollination (Gerdemann-Knörck and Tegeder 1997). To secure purity of the
varieties in seed production, isolation distances of 100m for certified seed and 200m
for basic seed are required in the EU (Ingram 2000). In Austria, although several
international scientists suggest an isolation distance of 4 km considering 26 km as
maximum investigated confirmed pollen dispersal distance (Ramsey et al. 2003),
isolation distances of only 200 m for lineage varieties and 500 m for hybrid varieties
are put in practice (Pascher and Dolezel 2005). The aim of this measure is not an
absolute avoidance of gene flow, but a limitation as efficient as possible.

Pollen transport depends on various factors such as the respective lineage, the
location and season (Raybould and Gray 1993). Also, seed spillage is a significant
factor, since on the one hand large amounts of seed loss occur during harvest of
oilseed rape are lost in the field [30–40 kg/ha (Gerdemann-Knörck and Tegeder
1997)]. Because of the small seed size seeds are regularly spilled during transport
and handling activities (Adolphi 1995; Crawley et al. 1993; Franzaring et al. 2008;
Pascher et al. 2017; Warwick 1997).

These circumstances lead to an almost ubiquitous occurrence of oilseed rape in the
farmland and to the situation that oilseed rape plants combine the characteristics of
different oilseed rape lineages or varieties. For genetically modified varieties, (Hall



5 Case Study 2: Oilseed Rape (Brassica napus L.) 115

et al. 2000) described the occurrence of plant individuals with multiple herbicide
resistances in a location where varieties with different single resistances were grown.
In this case, the triple resistant individuals were detected up to a distance of 550 m
from the putative pollen source.

Gene Flow by Airborne Pollen Transport

Although information on the spread of oilseed rape pollen exists, there are no quan-
titative data on the proportions or the respective influencing factors available in the
literature. However, a large number of influencing factors (Ingram 2000; Treu and
Emberlin 2000) as well as optimal conditions for high and low outcrossing rates (Feil
and Schmid 2001) are compiled. It is estimated that under typical weather condi-
tions in Britain (wind speed of 2 m/s, with convection currents), a potential pollen
drift of almost 172.8 km is possible within 24 h (7.2 km/h). Even a pollen transport
over 864 km would be possible within one day with wind speeds of 10 m/s. There-
fore, it is not surprising that pollen can be detected in the air above the middle of
the Atlantic Ocean (Treu and Emberlin 2000). However, only a small amount of the
released pollen drifts and no quantitative data on the long distance spread of pollen is
available. Factors influencing the quantity of pollen accredited to regional gene flow
may be the type of plant and variety characteristics, the current weather conditions
(particularly wind conditions) and the time of pollination, especially the time of the
day. For example, at night, there are different conditions for pollination than during
the day. At night, the long-distance transmission of pollen (regional gene flow) is
usually lower (McCartney and Lacey 1991).

Furthermore, the landscape configuration has a dominant influence on the extent of
local geneflowbetween crops andwild relatives (Squire et al. 1999). The rate of cross-
breeding from more distant sources is higher when there are no local pollen sources.
The highest pollen concentrations occur on days with intense insolation and strong
wind (McCartney and Lacey 1991). Correspondingly, a reduction in the amount of
detected oilseed rape pollen to 1.4% compared to the previous year was attributed to
heavy rainfalls and high humidity in the second year (Scott 1970 referenced by Treu
and Emberlin 2000). With the two factors humidity and more significantly the wind,
a correlation to the pollen concentration but not to the relation between wind speed
and distance could be found. Instead, it is suspected that upward air movements are
crucial for the pollens’ trajectory (compare viable maize pollen in 1.8 km height),
while wind speeds play a minor role (Feil and Schmid 2001). Moreover, the main
wind direction plays a major role. Messeguer et al. (2006) assessed the influence of
wind for maize cross-pollination.
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Lineage-Specific Factors of Actual Gene Flow

Beside the factors that influence potential gene flow, the actual entry of pollen
into plant populations (actual gene flow via pollen) are influenced by additional
factors. These factors are also dependent on the oilseed rape lineage such as
flowering periods of donor and receptor populations, outcrossing rates, self- and
cross-fertilisation rates, hybridisation rates, pollen life-span and morphological
characteristics regarding the compatibility of pollen and stigma.

Outcrossing rates observed in fertile oilseed rape are not transferable to male
sterile oilseed rape used for hybrid seed production. Conversely, observations with
male sterile recipients or those incapable of self-fertilisation cannot be transferred to
male fertile of self-pollinating populations (Ingram 2000).

Hybrid varieties, such as Synergy, appear to be particularly prone to introgression
(Simpson et al. 1999), as they worked with male sterile plants and the cultivated crop
regularly contained male sterile plants. However, in some hybrid varieties, fertility
in the growing crop is mostly restored (not always completely), so foreign pollen in
turn has to compete with local pollen (Ingram 2000).

Not-Lineage-Specific Factors of Actual Gene Flow

The following factors influence the competitive situation between the pollen of the
receptor population and ‘foreign’ pollen. This competitive relationship is a significant
factor which pollen fertilises the flowers of the receptor population. These factors
are the geographic distance to plants and receptor populations, crop density and size
ratio of donor to receptor populations (Feil and Schmid 2001) as well as competition
between own and foreign pollen arrived at the stigma and growing towards the ovary.

Gene Flow via Pollen Transport by Insects

Insects play the most important role in the fertilisation of oilseed rape. Some farmers
even pay beekeepers to set up beehives near their fields. This is of special impor-
tance for sterile hybrid crops (Ramsey et al. 1999) which, for instance, account for
approximately 75% of the oilseed rape varieties in Austria. All of the GM oilseed
rape varieties are hybrids. The relatively high sugar concentration in the nectar of
the plant attracts bees and other insects over long distances (Ramsey et al. 1999;
Saure et al. 1999a, b). Honey bees provide 90% of insect pollination in oilseed rape
(Mesquida et al. 1988). However, solitary bees and bumblebees, if they occur, are
comparably efficient in pollination. Other species such as dipterans, butterflies and
beetles occur less frequently and have a lower pollination performance (Mesquida
et al. 1988; Saure et al. 1999a, b).
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Information on insect flight distances vary greatly. The data on the flight distances
of honey bees range from 600 m (Osborne et al. 1999) over 2 or 5 km ( according
to beekeepers) and 2.75 and 4.6 miles (4.42 and 7.4 km) (Eckert 1933) up to 14 km
(Saure et al. 1999a, b). Clustering radii of up to 6 km, which would correspond to
an area of up to 100 km2 around a hive were observed (Waddington et al. 1994).
For solitary bees with a small body size, flight distances of 200 m, up to 800 m for
sand bees, and 2 km for bumblebees were measured (Saure et al. 1999a, b). Bees
can carry up to 60,000 oilseed rape pollen on their body in addition to the pollen in
their pollen sacs. In the hive, worker bees clean each other. Thereby, pollen transfer
to other bees takes place. Thus, bees leaving the hive probably carry a mixture of
fertile pollen on their bodies (Ramsey et al. 1999).

In summary, the high variability concerning data on the flight activity of insects
also have an unpredictable influence on gene flow. Insect activity is reduced during
cold, wet, cloudy and stormyweather. Reduced insect activity is also observed during
an especially hot and dry year (Brown and Brown 1996).

The extrapolation from small- to large-scale experiments is considered as difficult.
For instance, a small pollen source experiment extrapolated 2–11% of the original
pollen level 100 m from the pollen source. But a large-scale study showed pollen
densities of 27–69% at 100 m distance from an oilseed rape field (Timmons et al.
1995; Wilkinson et al. 1995). Therefore, the extrapolation from small pollen sources
to the field level is problematic (Wilkinson et al. 1995). However, small-scale experi-
ments yield valuable results, if the gene flow from or into small stocks is considered.
Prime examples for this would be feral oilseed rape populations also descending
from transport losses as well as volunteer populations.

Seed Persistence and Germination in Oilseed Rape

Apart fromB. napus capability to spread its geneticmaterial bypollen, also volunteers
acting as transgene donors due to seed persistence have to be considered. It is argued
that the risk of spread of e.g. the pat-gene (glufosinate resistance gene) by threshing
losses at harvest and volunteering in the next cultivation cycle is much higher than
by pollen transport (Fischbeck 1998). Therefore, the seed persistence of oilseed rape
plays a major role in its gene flow pattern. Thereby, not only the persistence over
time but also the spatial distribution of seeds has to be taken into account.

In oilseed rape fields, on average 200–300 kg of grain per hectare remain after
harvest (Pekrun et al. 1998). Whereas, the optimal sowing rates are as low as 60–
90 seeds/m2 (Männer 2000). In Northern Germany, however, occurrence of 400 vol-
unteers/m2 is not uncommon (Gerdemann-Knörck and Tegeder 1997). In Southern
Germany, 0–202 seeds/m2 were observed one to six years after oilseed rape cultiva-
tion. Whereby, seed counts above 100 occurred only at locations, where unusually
large quantities of lost oilseed rape were left on the field due to late harvesting or hail
(Roller et al. 2001). Other studies even report 10,000 lost seeds/m2 (Lutman 1993).
This amount of persistent seeds has an apparent impact on volunteer emergence.
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Norris et al. (1999) observed that in the United Kingdom, the number of volunteer
plants can vary greatly from one area to another. This depends on details of the
agricultural practice.

For instance, it was observed that an erucic acid content of less than two percent
was achieved only seven years after a switch to an erucic acid free oilseed rape
variety (Sauremann 1987) referenced by (Schlink 1994). Also, a growth of oilseed
rape varieties cultivated ten years ago could be found (Röbbelen 1986) referenced by
Schlink (1994). It could be shown in experiments that after ten years on average 0.5%
of the buried seeds survived. The maximum survival was 4.7%. Of those persistent
seeds, over 96% sprouted and developed viable seedlings within four days after being
exposed to daylight on the soil surface (Schlink 1998b).

These high persistence probabilities of above 70% over a one-and-a-half-year
period and nearly 60% after five years in the soil resemble those of weed seeds. Also
a change in the germination rate in the annual cycle is more characteristic for wild
plants (Pekrun et al. 1997). Due to the traits of his two wild parental species, oilseed
rape has maintained ‘weedy’ characteristics (Schlink 1994).

The long-term survival of B. napus seeds and resulting volunteers is attributable
to dormancy. Dormancy grants seeds the ability to survive for extended periods of
time in the soil also under changing environmental conditions. Seeds are defined to
be dormant, if they do not germinate under the optimum environmental conditions
and an additional factor or environmental stimulus is required for germination. There
is a distinction between primary and secondary dormancy. The primary dormancy
prevents germinations on the mother plant and up to a certain period of time after the
seed has dropped. Secondary dormancy on the other hand, is induced by unfavourable
environmental conditions on the swollen seeds and can either be broken by specific
environmental stimuli or degraded over a longer time period. Thereby, a clear dis-
tinction between primary and second dormancy is not always possible and dormancy
should not be confused with quiescence. Quiescence happens, when seeds do not
germinate as a result of adverse environmental conditions e.g. lack of water, air or
due to unfavourable temperatures. Influencing factors for germination and survival
are listed in Table 5.2.

Genetic Modifications in Oilseed Rape

Oilseed rape is one of the first crops that were genetically modified. Several vari-
eties were tested, deliberately released and commercialised. Most of them confer
herbicide resistances to a number of active ingredients, among of which glyphosate,
glufosinate, bromoxynil and others. Also varieties with altered plant metabolism, in
particular fatty acid composition, and male sterility have been created. Moreover,
Bt-Insect toxicity (Halfhill et al. 2002) as well as growth form (Gressel 1999; Reuter
et al. 2008), and various other traits have been tested so far. A survey of genetic modi-
fications, including oilseed rape is provided by theFood andAgricultureOrganisation
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Table 5.2 Factors that influence seed survival and germination

Seed survival influencing factors Seed germination influencing factors

Variety characteristics Variety characteristics

Year of the seed burial Time of the year

Storage duration in the soil Storage duration in the soil

The depth at which the seed is stored in the
soil

Water supply

Soil conditions Soil conditions

Habitat Temperature

Storage temperature before storage in the soil Light availability

Duration of stress factors
(see Pekrun, Lutman et al. 1997b)

Short-term light exposure while Otherwise in
darkness

Amplitude in temperature changes
(see Pekrun Lutman et al. 1997b, c)

Stratification

Age of the seeds Drying

of the United Nations (FAO2), by the Biosafety Clearing House mechanism of the
Biosafety Convention (Cartagena Protocol3) and for deliberate release and placing
on the market of GMO by the Joint Research Centre of the European Union.4

Persistence of Genetically Modified Oilseed Rape Outside
Fields

Breckling and Menzel (2004) discussed the following implications in the light of
transgenic oilseed rape persistence. They discuss general implications, effects on
agriculture and cultivation implications and effects on biodiversity and wildlife.

General Implications

If no additional fitness differences occur, (Breckling and Menzel 2004) conclude,
transgenic oilseed rapewould be likely to disperse aswidely as conventional varieties
with regard to the ecological and physiological characteristics of the species. Wild

2https://www.fao.org/food/food-safety-quality/gm-foods-platform/en/, https://www.fao.org/food/
food-safety-quality/gm-foods-platform/browse-information-by/commodity/commodity-details/
en/?com=38947.
3https://bch.cbd.int/database/organisms/default.shtml, https://bch.cbd.int/database/results?
searchid=742060.
4https://gmoinfo.jrc.ec.europa.eu/Default.aspx, https://gmoinfo.jrc.ec.europa.eu/gmp_browse.
aspx.

https://www.fao.org/food/food-safety-quality/gm-foods-platform/en/
https://www.fao.org/food/food-safety-quality/gm-foods-platform/browse-information-by/commodity/commodity-details/en/?com=38947
https://bch.cbd.int/database/organisms/default.shtml
https://bch.cbd.int/database/results?searchid=742060
https://gmoinfo.jrc.ec.europa.eu/Default.aspx
https://gmoinfo.jrc.ec.europa.eu/gmp_browse.aspx
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Fig. 5.5 Escape from cultivation: single oilseed rape plant growing on the margin of a cereal filed
in Goldenstedt, Lower Saxony (Germany) 2017

populations of B. napus receive a steady input due to seed losses from cultivation,
seed transport by vehicles, animals (e.g. wild boar) or man. Buried seeds from the
soil seed bank eventually emerge when soil substrate is transported and redeployed.
All these factors support sustaining of feral populations. Based on the empirical
observation, that urban feral sites are important as centres of occurrence for oilseed
rape as well as for potential hybridisation partners (Menzel 2006, see also Fig. 5.5),
It is argued that the conditions for genetic interaction (i.e. cross-pollination) are
largely provided not only in rural but also in urban environments. The conditions
for a fixation of genetic traits seem even more favourable in urban environments
due to the smaller population sizes (Klinger and Ellstrand 1994). Since oilseed rape
frequently grows along traffic axes and seeds are transported attached to car tires, a
rapid translocation seems possible. If an invasive potential should be acquired, cars
would strongly contribute to large distance transport. von der Lippe and Kowarik
(2007) demonstrated this in an empirical investigation.

Agricultural Implications

Concerning agricultural implications, it is argued that the introduction of transgenic,
herbicide resistant varieties would require important changes of the general agricul-
tural practice, for GMO growers and neighbouring conventional fields. Considering
the issue of the pesticide treadmill, (Breckling andMenzel 2004) state that due to the
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fact that harvest seed losses occur on the field to a large extent (Cramer 1990), herbi-
cide resistance will lose efficiency in volunteer control leading to a reduced number
of active herbicide compounds available for weed management and volunteer con-
trol. They further elaborate that since pollen transfer is efficient over large distances
(Treu and Emberlin 2000), cross-pollination-conferred GM-contamination of neigh-
bouring fields regularly occurs. Thus, seed losses in subsequent generations could
cause weed management problems, even if the level of contamination may remain
below the legal threshold (Pekrun 1994). Tracing the origin of crop contamination to
a specific grower might not always be possible, even if the event (the specific vari-
ety) and thus the patent holder can be identified through genetic analysis. For Central
European cultivation conditions at least, the gain of transgenic herbicide resistances
is low (Augustin et al. 1998). As soon as oilseed rape has reached a certain height, it
can usually outcompete weeds. Thus, Breckling and Menzel (2004) conclude that in
oilseed rape cultivation, weed control before crop germination is usually sufficient
and later herbicide treatments are rarely required. This applies to Central Europe; in
other regions it may be different. Here, the small advantage in cultivation would have
to outweigh the substantial cost for other growers as well as for the general public
to cover the management system and documentation and damage regulation cost as
well as separate conventional and transgenic processing and commodity flows. This
may be one of the reasons, why transgenic varieties are not admitted for cultivation
in the EU up to now.

Conservation Implications

As the fixation of transgenes in feral populations appears to be rather probable, con-
servational issues are implied. In reference to the concept of “genetic swamping”
(Snow 2002) which addresses the threat of cultivation-specific, fitness altering genes
to wild type populations, Breckling and Menzel (2004) coined the term “transgenic
swamping” which refers to transgenes escaping to feral populations. This seems
inevitable in the case of oilseed rape. The impact of persisting transgenes on biodi-
versity is difficult to estimate. However, the invasive potential of released plants has
been discussed previously (Hurka et al. 2003) and applications of the precautionary
principle are in place also to prevent harm to biodiversity as a protected ecological
good. Breckling andMenzel (2004) argue that in the light of the centre of biodiversity
of oilseed rape being located in Europe and due to the inevitability of the transgene
escape from cultivation to feral populations (Fig. 5.5), an unpredictable high number
of genotypes would be anticipated.
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Detection of Unintended Spread of Transgenic Oilseed Rape
in Various Countries

The following section summarises data collated by Testbiotech (Bauer-Panskus et al.
2013). Testbiotech imposingly evidences the uncontrolled and unintended spread and
outcrossing of transgenic oilseed rape varieties for six countries.

Canada

Canada is one of the countries that grows herbicide tolerant oilseed rape in large
quantities. Transgenes were found in nearly all of the conventional Canadian oilseed
rape seed supply (Friesen et al. 2003). Feral populations had developed at the edges
of fields and along roadsides. In the province of Manitoba, 88% of feral oilseed rape
populations examined contained glyphosate tolerant plants. About 50% of the plants
were tolerant to both herbicides, imidazoline and glufosinate (Knispel et al. 2008). 93
out of 100 feral oilseed rape plants along field edges or roadsides tested, contained
transgenic constructs (Knispel and McLachlan 2010). All feral populations tested
in another study contained hybrids with Brassica rapa (Simard et al. 2006). Tests
revealed that nearly no fitness costs are associated with the stacking of transgenes in
oilseed rape plants (Simard et al. 2005). Persistence of such hybrid populations over
time was affirmed by a long term survey which showed that feral hybrid populations
of B. napus × B. rapa, despite a decreased fitness, persisted over six consecutive
years (Warwick et al. 2008). Also transgenic volunteers could be found up to seven
years after the original cultivation (Beckie and Warwick 2010).

USA

In the United States, commercial cultivation of genetically engineered oilseed rape
started early and, at present, accounts for more than 90% of all oilseed rape fields.
Unintended large scale dispersal of herbicide-tolerant oilseed rape along roadsides
was demonstrated in North Dakota (Schafer et al. 2011). Out of all oilseed rape
plants growing along roadsides, 80% tested positive for genetic modification. Of
these plants one half contained the cp4epsps-gene for glyphosate tolerance, the other
half the pat-gene encoding a tolerance to glufosinate. Some plants were tolerant to
both herbicides.

Japan

Japan itself does not cultivate but imports genetically modified oilseed rape. The first
studies on the presence of transgenic oilseed rape in ruderal habitats in Japan were
published in 2005 (Saji et al. 2005). In the proximity of ports like Kashima, Chiba,
Nagoya and Kobe as well as along transportation routes to industry plants where
oilseed rape seeds are processed, plants were found that proved to be resistant to
glyphosate or glufosinate although these transgenic varieties have never been culti-
vated. Feral oilseed rape populations co-occur with wild populations of B. juncea in
port areas (Kawata et al. 2009). Transgenic oilseed rape plants were detected that had
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hybridised with each other and consequently, were tolerant to both herbicides (Aono
et al. 2006). In follow-up studies feral populations were found along further trans-
portation routes (Nishizawa et al. 2009) and in areas close to all other major ports
(such as Shimizu, Yokkaichi, Mizushima, Hakata, or Fukushima) (see for example
Kawata et al. (2009). Mizuguti et al. (2011) came to the conclusion that the inves-
tigated oilseed rape populations were able to self-sustain over time. In 2008 in the
proximity of Yokkaichi port, 90% of all tested plants proved to be genetically modi-
fied. Also in that area, the first transgenic hybrids between B. napus and B. rapawere
found (Aono et al. 2011). Under the influence of climatic conditions, the properties
of feral transgenic oilseed rape plants might have changed. Plants with greater height
that have also become perennial were found (Kawata et al. 2009), whereas oilseed
rape and all other Brassica species growing in Japan are usually annual.

Australia

InWesternAustralia, herbicide tolerant oilseed rape is cultivated only in certain areas
and makes up less than ten percent of the overall oilseed rape acreage (McCauley
et al. 2012). Nevertheless, more than 60% of the samples taken from feral oilseed
rape populations tested positive for glyphosate tolerance (Conservation Council of
Western Australia CCWA 2012).

European Union

Although transgenic oilseed rape was never admitted for cultivation in theEuropean
Union, several field trials have taken place, the “transgen” website lists 383 in 11
countries.5 In Germany (North Rhine-Westphalia) feral genetically modified oilseed
rape was found 700 m from a former trial field (Hofmann et al. 2007). Even ten
years after field trials, transgenic oilseed rape was found in Sweden (D’Hertefeldt
et al. 2008). In Austria, feral conventional oilseed rape single plants up to large
populations as well as related wild hybridisation partners were regularly identified
along transportation routes, border railway stations, railway stations, at switchyards,
ports and oil mills (Pascher et al. 2017). Feral populations were also observed in
France (Garnier et al. 2008; Pivard et al. 2008), the Netherlands (Tamis and De Jong
2010) and Great Britain (Crawley and Brown 2004; Squire et al. 2011).

Switzerland

Fifty out of 2400 oilseed rape individuals collected along railway tracks throughout
Switzerland proved positive for the presence of the transgenic Roundup Ready char-
acteristic enzyme that confers glyphosate tolerance (Schoenenberger and D’Andrea
2012). Another study confirmed these findings and identified hot spots of transgenic
plants at locations were unloading takes place (Hecht et al. 2014). These hot spots
were ports and railway stations bordering to France and Italy, despite Switzerland’s
import ban (Schulze et al. 2015, 2014).

5www.transgen.de.

http://www.transgen.de
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It can be considered as empirically confirmed that transgenes in oilseed rape are
not limited to cultivation only, but can be found regularly as feral and as volunteer
plants under a wide variety of geographic and ecological conditions.

Modelling Approaches for Gene Drives

There have been multiple attempts to model the gene flow of B. napus. Two of the
most advanced approaches will be presented here. Tomodel the population dynamics
of a gene drive, possible modifications to existing models will be proposed. The two
models explored are the GeneSys model established by Colbach et al. (2001a, b) and
GeneTraMP by Middelhoff et al. (2011).

Another potentially relevant model was established by (Maxwell et al. 2015)
which assumes a theoretical weed species and predicts the evolution and dynamics
of herbicide resistance. On the basis of fungal spore dispersal, the model simulates
pollen transfer between spatial entities assessing the interaction between herbicide
application and plant genotype. Furthermore, Habekotté (1993, 1997a, b) established
an empirical model BRASNAP-PH to predict key times of flowering and maturity of
winter oilseed rape based on temperature and insolation. Some of her findings were
included as input data in GeneSys and GeneTraMP.

GeneSys

The model was conceived to evaluate the effects of different cropping systems on
gene flow in oilseed rape. It integrates the effects of crop succession andmanagement
at the level of a region. Simulation duration and crop succession and cultivation tech-
niques are defined by the user. Themodel simulates the annual life cycle of cultivated
and volunteer oilseed rape, starting with the seed bank at harvest and determining
seedling emergence. Seedlings grow, flower and produce new seeds, some of which
replenish the seed bank.At the end of each stage, the number of individuals per square
meter is calculated. The seed bank is divided into four soil layers. Accordingly, seeds
are distinguished by their respective layer and age, subdivided into young and old
(older than one year) with related survival rates according to data by (Schlink 1994).
The seeds’ position in the soil layers may be changed by stubble breaking and the
numbers of seeds and post-harvest seedlings may be reduced by pre-sowing tillage.
Three tillage regimes are distinguished, stubble-breaking, ploughing and rigid-tine
cultivation. Herbicide applications can be conducted after sowing in spring with
mortality rates of 90 or 85%, respectively. Adult survival depends on vernalisation
and density dependent intra- and interspecific competition. Newly formed seeds are
deposited in the upper soil layer. The maximum adult oilseed rape plant density was
taken from Freudhofmaier (1991) and Vullioud (1992), flower and seed production
values from (Leterme 1985). The competitiveness of crop plants to volunteer plants
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was deduced by division of the maximum plant densities of the subsequent crop.
Oilseed rape’s seed loss rate can be specified as a variable parameter. Seedling emer-
gence rates, effects of the sowing date, number of flowers and flower duration were
experimentally assessed, considering tillage and intercrop periods. To integrate her-
bicide resistant varieties, the user can define the genotype as dominant or recessive,
homozygous or heterozygous. Furthermore, self-pollination rate as well as seed and
pollen production rate must be defined in accordance with the particular variety. The
model deterministically considers pollen and seed transfer betweenfields and random
import of foreign seed and contamination with foreign pollen. However, Couturaud
(1998) shows that GeneSys tends to underestimate pollen and seed dispersal.

The model works with an aggregated plant representation and does not integrate
individual plants, neither in nor outside the cropping area. Furthermore, it does
not take differentiated climate response of the plants into consideration. Different
genotypes in the model do not exhibit different developmental characteristics such as
the onset of flowering. The model GeneSys has, however, been successfully applied
in the definition of management rules for the commercial release of GM-oilseed rape
crops in Europe (Bock et al. 2002; Messean et al. 2006).

GeneTraMP

The GeneTraMP model (Generic Transgene Movement and Persistence) was devel-
oped to assess regional effects of a large scale cultivation of GM-oilseed crops.
Input data include results of landscape and climate analysis (Schmidt and Schröder
2011), satellite image processed oilseed rape distribution (Breckling et al. 2011) and
regional crop management schemes (Glemnitz et al. 2011). This allows to analyse
spatio-temporal dynamics of gene flow with implemented human crop management
activities. The model differentiates between feral and volunteer plants as well as
aggregated crop plant cohorts. Different genotypes, regarding cygosity, dominance
or recessiveness and ploidy can be distinguished and implemented to simulate trans-
gene spread. The model considers three types of pollen transfer: local pollen mass
flow, insect-borne pollen transfer and unspecific regional background pollen transfer
across larger distances. Pollination is dependent on the spatio-temporal distribution
of flowering plants, the number of open flowers and their respective state of fertil-
ity. For the individual plant development, the model distinguishes five stages: seed,
seedling, start of flowering, end of flowering and maturity. Progression through these
stages is in accordancewith climatic and environmental parameters. Seeds are further
specified by one of four soil layers and their age, divided into young and old (older
than one year), following (Nathalie Colbach et al. 2001). Also in accordance with
GeneSys, seed persistence and germination decisions are calculated in dependence
on temperature and moisture regimes. The temperature-dependent oilseed rape ger-
mination parameters were derived from (Habekotté 1997a) with the additional need
for one rainy day in the week before germination. Plant development, flowering
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progress, flower and seed numbers were derived from Habekotté (1993, 1997a, b)
and Cramer (1990).

Human activities are included in the form of cultivation practices, crop rotation,
intensity and distribution of feral plants as a result of seed loss and road verge clearing
activities. The model uses the same three tillage regimes as GeneSys. Weed control
is implemented either as cutting, selective or total herbicide application. Information
concerning crop management schedules and procedures in Germany were derived
from a field cultivation survey (Zander 2003). The occurrence of volunteers is esti-
mated for different subsequent crops in probability and density, according to field
observations (Menzel 2006) and in dependence of environmental conditions. During
oilseed rape harvest procedures, a stochastic amount of seeds is transferred to neigh-
bouring grid cells, specified as ruderal areas. Feral oilseed rape plants are distinct
from cultivation crop plants in frequency, size, number of inflorescences, flowering
progress, pod forming rate and seed number per pod.

Model Suitability to Represent Gene Drive Population
Dynamics

Bothmodels are compared in Table 5.3. From these observations, it is obvious that the
more recent GeneTraMP model, which in part is even based on the GeneSys model
does not only contain more ecological details, but would be also more suitable to
model the spread of gene drive oilseed rape plants. Even though, the model would
have to be adjusted and requires further refinements for this purpose.

In order to use the GeneTramp model for the assessment of gene drive population
dynamics and their spatio-temporal spread, certain additions to the program would
have to be made. For instance, the model is already capable to simulate genotypes
of transgenic varieties and their spread as volunteers and feral populations. For gene
drive, the inheritance of such an organism as well as its genotypic characteristics
would have to be implemented. Furthermore, potential side effects of the gene drive,
such as an eventually reduced fitness would have to be implemented. At the current
state of research, however, parameters concerning these side effects would be based
on assumptions or require new empirical data. It would have to be decided whether
a gene drive-carrier produces a mass of pollen or seeds that deviate from the conven-
tional plants and whether and how gene drive organisms deviate in their life cycle.
Apart from such considerations an evenmore significant issuemight be to finalise the
inclusion of oilseed rape’s hybridisation partners which was not yet done due to the
lack of appropriate data. Furthermore, if these were included, the next issue would
be the consideration of introgression events. However, the GeneTraMP model was
already successfully applied to simulate the occurrence of plants with multiple her-
bicide resistances emerging from single-resistant GM-oilseed rape crops cultivated
in adjacent fields as was previously shown to occur in Canada (Hall et al. 2000). The
model could be used to simulate not only a gene drive or the spread of resistance
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Table 5.3 Comparison of the GeneSys and GeneTraMP models

Aspect GeneSys GeneTraMP

Regions Small
(Ile-de-France)

Large (Northern Germany),
4 different climate zones

Pollen transfer Deterministic field to field,
Random pollen import

Local pollen mass flow
Insect borne transfer
Regional long distance transfer

Seed transfer Empirical values –

Seed loss User defined rate Randomly determined from
literature ranges

Plant development Uniform from empirical data
4 seed stages, 2 seedling stages,
2–3 adult stages, flowers, 2 new
seed stages

Temperature and precipitation
dependent
seed, seedling, start of flowering,
end of flowering, maturity

Crop rotation User defined 10 most widely applied generic,
area specific rotations

Cultivation densities – 3

Genotypes Dominant-recessive,
Cygosity

Dominant-recessive,
Cygosity, Ploidy

Herbicides Up to two (unspecified) One (unspecified)

Crop management User defined, Tillage, cutting,
chisel, herbicide treatment

Included Ploughing, rigid tine,
both

Populations Crop, volunteer Crop, volunteer, feral

Soil layers 4 4, analogous to GeneSys

Hybridisation partners – Not yet fully included

genes but also the combination of both and the ultimate formation of resistance-
carrying gene drive-carriers. Given the necessary input, it would even be possible to
model the application of gene drives to target and remove herbicide resistances in
volunteer and feral populations.

Suitability and Prerequisites of Oilseed Rape for Gene
Drives?

Ideally, the target organisms for a gene drive would exist in geographically isolated
populations. Wherein, the migration of individuals from one population to another
does (at best) not occur. Target organisms must reproduce sexually with relatively
short generation times. Non-overlapping generations would thereby allow an eas-
ier assessment of the gene drive’s spread in the population. Furthermore, the target
organism should be diploid and its genome should already bewell studied, in the con-
text of gene expression patterns over the course of its development, while sequence
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variations within the targeted genes should be rare. The mutation rate of the tar-
get organism should also be low. Moreover, there should be no interspecific mating
events, barring the creation of gene drive-carrying hybrids. Lastly, the application of a
gene drive is a risky intervention into, not only the genome of a target species but also
its ecosystem, which may harbour unforeseen consequences. Therefore, experts rec-
ommend to only consider (at least CRISPR/Cas-based gene drives) for applications
that, if successful, have an extraordinarily high level of benefit for large majorities.
Such aims include the population control of vector species for diseases, such as
for malaria. Multiple approaches to tackle the disease have been suggested (Burt
et al. 2018). The application of gene drives for conservational goals such as invasive
species control on the other hand, is controversial and considered too risky—or for
some experts the risks would outweigh the intended benefits (Esvelt and Gemmell
2017).

According to several already mentioned aspects, it is foreseeable that oilseed
rape does not fit well the criteria for an ideal gene drive target organism. This is
further illustrated in Table 5.4. Oilseed rape is an allotetraploid plant complicating the
engineering and propagation of a potent gene drive system, albeit the genome is well
studied also due to the many available transgenic variants. The genetic variability of
modern oilseed rape varieties are low due to the two bottlenecks in selective breeding
for low erucic acid and low glucosinolate content (Bus et al. 2011). However, in
a study of the allelic diversity of 72 varieties of oilseed rape from five different
countries, Chen et al. (2007) found a total of 59 private alleles of which 21 are
shared with other Brassica species. On the one hand, the spread of gene drive pollen
would be partially reduced due to the fact that oilseed rape is self-compatible. On
the other hand, spatial confinement of a gene drive would be nearly impossible as
oilseed rape is cultivated around the world and many feral populations exist, mainly
due to seed losses along transportation routes. Additionally, pollen is dispersed over
long distances. The occurrence of feral populations also makes the confinement of

Table 5.4 Requirements for an ideal gene drive target organism

Ideal target organism Oilseed rape

Diploid Allotetraploid

Geographically isolated Cultivated around the world

Low genetic variability Low due to selective breeding

Low migration rate Long range pollen dispersal, transportation losses

Low mutation rate and genetic diversity ?

No interspecific gene flow Interspecific gene flow with introgression

Non-overlapping generations Overlapping generations due to perennial Feral
plants and secondary dormancy

Sexual reproduction High self-compatibility

Short generation times Annual or even perennial

Well studied genome Many transgenic variants
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a gene drive to the target population and even target species difficult, as the plant
possesses many hybridisation partners. Temporal confinement is a major problem
due to the long generation times and even overlapping generations in the case of
perennial stocks. This last point is even further aggravated due to the secondary
dormancy, which allows certain seeds to remain dormant in seed banks for over a
decade (Pekrun 1994).

An even greater problem is that oilseed rape is an agricultural product. It is there-
fore likely that gene drive pollen could fertilize conventionally grown oilseed rape.
On the one hand, thiswould reduce the spread of the gene drive as these plants are har-
vested annually. But on the other hand it likely will give rise to gene drive volunteer
plants which may be detrimental to organic farmers and socially not well-received
even in conventional cropping.

Purposes for Oilseed Rape Gene Drives?

In general, gene drives can be subdivided by their intended goal to either suppress
or replace/modify wild populations, to disperse certain alleles in a population, or to
limit genetic exchange with other populations. In most techniques, this is decided
by the cargo genes associated with the drive mechanism. Suppression might, for
instance, be achieved by driving stimulus specific vulnerabilities (to either low or
high temperatures or certain chemicals) into the population. A modification to sup-
press volunteering without suppressing the population might entail the deletion or
repression of the genes responsible for secondary dormancy. Suppression could also
be achieved by infertility. Especially female infertility may be a desirable trait to
prevent the hybridisation with other plant species, as hybridisation with oilseed rape
is mostly successful with B. napus as the female parent (Scheffler and Dale 1994).
Organisms with infertile female sex organs would also not produce seeds but still
produce and disperse pollen and could thereby propagate the trait.

As already predicted in 2004 and even before, the cultivation of transgenic oilseed
rape has led to transgene escape into feral populations (Breckling andMenzel 2004).
As the examples offivedifferent countries and theEUshow, transgenic contamination
and concomitant dispersal of herbicide resistance genes is a serious issue which
supports an invasion of feral transgenic oilseed rape into many ecosystems. This
eventually leads to the potential gene flow and introgression of transgenic herbicide
resistances to other hybridisation partners of oilseed rape. This may negatively affect
the integrity of genetic resources in wild relatives (Londo et al. 2010).

Furthermore, we are currently experiencing an anthropomorphic downward spi-
ral in agriculture, called the pesticide treadmill. Due to the broad application of
herbicides weeds with single or multiple resistances, so called superweeds emerge.
Therefore, the development of new generations of pesticides is required for main-
taining of pesticide protected industrial agriculture. These will however, eventually
be followed by yet another generation of superweeds and the vicious cycle continues
[For a scope of the pesticide treadmills governance issues see Bain et al. (2017)].
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Gene drive applications might potentially stop or at least slow down this vicious
cycle, but may also cause new problems.

This section is therefore dedicated to the exploration of conceivable gene drive
applications with the goal to get rid of transgenic feral and volunteer populations of
oilseed rape.

Gene Drives to Delete/Block Herbicide Resistances

We consider the possibility to eliminate or reduce the occurrence of herbicide resis-
tance from undesirable escape of transgenes to the wild and their persistence in
feral populations. To reduce the occurrence of herbicide-resistant feral populations,
an obvious target locus for a gene drive would be the resistance genes themselves.
Despite heavy outcrossing of the feral populations, the resistance genes confer a
fitness gain and are therefore likely to become conserved.

CRISPR/Cas-Based Approaches

It might seem at least feasible to use a CRISPR/Cas-based gene drive to target all
different herbicide resistance-loci in order to delete or disrupt them by homing cargo
genes into them. The gene drivewould confer a fitness penalty, whichmight cause the
gene drive carrying oilseed rape to vanish after a number of generations. Multiple
releases over several years might be necessary. Furthermore, this fitness penalty
would favour the selection for gene drive resistant alleles. However, considering the
large number of herbicide resistant variants this would require many gRNAs, most
likely resulting in a higher genetic load which may confer an even higher fitness
penalty.

The formation of resistance alleles, due to non-homologous end joining instead of
homology-directed repair, would on one hand impede the copying of the gene drive
cassette, but may on the other hand cause a null-mutation in the present resistance
allele. This would constitute a positive side effect of imperfect repair not present in
other gene drive approaches currently discussed.

Probably, the most problematic issue of this approach is the potential cross-
fertilisation of (feral) gene drive oilseed rape with cultivated transgenic varieties.
The seeds of these crosses would also carry the gene drive and might remain in the
seed bank for decades being able to restart the gene drive. Furthermore, this gene
drive oilseed rape may occur as volunteer in subsequent crop rotations. Another
problematic aspect would be the risk of an outcrossing to related species.
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Resistance Blocking

An alternative pathway could include either miRNA cargo genes that target the
resistance genes’ mRNAs or cargo genes for proteins that either repress the gene
expression of the resistances or inactivate the gene product post-translationally.While
a CRISPR/Cas-based approach would act only once in the germline, this alternative
approach would require a constitutive gene expression throughout the life cycle of
the plant to block resistance. These cargo genes would therefore confer a high fitness
penalty and thus be subject to mutational changes. Since a single base pair deletion
could lead to reading frame shifts in the genes of proteins, this may be detrimental
to the gene drive and may in the end result in carrier-organisms retaining partial
resistance. This effect would probably be less pronounced when using miRNAs to
block resistance instead of proteins. But then, multiple RNAs should be included
within the gene drive cassette to silence a single resistance gene. But despite a
successful gene drive application, the population would then still retain the resistance
genes.

Overwriting Various Herbicide Resistances with a Single
Resistance

It might be feasible to equip the gene drive with resistance against a newly designed
herbicide including the implication to overwrite or disrupt existing resistances. If
such a gene drive would be used in cultivation and successively spread to feral
populations, it might be an approach to eliminate herbicide resistances from feral
populations. This, however, would be a long-term and large scale intervention.

It is obvious that such an approach is based on some major assumptions which
seem difficult to achieve. Another problematic issue would be the almost impossible
monitoring of such a gene drive’s spread in feral populations. Moreover, it would be
necessary to sow gene drive oilseed rape into identified feral populations which is
especially time-consuming and makes the applications of a gene drive hardly useful,
as the feral population could simply be destroyed instead.

Self-Limiting CRISPR/Cas-Based Approaches

A more confineable CRISPR-based technique would simply cut out the resis-
tance alleles without propagating the CRISPR/Cas-system itself. This self-limiting
approach would, therefore, not constitute a gene drive. Thus, multiple mass-releases
would be necessary, although their seeds may remain in the seed bank for multiple
generations as well. However, these individuals carrying non-functional resistance
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genes would be less fit than their resistant conspecifics and probably even less fit
than conventional non-GMO oilseed rape stocks.

Finally, there is the possibility of self-limiting CRISPR/Cas-based gene drives,
e.g. the daisy-chain drive. A daisy drive system consists of multiple gene drives in
which each element drives the next element in the chain. The bottom element is lost
from the population first, then the next element ceases to drive and gets lost from the
population and so on. This process continues upwards in the chain until, eventually,
the population returns to its wild-type state with regard to the expression of genes
expressing intended artificial functionalities (Noble et al. 2016). This approachwould
limit the spread of a gene drive in time and space which on one hand would increase
controllability, but on the other hand would be less desired in the case of the widely
spread feral populations.

Gene Drive Seeds as a Breeding Tool on Agricultural Fields

To take this thought one step further, though ecologically not really desirable, it might
be feasible to sow gene drive carrying oilseed rape on agricultural fields. Although it
seems unlikely to have farmers being willing to sow gene drive-carrying oilseed rape
within the EU, there may be functionalities of such an approach. The characteristics
of the gene drive could be that of the resistance-overwriting approach which would
overwrite existing herbicide resistances (and gene drives) with a single resistance.
This might also help in accelerating breeding procedures towards the reproduction
of basic seed. After a number of generations, taking into account the spread of
the gene drive to feral populations and the persistence in the seed banks, a switch
of overwriting drive carrying oilseed rape and herbicide might be performed. The
advantage would be the seed losses during transportation, which would guarantee a
wide spread of the gene drive and enable it to reach more distant feral populations.

While currently, new herbicides have to be developed again and again to overcome
the emerging formation and outcrossing of resistances, this approach would allow
to alternate between a limited set of herbicides, if extended towards additional weed
species. Since the massive use of a limited number of active herbicide ingredients
led to the selection of major problematic weeds worldwide and in particular in those
agricultural systems using herbicides extensively (Heap 2014). The alternative in
organic agriculture would be adequate crop rotations and the sustaining of a rich
biodiversity in the surrounding landscape to limit pest outbreaks.

Female Infertility Drive

This paragraph serves to further explore the thought experiments of a gene drive con-
ferring female infertility. As mentioned above, this could be achieved by repressing
or even deleting the genes responsible for the development and functioning of the
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plants’ stigma or gamete production. To be able to mass-produce these organisms
in the laboratory, it needs to be equipped with a repressor mechanism, which would
allow normal development in the presence of a certain chemical, as is the case in the
Release of Insects carrying a Dominant Lethal (RIDL)-system (Thomas et al. 2000).
Assuming again, a drive propagation by the transformative action of a CRISPR/Cas-
based gene drive, a high conversion rate could be expected. The drive would only
propagate via pollen. It would not remain in the seed bank, because it is unable to
produce seeds. In order to pursue the set goal of the suppression of transgenic feral
populations, the drive could again home in on various resistance gene sequences.
Thus, only the offspring of transgenic parents would be converted to homozygous
carriers, while non-GMO parents would give rise to heterozygous offspring. The
latter would be the case, if the gene drive pollen was to fertilize cultivated plants.
Assuming for the female infertility to only homozygously be effective, the cross-
pollination of cultivated gene drive crops would not pose a threat to conventional
agriculture. Instead, it would reduce the occurrence of volunteer plants in subsequent
crop rotations. Furthermore, this would cause the drive to be almost self-limiting, as
it would stop its propagation, if no transgenic plants are fertilized for several genera-
tions. However, in this scenario, multiple releases over several decades would again
be necessary.

Other Gene Drive Techniques Besides CRISPR/Cas

Up to this point, the considered gene drive applications revolved around drives prop-
agated by the CRISPR/Cas system. To complete the available drive systems, we
discuss them below.

Medea (Maternal Effect Dominant Embryonic Arrest)

This technique uses a toxin-antidote combination that causes it to be inherited with
a super-Mendelian frequency. The maternally expressed toxin is deposited in the
embryo and only if that embryo inherits the gene drive, it will be able to counteract
the toxin with the appropriate antidote. This functionality was discovered occurring
naturally inTriboliumflour beetles. Itwasfirst synthetically engineered inDrosophila
(Akbari et al. 2014). In principle, Medea constitutes a modification drive designed
to be able to replace wild populations.

Underdominance

The phenomenon of Underdominance causes heterozygous carriers to receive a
higher fitness penalty than homozygous carriers. This can be achieved by toxin-
antidote combinations, either similar to the Medea technique (Akbari et al. 2013),
or containing an miRNA toxin, targeting a vital gene, and a recoded but haplo-
insufficient version of the gene (Reeves and Reed 2015). Underdominance consti-
tutes a modification drive as well, but different from Medea depends on a higher
threshold within a population in order to drive the desired traits to fixation.



134 J. L. Frieß et al.

Killer-Rescue

Independently inherited toxin (killer) and antidote (rescue) alleles will transiently
increase the rescue alleles (fused to cargo genes) prevalence within a population. The
lethal killer alleles will be quickly selected from the population and as soon as this
happens, the rescue alleles will no longer confer a fitness gain and therefore, will be
reduced in frequency in the population as well (Gould et al. 2008).

All three toxin-antidote techniques may potentially be applicable for gene drives
in oilseed rape. Albeit up until now, none of these techniques has been developed
for plant species. Whether their functionality in allotetraploid plants would be com-
parable to that in diploid animals is therefore unknown. The ideas presented above,
could be incorporated into these drive mechanisms as well with the exception of the
female infertility trait in combination with the Medea or the Medea-related Under-
dominance drive systems because these techniques rely on a maternally deposited
toxin to select against offspring not carrying the drive construct(s).

Meiotic drives

These naturally occurring drive systems rely on the distortion of chromosome seg-
regation during meiosis. The most widely discussed approach in this category is the
X-Shredder technique, which in sexually reproducing animals distorts the sex ratio
by targeting the X-chromosome with nucleases. If the necessary genes are located
on the Y-chromosome, this can result in a male bias of up to 95% (Galizi et al.
2014). Although the sex determination in plants is more complex than in animals
and oilseed rape is monoecious, as each plant has both sexes united in perfect flow-
ers, the Bassicaceae family belongs to the group of eurosids II, which were shown
to possess sex chromosomes (Charlesworth 2002). Therefore, it might be feasible
to engineer a drive system resembling the X-Shredder technique in oilseed rape.
Wherein, carrier-organisms may produce a high percentage of androcious offspring.
These would be able to propagate via pollen.

This drive, however, useful to suppress feral populations would again be prob-
lematic due to the fertilisation of cultivated crops. The consequence would be gene
drive-carrying volunteers. Furthermore, by hybridisation events, this drive might
invade other species, distorting their sex ratios as well. This would most likely prove
detrimental for the flora with potential secondary effects to the fauna of a vast number
of ecosystems. However unlikely, such an event seems probable considering the long
lasting persistence of the drive due to volunteering, formation of feral populations
and long-term persistence in the seed bank inherent to oilseed rape. Even events
with an extremely low probability become significant, given enough time and a large
sample size (Diaconis and Mosteller 1989).
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Conclusion

This case study presented oilseed rape in its agricultural significance, its ecologi-
cal interconnections as well as its survival and propagation strategies. It pointed to
the numerous potential hybridisation partners, lists some of the transgenic varieties
and stressed the emerging problem of escaping transgenes into the environment.
Existing computer programs applicable to model the gene flow of oilseed rape and
the spread of those escaping transgenes were reviewed and compared, especially
points of improvement in the light of the simulation of gene drive were emphasised.
Finally, the suitability of oilseed rape as a target organism for gene drives was scruti-
nized and furthermore multiple ideas for the various, currently discussed gene drive
approaches were exercised in thought experiments in various modes with different
potential cargo genes.

In summary, the application of a gene drive to oilseed rape as target organism
would be laborious to engineer, very difficult to confine, almost impossible to ade-
quately monitor and would require multiple mass releases across large areas and long
time spans. Such an endeavour would be very costly. The risk of losing control would
increase over time, and considering the long time frame would almost be certain. In
face of the (apparently mild or negligible) benefits, a successful gene drive would
harbour the reduction of transgene escape into feral populations or, economically
more interesting, potentially slowing down the pesticide treadmill. These circum-
stances make the application of an oilseed rape gene drive an unfavourable bargain.
Therefore, such an application is not recommended. It was demonstrated that various
risk dimensions are required to be considered. Among these are stability and dis-
persal issues, gene flow and complex spatial crop-volunteer-feral plant interactions,
not to mention conservation and public acceptance issues. Although oilseed rape is
not a good target organism for gene drive applications, it points out a panoply of
relevant issues that may arise in part or in various combinations, when considering
other possible plant target organisms for gene drive.

The major value of the considerations is not the expectation of a near-future appli-
cation of SPAGE in oilseed rape. Instead, we intended this case study to emphasize
the diverse issues which are crucial for an implication analysis in plants. Oilseed
rape is an excellent example for such an exercise, since it allows to exemplify the
dimensions of the physiological, ecological, environmental and agricultural context,
which is relevant also for the risk assessment of other potential botanical candidates
for genetic modification of the considered types.
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Chapter 6
Model Concepts for Gene Drive
Dynamics

Johannes L. Frieß, Merle Preu and Broder Breckling

Introduction

Recently, the discussion on gene drives is gaining momentum (Fischer 2018;
Groß 2016; Jacobs 2015). The deliberate release of genetically modified organ-
isms (GMOs) equipped with genetic systems to overcome the patterns of Mendelian
inheritance, able to either drive desired traits into a wild population or suppress the
population altogether. This harbours wide implications concerning economy, ethics,
genetics and ecology. To explore implications of the latter we constructed a series
of model concepts around the putative target organism, the olive fruit fly Bactro-
cera oleae. We discuss the different modelling approaches in their current prototype
stages and want to stress the importance of model simulations in order to identify
ecological hazards prior to the release of potentially adverse agents such as artificial
self-reproducing.

The GeneTip project works on the conception and designmodelling of population
dynamics influenced by gene drives. In this pursuit,multiple different approaches and
concepts have been developed to on one hand, be able to cover a broad perspective on
the topic but on the other hand to also focus on different key aspects. In the following
we present seven concepts based on different modelling approaches. In these model
concepts our model organism is the olive fruit fly (Bactrocera oleae), which is a
major pest species in agricultural olive production.

Female olive flies oviposit their eggs into the ripening olive fruits right beneath
the outer skin (Nardi et al. 2005), thereby they lay one egg per fruit and are able lay
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250–350 eggs within a lifetime (Genç and Nation 2008). From an egg, a monodi-
etary larva hatches which eats its way through the fruit pulp to the center of the olive
(Daane and Johnson 2010; Sharaf 1980). Olive flies may have three to five overlap-
ping generations per year (Bocaccio and Petacchi 2009; Comins and Fletcher 1988;
Kokkari et al. 2017; Pontikakos et al. 2010; Voulgaris et al. 2013) and thereby cause
annual net losses estimated to be as high 5% of global olive production translating
into 800 million US-Dollar per year (Montiel Bueno and Jones 2002). Due to their
role as an agricultural pest species, the olive fly is considered a target species for
diverse pest control methods.

Until now they have been the target for the sterile insect technique (SIT) (Knipling
1955). Wherein, laboratory-reared sterile males are mass-released into the wild. The
sterilemales outnumber the fertilewildmales and thus reduce the number of offspring
in the subsequent generation.However, prolonged SIT applications proved costly and
showed only limited success, since the decimated population rebounds quickly to
their former size once the sterile male releases seize. Therefore, the application of a
gene drive might be feasible (For a more comprehensive information on the olive fly
review Chap. 4, case study 1).

A gene drive is a phenomenon that increases the prevalence of certain gene, or
set of genes within a population. Artificial gene drive systems may be released with
the intention to spread desired genes in a population, these genes may either confer
a certain trait such as reduced fertility or a bias in the sex ratio of a population, but
may also simply kill potential offspring. Such gene drives, may however harbour
unforeseen ecological consequences, due to the multifactorial set-up of ecosystems.
For instance, a potent gene drive aimed at suppression might cause an eradication
of the target species which may affect interconnected species and the ecosystem’s
food web. Therefore, it is important to predict potential effects of gene drives on a
population and their habitat by various modelling approaches.

First, the possibilities to model population dynamics based on a stock-flowmodel
will be explored. This model will consider the temperature dependent mortality of
the different life stages of the flies. Another stock flow model was developed to
simulate the population dynamics of a single-locus Underdominance gene drive as
presented by Reeves et al. (2014). Then a differential-equation based concept which
further considers a gene drive released into a wild population of olive flies will be
introduced. The following stochastic, recurrence equation-based model will further
consider the variability enhancing effects of ecological disturbances such as winter
population bottlenecks on an olive fly population that is already exposed to a gene
drive. Finally, this chapter will conclude with an outlook onto an individual-based
model which also considers the spatio-temporal dynamics of an olive fly population
exposed to gene drive-carrying flies.
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Stock-Flow Model of an Olive Fly Population

The stock flowmodel was put together with the isee systems STELLA® Professional
Version 1.1.2 software. In its current state, it considers the temperature-dependent
mortality data from the literature (Genç andNation 2008; Sánchez-Ramos et al. 2013;
Tsiropoulos 1972; Tsitsipis 1980) compared to the average annual temperatures
encountered on the Greek island of Crete between 1961 and 1990 (German Weather
Service).

Thismodel (depicted in Fig. 6.1) was conceived as ameans to visualize the growth
and development of an olive fly population on an olive orchard. As datasets for this
approach the collated data from the literature on B. oleae were used. In its current
form, each life stage is integrated as a stock. The life cycle begins in the “Egg”-
stock. The egg stock is limited by an estimated number of 100 million olives on
the orchard. Influenced by the operator “Egg mortality”, each egg may either die or
follow the “Hatching”-flow to the next stage, depicted in the “Larva”-stock. From
there, it goes on over the “Pupa”-stock to the “Male Adult” and “Female Adult”-
stocks. Until the adult stage, the sex of the organisms is unimportant. During each life
stage, the individual may either die or proceed to the next life stage. Each life stage
is represented by a different stock. The mortality rates of the different life stages

Fig. 6.1 Stock-flow model of an olive fly population. The flies undergo the different stages of egg,
larva, and pupa, up to male and female adults. Each life stage is represented by a different stock.
Male and female adults unite in the “Mating”-stock which stimulates the inflow into the “Egg”-
stock. At each stage, the individual organism may either die due to temperature or transition to the
next stage
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in relation to the temperature as encountered in the cycle of the years on the Greek
island of Crete were integrated into the model as the sole time dependent factor. The
decision whether to follow the respective “Death” or “Growth”-flow is influenced by
the “Mortality”-Operators. Note, that in its current form, the durations of the different
life stages all equal one month. The adult flies, again may either die or unite in the
“Mating”-stock. Since the “Mating”-stock’s only outflow “Mate only once” leads to
a sink, the model assumes a single mating per adult fly. The number of individuals
in the “Mating”-stock stimulate the “Egg-Laying”-inflow into the “Egg”-stock. The
“Number of Eggs/Mating”-operator adds a stochastic factor, as eachmating produces
between 150 and 400 eggs. Figure 6.2 shows a simulation run for 60 months. The
initial population was set to contain only 1000 male- and 1000 female adult flies.
From which it develops quickly and before the end of the second year the number
of eggs for the first time reaches the maximum threshold of 100 million, which
was set as the number of olives available for oviposition. Clear annual cycles are
visible in the various life stage populations which are due to the variable temperature

Fig. 6.2 Wild type population dynamics over a simulated time of 60 months. Note, that in this
simplified model, the duration of each life stage equals one month. The maximum number of eggs
is limited by the number of olives, which were set to 100 million. The population started with 1000
male and 1000 female adult flies. The life stage populations seem to reach stable annual cycles
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dependent mortality rates. The population seems to undergo stable cycles. Further
planned implementations into the model entail variable life stage durations, multiple
matings per generation and a seasonal change in the number of olives available for
oviposition.

The next step for this model would be to include applications of different gene
drive techniques in order to examine the effects on the population dynamics. The
gene drive techniques planned to implement are Medea (Akbari et al. 2014), two-
locusUnderdominance (Akbari et al. 2013), Y-linkedX-Shredder (Galizi et al. 2014),
CRISPR/Cas-based gene drives (Burt et al. 2018; Esvelt et al. 2014; Hammond et al.
2016) and Killer-Rescue (Gould et al. 2008).

Stock-Flow Model of a Single-Locus Underdominance Gene
Drive

Underdominance, aka heterozygosity inferiority is a phenomenon inwhich heterozy-
gous carriers of an underdominant gene suffer a higher fitness penalty than homozy-
gous carriers. Modelling the population dynamics of a single-locus Underdomi-
nance gene drive requires the implementation of three genotypic subpopulations,
wild types (W/W), homozygous (W/U) and heterozygous gene drive-carriers (U/U).
These subpopulations are depicted as stocks as illustrated in Fig. 6.3.

This simple model only assumes static growth by a fixed growth variable, deter-
mining the number of offspring per mating. However, the number of gene drive

Fig. 6.3 Model structure of the stock-flow model for single-locus Underdominance gene drive
population dynamics
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carrying offspring is further affected by the respective fitness variables, included in
the form of operators. Furthermore, growth of all subpopulations is limited by a uni-
versal capacity limit. Besides growing, the subpopulations can of course also decline
due to mortality which was assumed equal for all subpopulations in this model. A
sex ratio of 1:1 and random mating are assumed and therefore the number and geno-
types of offspring are directly dependent on the size of the respective subpopulations.
Adhering to the inheritance scheme of single-locus Underdominance, the Mendelian
genotype ratios are derived. From which the following equations for the growth of
each subpopulation are deductible.

PW/W = +
(
NW/W ∗ NW/W

) + (
1
2 ∗ NW/U ∗ NW/W

) + (
1
4 ∗ NW/U ∗ NW/U

)

NW/W + NW/U + NU/U

(6.1)

PW/U = +
(
1
2 ∗ NW/U ∗ NW/U

)
+ ( 1

2 ∗ NW/U ∗ NU/U
) + ( 1

2 ∗ NW/U ∗ NW/W
) + ( 1

2 ∗ NW/W ∗ NU/U
)

NW/W + NW/U + NU/U

(6.2)

PU/U = +
(
NU/U ∗ NU/U

) +
(
1
2 ∗ NW

U
∗ NU/U

)
+

(
1
4 ∗ NW

U
∗ NW/U

)

NW/W + NW/U + NU/U
(6.3)

where PX/X represent the probabilities of offspring with the certain genotype and
NX/X the number of individuals with that genotype in the population. This model
is suited to examine the invasiveness of a single-locus Underdominance gene drive,
without the affliction of ecological factors.

Stock-Flow Model of a Medea Gene Drive

Similar but more complex than Underdominance in its inheritance, the Medea gene
drive technique can be simulated in a stock-flow model. The model structure is
depicted in Fig. 6.4. Just as in the Underdominance model each genotypic subpopu-
lation is represented as a stock. Furthermore, the different sexes become important as
Medea’s lethality is inducedmaternally. Hence, the model revolves around six stocks
representing both sexes of three different genotypes. Each genotypic subpopulation’s
growth is regulated by a respective “Birth Rate”-converter, while the mortality of all
subpopulations is regulated by a single “Mortality”-converter set to 1. The birth
rate is set to 100 offspring per mating. As before with Underdominance, mating is
assumed to be random and dependent on the size of the respective subpopulations.
Obviously, male and female mating partners are required for reproduction, thus the
number of mating events is equal to the number of the rarer mating partner (i.e. 50
WT males and 25 WT females will amount to 25 matings).

The populations’ growth is also limited by the growth capacity already defined in
the previous model in Eq. 6.4. In this model as well the capacity limit K was set to
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Fig. 6.4 Model structure of the stock-flow model representing Medea-gene drive population
dynamics

10 million. The carrier subpopulations are furthermore affected in their growth by
their respective fitness-converters. The homozygotes’ fitness was assumed as 0.35
and the heterozygotes’ fitness as 0.72, according to Buchman et al. (2018). The most
important factor in the propagation of the gene drive is of course based on genetics.
Only the offspring of a heterozygous Medea-carrying mother that do not possess
a copy of the gene drive will die. Out of 36 different gamete combinations three
are lethal, six are wild type, eighteen are heterozygous and nine are homozygous
carriers.

From the inheritance scheme, the growth for each subpopulation can be deducted
as shown in the following equations (Eqs. 6.4–6.6) and included in the model into the
respective “BirthRate”-converters. Similar to themodel concept ofUnderdominance,
this model is suited to simulate the invasiveness of Medea gene drives.

(6.4)

(6.5)
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(6.6)

As before, PX/X denotes the probability of a certain offspring genotype, while
NX/X is the number of genotypic individuals within the population, in this model
divided by sex.

Deterministic Recurrence-Based Calculations
on the Inheritance Schemes of Different Gene Drive
Techniques

The model is based on the inheritance schemes of the various gene drive techniques.
The probability of the occurrence of a particular genotype was multiplied by its
respective fitness. A random mating was assumed based on the respective genotypes
in the infinite population. The genotype fitness and the initial population share can
be selected by the user. To calculate the invasiveness of gene drive techniques, the
variation in fitness and population parameters for a given generation was automated
and presented in a color-coded graph in which population percentages are assigned
different colours depending on the thresholds selected. The purpose of this survey
is to describe the ability of gene drives to achieve population replacements. For this
purpose, a simple population genetic model was chosen that provides the percentage
of genotype as a function of fitness and the relative release size of gene drive organ-
isms (GDOs). Models with a similar approach have also been described by Gould
et al. (2008), Ward et al. (2011) and Dhole et al. (2018).1

As a basis, our underlying recurrence-based, deterministic model utilizes inheri-
tance schemes in a hypothetical population of infinite size. Therefore, it is impossi-
ble to achieve a population suppression or eradication in this model. All genotypic
subpopulations are regarded as relative percentages of the whole population.

Two-locus Underdominance, Medea, a CRISPR/Cas-mediated GD including
resistance allele formation, Killer-Rescue and a Y-linked X-Shredder were chosen
for a quantitative comparison of their invasiveness. As positive and negative controls,
the spread of two different transgenes lacking the GD-specific functionality of super-
Mendelian inheritance were calculated: a female specific release of insects carrying
a dominant lethal (fsRIDL, Fu et al. 2010) a fitness gain conferring transgene e.g.
a pesticide resistance, respectively. For the calculations, the following assumptions
were made that should be taken into account for a critical discussion of the presented
results on the invasiveness:

• fsRIDL (negative control): Female lethality is 100% regardless of zygosity.
Cumulative fitness penalty for each allele was assumed.

1This model was already published under Creative Commons license CC-BY 4.0 in the article.
Frieß JL, von Gleich A, Giese B, 2019. Gene drives as a new quality in GMO releases - a

comparative technology characterization. PeerJ 7:e6793. http://doi.org/10.7717/peerJ.6793.
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• Transgene with fitnessloss/gain (negative/positive control): Cumulative fitness
loss/gain for each allele was assumed.

• X-Shredder: A Y-linked X-Shredder system with a male biased sex ratio of 95%
was assumed according to Galizi et al. (2014). Since the ratio of females cannot
decrease below 5%, due to the assumptions of our model, the thresholds were
adapted for this approach to 7 and 93% in the cross section computation.

• Killer-Rescue: Cumulative fitness penalties were assumed per allele regardless of
killer or rescue.

• Medea: Fitness penalty was assumed being cumulative for hetero- and homozy-
gous Medea-carriers.

• Underdominance: A two-locus autosomal Underdominance system similar to
UDmel (Akbari et al. 2013) was modelled. Female-carriers kill offspring that do
not inherit at least one copy of each construct. It was assumed that heterozygosity
for each of the Underdominance alleles confers a 15% fitness penalty. Therefore,
the double hetero UD genotype’s fitness is 30% lower than that of the double homo
genotype. Whereas homozygosity in one construct but lack of the other results in
half the fitness penalty of the double homozygotes.

• CRISPR/Cas-mediated gene drive: The homing rate was assumed to be 98%
similar to data presented by DiCarlo et al. (2015). Resistance formation rates
were assumed as the direct reciprocals of the homing rates, i.e. 2%. Fitness penal-
ties were assumed to be half for heterozygous GDOs. Each resistance allele was
assumed to confer a 10% fitness penalty. Homozygously resistant population
percentages above 95% are depicted in green in the overlays.

Figure 6.5 shows positive and negative control approaches for the model as
transparent overlays of cross sections for up to 60 generations post release, in 5-
generational steps. Negative controls are represented by the complete fading of
fsRIDL-carriers from a population within five generations and the spread of a trans-
gene which confers a fitness loss. The spread of a transgene which confers a fitness
gain represents a positive control. The blue areas represent combinations of fitness

Fig. 6.5 Cross sections of the negative controls for the model represented on the fsRIDL technique
and the fade of a transgene conferring a fitness loss. Red = Wild type population percentage below
5%; Blue = Wild type population percentage above 95%. Black numbers and lines represent the
respective generation post-release. Lines were inserted by hand for clarity
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Fig. 6.6 Cross section overlays of fitness and initial release population percentage for different gene
drive techniques. Red = Wild type population percentage below 5%; Blue = Wild type population
percentage above 95%. Green = Population homozygous for resistance alleles above 95%. Black
numbers and lines represent the respective generation post-release. Black lines were inserted by
hand for clarity

and population percentage at a given generation post-release at which more than
95% of the population is of wild type genotype. Red areas represent fitness and pop-
ulation percentage combinations at given generations resulting in less than 5% wild
type genotypes in the population.

Figure 6.6 shows the allele frequency of gene drives. The depicted generations
post-release range from 5 to a maximum of 60, in 5-generational steps.

Stochastic Model Considering an Olive Fly Population
with Gene Drive and Bottlenecks

For thismodel, a gene drive techniquewas assumed resembling aCRISPR/Cas-based
gene drive carrying a female specific lethal cargo-gene, similar to the RIDL [Release
of Insects carrying a Dominant Lethal gene (Thomas et al. 2000)]. Therefore, it was
assumed that 99% of the offspring resulting from a mating of a wild type and an
AG parent will also be altered gene individuals. This corresponds a conversion rate
similar to findings reported by DiCarlo et al. in wild yeast (DiCarlo et al. 2015).



6 Model Concepts for Gene Drive Dynamics 157

Furthermore, it is assumed that if these offspring are female, they are non-viable and
die at larval stage. Mating between two wild type individuals will of course result
in 100% wild type offspring. And lastly, a winter bottleneck was assumed to take
place after every sixth generation, thereby killing 98% of the population regardless
of genetic constitution.

The model was implemented in the statistical programming language “R”, using
the RLab and LaPlaces Demon Library packages. It was designed to display the
size and demographic characteristics of the wild type B. oleae population and the
genetically modified population at different computational time steps. Stochastic
formulations are employed for the simulation of mating and gene inheritance, as
well as for sex determination. Information required for the modulation of the initial
population and the released gene drive population was acquired via literature review
and expert surveys. The initial population consists of a certain number of wild type
(WT) males and females, as well as of individuals carrying an altered gene (AG).
The model assumes a certain percentage of females to mate, which are selected using
a Bernoulli distribution for each mating event. In order to select a male for mating
with a specific female, random mating and monogamy were assumed.

Two different simulation scenarios were run, one with regularly occurring bot-
tlenecks and as a control a scenario without winter bottlenecks. In both scenarios,
an initial wild population of 200,000 olive fruit flies (sex ratio 1:1) was assumed. A
total of 400,000 gene drive-carrying males were released. Ten replicate simulation
runs were performed; each comprises a simulation for 24 generations.

Results of these model scenarios are depicted in Fig. 6.7a and 23 Without the
occurrence of a population bottleneck, the release of altered gene flies induces a
constant reduction of population densities over the course of the first 11 simulated
generations. Thereafter, the fly population recovers and increases from generation to
generation. Figure 6.7b shows that a similar outcome is obtained for each simulation
run. Figure 6.8 shows that the occurrence of a bottleneck after six generations further
reduces the number of flies which is already on decline due to the release of gene
drive-carrying individuals. While altered gene flies exhibit a high proportion of the
entire population after the first bottleneck, wild type flies dominate the population
after the second and third bottleneck. Very different outcomes are displayed by single
model runs: in some cases, the wild type population is driven to extinction, in other
model runs it recovers at various rates.

These results indicate that the occurrence of population bottlenecks reduces the
predictability of the effect of gene drive releases to natural olive fruit fly populations.
Therefore, the consideration of ecological properties at the population biological
level for a comprehensive risk assessment prior to the release of genetically altered
organisms to wild ecosystems is strongly recommended.
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Fig. 6.7 Simulation result for an olive fruit fly population that does not experience population
bottlenecks. a Arithmetic mean of ten model runs; b development of the wild type fly population
in each single model run

Differential Equation-Based Modelling of an Olive Fly
Population with a Gene Drive

Differential equations are frequently used in population ecology. They can be consid-
ered as a standard to study spatially homogeneous conditions, where the calculation
of non-overlapping generations is not applicable. The results from both approaches
can substantially differ, since the causality-derived determinism requires an absence
of trajectories crossing, whereas in difference equations, the systems state is only
defined for certain points in time.

For this deterministic approach, the following assumptions have been made: The
population grows exponentially up to an environmentally set carrying capacity limit.
The individuals of the population die following an exponential decline. Just as before,
the sex ratio of the wild type population is assumed to be 1:1. The gene drive, similar
to the one in the stochastic model, is assumed to be propagated to all offspring as
long as one of the mating partners carries the gene drive and the gene drive causes
female lethality.

For the two sub-populations the following equations were established:

Wild type population
dW

dt
= r ∗ W ∗ 0.5 ∗ W

1
2W + Mg

∗ K − (W + Mg)

K
− m f ∗ FF ∗ W (6.7)
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Fig. 6.8 Simulation result for an olive fruit fly population regularly experiencing population bot-
tlenecks. a The arithmetic mean of ten model runs; b development of the wild type fly population
for each single model run. The bottles indicate the regular occurrence of population bottlenecks
after every sixth generation

Male gene drive population
dMg

dt
= r ∗ W ∗ Mg

1
2W + Mg

∗ K − (W + Mg)

K
− m f ∗ Mg (6.8)

where r denotes the exponential growth and is assumed to be 0.5;W is the popu-
lation of the wild types,Mg is the population of the male gene drive-carriers;K is the
carrying capacity of the ecosystem and is assumed to be 2000; mf is the mortality
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Fig. 6.9 Direction fields showing the wild type versus the male gene drive-carrying population.
Dependent on the FF isoclines form, which regardless of the initial population settings lead to the
population’s extinction for a fitness factor (FF above 0.5 and to wild type persistence for FF < 0.5.
A marginal stability can be observed for FF = 0.5. X- and Y axes scale from 0.1 to 2000

factor, assumed to be 0.1; and FF is the fitness factor which represents the fitness
difference between the populations, it was varied during simulation runs between
0.1 and 0.9.

During the simulation runs in which not only the FF but also the initial population
values W and Mg have been varied, an interesting phenomenon could be observed.
The isoclines vary depending on the FF value. In Fig. 6.9, these isoclines are shown
in direction fields. Depending on the isoclines, either an extinction of the gene drive
males occurs or the gene drivemales get extinct and the wild type population persists.
The delimitation between both alternatives occurs at a value of 0.5 for FF. In that
case, a marginal stability prevails.

This illustrates how important transgene-induced fitness can be at the expense of
the outcome of a gene drive application.

Individual-Based Model of an Olive Fly Population
with Gene Drive

Individual-based models (IBM) represent activity, interaction and states of single
organisms as data structures in a simulation. In most applications, they are spatially
explicit and consider environmental structures and temporal variability of environ-
mental states. Therefore, the approach is suitable to analyse the contribution of single
aspects and components of the spatial context aswell as behaviour and states of organ-
isms to particular results on higher integration levels (e.g. population level), which
result from an aggregation of individual activities. In particular, IBM can facilitate
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a deeper and more detailed understanding of the conditions for specific population
dynamic phenomena (Breckling et al. 2006).

Since the possible releases of SPAGE in natural populations pose qualitatively
new questions for risk assessment, it was reasonable to demonstrate the utility of
the approach also in the context with genetic aspects. Hence, a prototypical IBM
structure with regard to the olive fly case study was drafted.

The focus was to prepare a model outline rather than implementing a com-
plete parameterization in any relevant detail. In the current stage of development,
the model consists of characteristic features, linking spatial, behavioural and cru-
cial physiological aspects of olive flies. The following features were implemented
(Fig. 6.10):

• Spatial structures of the environment, in particular relevant resources like olive
tree locations,

• distribution of the individual olive flies as well as aspects of their movement
behaviour,

• Temporal characteristics of the development process: Eggs, maggots, pupae and
imago,

• Temperature sensitivity of individual development, bottlenecks through low or
high temperatures,

• Mating behaviour,
• andwe represent a gene drive influence, the distinction ofmale individuals carrying
a gene that leads to the death of females prior to maturity.

The model was written in SIMULA (Dahl et al. 1970; Kirkerud 1989) and com-
piled with the CIM (SIMULA-to-C) precompiler (https://www.gnu.org/software/
cim/). The executable was run on a Lenovo ThinkPad Personal Computer under
SUSE Linux. The graphic output was generated using GRPS as an external class.

Since each individual and its specific state is represented, spatial structures as well
as the temporal development of the population can be visualized. The simulation was
initiated with twelve wild type females, wild type males and gene drive-males each.
Theywere located in a partially overlapping areawithin direct interaction distance. In
the graphic simulation output, green circlesmark the location of olive trees, dots show
the position of mature and immature life stages. Since random movement processes
influence the dispersal process across the simulation area, the results of each model
run are unique, however, in terms of probability, typical development trends can be
identified. Repeating identical model runs with the only difference in the starting
value for the random generator can lead to qualitatively different results of single
runs. Random numbers are used to determine co-ordinates of individual movement
steps surrounding the current position and mortality events according to temperature
dependent conditions. The preliminary simulation results show (Fig. 6.10), that it is
important to explore the heterogeneous structure of the response space. Statistical
assessment would be a further step to identify result type frequencies in a larger
number of model re-runs.

As qualitatively different results of the simulation runs, which were carried out
for 630 time steps so far, we observed cases where the gene drive persists while the

https://www.gnu.org/software/cim/
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�Fig. 6.10 Three different test runs with identical parametrisation but different random seed. Each
model run results in a different outcome. a, c and e show the population dynamics over time. Beneath
the title line temperature regimes are depicted as a colour bar with blue inducing population decline
due to cold conditions and brownmarks times of heat decline. b, d and f show the spatial distribution
of the population at the final time step. a and b Simulation run with 59 as start of random number
generation: Wild-type and gene drive males persist in a spatially heterogeneous setting. While wild
types dispersed, gene drive males largely remain active in the part of the simulated area where
they were started. c and d Simulation run with 67 as start of random number generation: Gene
drive males died out, and the wild type population dispersed throughout the simulated area. e and
f Simulation run with 97 as start of random number generation: Gene drive males limited the
population expansion and prevented a further dispersal. The population density remains on a low
level. The colour code for the individual olive flies is either brown for different immature stages.
For the mature stages purple is used for females, blue for males and red for gene drive males (left
and right side). Green circles represent trees

population expands throughout the available area. Another simulation run revealed
the result, that the population level can be higher when the gene drive carrying
individuals died out. Finally, it was observed that under the same parameterization
the gene drive males can hinder an expansion across the simulation area and arrest
the population density on a comparatively low level. As a preliminary result we can
conclude, that there is the potential that under given spatial conditions and under
identical physiological specifications, random influences can contribute to a variety
of qualitatively distinct outcome in relatively short observation times.

Model studies with the current implementation showed, that the specification is
crucially influencing how pronounced the population bottlenecks occur. If phases of
exceptionally low or high temperature vary in extent, it would add another significant
dimension of uncertainty to the population development.

We suggest to employ individual-based models to analyse in particular how
behavioural aspects and spatial heterogeneities contribute to dispersal and persistence
processes and how the probability structure of the response space can be understood.

Conclusion

The introduced model concepts give insights how to analyse and understand under-
lying implications in various aspects of gene drives and population dynamics. It is
however important to note, that amodel is always a simplification of otherwise highly
complex processes. Therefore, a model’s applicability to real life is limited. Each
model, has its own focal points while even completely dismissing other factor that in
reality might have an important influence on the observed process. Although models
may facilitate various analyses, they are heavily reliant on what was built into them.
Thus, emergent properties of the model were already implied in the model assump-
tions. Due to this, we did not focus on only one model approach but approached the
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topic from various sides to allow for a broader view on the vast subject and some of
its key aspects.

Nevertheless, models allow insights into complex dynamic processes and further-
more help to discover emergent properties that would have remained undisclosed
otherwise. Especially in the context of gene drive releases, which may cause unpre-
dictable consequences, it is important to identify possible hazards and adverse eco-
logical effects on an ecosystem before real-life test trials. To this end, simulations
and modelling approaches play a pivotal role.
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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



7 Alternative Techniques and Options for Risk Reduction … 179

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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Chapter 8
Limits of Knowledge and Tipping Points
in the Risk Assessment of Gene Drive
Organisms

Christoph Then

Introduction

People have selected and cross-bred plants (and animals) for thousands of years in
order to establish beneficial and desirable traits. However, natural mechanisms such
as gene regulation and heredity can nowbe circumventedwithmodern technical tools
of genetic engineering. In consequence, experience gained from conventional plant
breeding cannot simply be extrapolated to the risk assessment of GE plants. Accord-
ing to EU regulation (Directive 2001/18), all organisms derived from processes of
genetic engineering require a risk assessment before they can be released.

New challenges have arisen with applications such as ‘gene drives’ that are
intended to be introduced into natural populations and give rise to offspring that
spread and propagate throughout those populations. Gene-drive mechanisms were,
for example, successfully established in laboratory populations of Drosophila by
using the nuclease CRISPR/Cas9 (Gantz and Bier 2015). Such organisms replicate
the process of genetic engineering in a self-organised way: in every generation the
nuclease is meant to copy and insert itself at a given location within the genome. This
process is also named ‘mutagenic chain reaction’ (see Gantz and Bier 2015; Led-
ford 2015). As a result, the newly introduced DNA can spread through a population
exponentially, and much more rapidly than could be expected under the Mendelian
pattern of inheritance.

The risk assessment of a potential release of a gene drive organism into the envi-
ronment needs to consider uncertainties and limits of knowledge on at least three
levels: the technology, the target organism and the receiving environment, including
abundant non-target organisms (NTOs). Moreover, methodological problems need
to be overcome: the comparative approach that is the starting point for current EFSA
(EFSA 2010) environmental risk assessment might not be applicable due to the lack
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of suitable ‘comparators’. The following paragraphs therefore discuss criteria and
methodologies that can be applied in the risk analysis of gene drive organisms in the
face of substantial uncertainties.

The Production of Knowledge and Non-knowledge

There can be various reasons for non-knowledge. It can, for example, be due to
unawareness of facts that are already known in a specific field of expertise. This
kind of non-knowledge can be easily remedied. Other areas of non-knowledge and
the production of non-knowledge can create large and systemic problems. In some
circumstances, we might not even be aware of our limits of knowledge.

The Science of Non-knowledge in Upstream Technology
Assessment

The science of non-knowledge already has a long tradition in the context of tech-
nology assessment. Some of the early debates were triggered by discussions around
nuclear power and chemical pollution. This report discusses some selected aspects.

In 1992, Wynne developed a classification system based on the criteria “risk”,
“uncertainty”, “ignorance” and “indeterminacy” as summarised in Table 8.1.

These criteria are explained by Wynne (1992) in more detail (for all quotes in
bullet points see page 114):

• The term risk can be applied when “the system behaviour is basically well known,
and chances of different outcomes can be defined and quantified by structured
analysis of mechanisms and probabilities.”

• The term uncertainty can be applied “if we know the important system parameters
but not the probability distributions (…). These uncertainties are recognized, and
explicitly included in analysis.”

• According to Wynne “a far more difficult problem is ignorance, which by defini-
tion escapes recognition. This is not somuch a characteristic of knowledge itself as
of the linkages between knowledge and commitments based on it—in effect, bets

Table 8.1 Classifications established by Wynne (1992)

Risk Know the odds

Uncertainty Don’t know the odds: may know the main parameters, may reduce uncertainty
but increase ignorance

Ignorance Don’t know what we don’t know, ignorance increases with increased
commitment based on current knowledge

Indeterminacy Causal chains or networks open



8 Limits of Knowledge and Tipping Points in the Risk Assessment … 189

(technological, social, economic) on the completeness and validity of that knowl-
edge. (…) The conventional view is that scientific knowledge and method enthu-
siastically embrace uncertainties and exhaustively pursue them. This is seriously
misleading. It is more accurate to say that scientific knowledge gives prominence
to a restricted agenda of defined uncertainties—ones that are tractable—leaving
invisible a range of other uncertainties, especially about the boundary conditions
of applicability of the existing framework of knowledge to new situations. Thus
ignorance is endemic to scientific knowledge, which has to reduce the framework
of the known to that which is amenable to its own parochial methods and models.”

• Finally, “indeterminacy exists in the open-ended question of whether knowledge
is adapted to fit the mismatched realities of application situations, or whether those
(technical and social) situations are reshaped to ‘validate’ the knowledge.”

The Exploration of Non-knowledge in the Field
of Biotechnology

Böschen (2006, 2009) and his colleagues explored areas of non-knowledge, espe-
cially in the context of biotechnology. Böschen et al. (2006) put forward three
dimensions of non-knowledge (p. 297):

• “The first dimension refers to knowledge (or awareness) of non-knowledge, which
spreads between full awareness of non-knowledge (we knowwhat we don’t know)
and complete unawareness (‘unknown unknowns’).

• The seconddimension, intentionality of non-knowledge, contrasts unintendednon-
knowledge with the conscious refusal of certain cognitions.

• The third dimension, temporal stability (or reducibility) of non-knowledge,
extends from what is not yet known, but (presumably) does not present any
substantial difficulties to cognition, to the entirely ‘unknowable’ and therefore
uncontrollable.”

Based on these criteria, the perspective of scientists in the field becomes important
and allows exploration of what is known as ‘cultures of non-knowledge’. Böschen
et al. (2006) show that two interrelated scientific disciplines—molecular biology and
ecology—“entail different types of non-knowledge and deal with non-knowledge
differently (…) The scientific culture of non-knowledge in molecular biology can be
described as control-oriented, while that of ecology can be described as uncertainty-
oriented.” (p. 295).

In regard to the boundaries of knowledge, Böschen (2009) argues that one decisive
question remains to be answered in order to implement the PP as requested by
EU regulations e.g. 178/2002 and Directive 2001/18 (p. 509): “Although there is
an institutional solution, one all-decisive question is remaining. What is the actual
evidence on which decisions about the applicability of the PP are to be taken? And
which evidence is necessary to decide about different precautionary strategies? These
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questions are difficult to answer with respect to the debate about non-knowledge. But
they have to be answered, because political decisions are always based on knowledge
(…).”

Adequatemanagement of non-knowledge in implementing thePPcannot be estab-
lished if Böschen’s (2009) question cannot be answered. Consequently, within the
regulatory processes, inherent non-knowledge might increase unnoticed to such an
extent that sufficiently robust risk assessment is disabled.

Böschen (2009) shows there are basically two options in regard to performing risk
assessment in this context: a “restrictive evidential culture (e.g., molecular biology)”
and a “holistic evidential culture (e.g., ecology)”. These are accomplished by a third
approach which could be seen as a pragmatic compromise: “evaluative evidential
cultures (e.g., environmental medicine)”.

Böschen (2009) summarises (p. 513): “Control-oriented epistemic cultures pro-
ceed in a restrictive-experimental way and are oriented towards an improvement of
(technological) options for action. In contrast, complexity-oriented epistemic cul-
tures structure their knowledge in a holistic-contextual way and enhance options for
reflection. Finally, expertise-based epistemic cultures are marked by the combina-
tion of diagnostic knowledge and knowledge on problem-solving. There, epistemic
strategies are related towards an improvement of options for decisions. All of these
cultures generate knowledge relevant for making decisions, but they do not find a
balanced attention in the risk policy of the GMOs. Therefore, a selection process of
the knowledge resources relevant for the conflicts occurs.”

Building on arguments and criteria developed by Böschen and his colleagues
(2006/2009), one can conclude that it is necessary to integrate adequate manage-
ment of non-knowledge into the field of genetic engineering and biotechnology
in upstream prospective technology assessment, as well as within ‘end of pipe’
regulatory decision-making for specific products and organisms.

Some ‘Known Unknowns’ in Regard to Risk Assessment
of GE Organisms and New Challenges Posed by Gene Drives

Decisions made by risk managers are always dependent on plausibility and knowl-
edge and cannot be based on speculation. Risk assessment has to be organised in a
way that the final decision-making of the risk manager is sufficiently informed as
to whether a GE organism can be considered to be safe and therefore allowed for
release. However, due to the complexity of the associated mechanisms and various
interactions between the target organisms and their environment, substantial uncer-
tainties and areas of non-knowledge have to be taken into account when it comes to
the risk assessment of gene drive organisms.

In this context, two questions are of crucial relevance:

What are the ‘known unknowns’ stemming from experience with already existing
GE organisms that give ‘reasons for concern’?



8 Limits of Knowledge and Tipping Points in the Risk Assessment … 191

What are the main challenges in risk assessment of gene drives that go beyond the
experience with existing GE organisms?

To explore these questions, some conceptual challenges of GE organism risk
assessment are given as a starting point. Subsequent sections set out a more detailed
investigation of the differences between GE plants and plants derived from tradi-
tional breeding. This is followed by a discussion of questions arising from the risk
assessment of gene drives.

Conceptual Challenges in Risk Assessment of GE Organisms

As a starting point for the discussion on the risk assessment of GE organisms, it is
useful to consider what is often called the complexity of biology. A comparison to the
risk assessment of chemicalsmight be quite useful in this context:while chemicals (in
many cases) can be considered clearly defined entities, the characteristics of organ-
isms are largely shaped by interactions and the mechanisms of self-reproduction,
self-organisation and adaptability. Conceptual challenges for the risk assessment of
GE organisms can be identified on several levels.

What is the Entity that Has to be Assessed?

To some extent, life forms can only be assessed in combination with their environ-
ment: for example, the well-established concept of the ‘holobiont’ (see for example
Richardson 2017) shows that multicellular organisms such as plants, insects or mam-
mals can hardly be separated from their associated microbiome. The organism and
its associated microbiome interact very closely: it is known that the microbiome can
extensively impact the biological characteristics and health status of humans, plants
and animals (see for example Lynch and Pedersen 2016; da Silva et al. 2016).

How to Assess Complex Cause-Effect Relationships?

Well defined cause–effect relationships may frequently not be applicable in the case
of life forms: as can be shown in GE plants (for some references see below in 3.3),
the interaction of the inserted genes with the genetic background as well as the
interactions of the organisms with their environment can play an important role.
These interactions can create effects in a bi-directional and non-linear manner: it
is not only the organisms that impact the environment, the various environmental
conditions, abiotic and biotic stressors also impact the biological characteristics of
organisms. Thus, risk assessment of GE organisms not only has to assess the impact
of the organisms on the environment, but also vice versa. In addition, the resulting
combinatorial effects also have to be taken into account.
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Will the Characteristics of the Relevant Entities Remain Predictable
in Future?

The characteristics of GE organisms might change from one generation to the next
(for some references see below in 3.3). With self-organisation and self-reproduction
and in interaction with changing environmental conditions, next generation effects
may occur that cannot be predicted on the level of the previous generations. Even if
DNA is transmitted to the next generation in a way that genetic stability is assumed
on the genomic level, this does not mean that the intended function of the gene and
the associated phenotype will be transmitted to the offspring as well. Thus, next
generation effects have to be considered in all cases where GE organisms might be
able to persist and propagate in the environment. This is especially relevant if gene
flow occurs from the GE organism into wild populations.

How to Take Communication and Signalling Pathways Between
Organisms into Account?

Life forms interact with the environment via multiple bio-chemical pathways. In
plants, these pathways include signalling and communication with other plants,
microorganisms and beneficial insects (see for example Schaefer and Ruxton 2011).
There are various compounds involved such as volatile substances, other secondary
metabolites and biologically active compounds. Environmental risk assessment of
GE organisms should include the various ways in which organisms interact and
communicate with their environment, and these might not be well defined in all
cases.

The conceptual challenges listed above show that, given the terminology intro-
duced by Böschen (2009), a “restrictive evidential” approach” is not sufficient to per-
form risk assessment on GE organisms, and a more “holistic evidential” approach”
has to be applied.

Specific Characteristics of GE Organisms

Risks of GE organisms differ from those associated with organisms derived from
natural evolutionary processes. In the overview we have used plants to show some
relevant differences; this is becausemost of the experiencewe have has been obtained
from the environmental risk assessment of GE organisms in regard to plants.

Conventional plant breeding can look back on long-standing experience. The
mechanisms used are generally based on the methods and results of evolutionary
processes, such as selection: plant breeding starts from a broad range of biodiversity
that is used for selection and is newly combined through crossing. In addition, since
ca. the 1950s, it has beenpossible to enhance genetic variation by technically inducing
mutations. These methods are known as mutagenesis (Oladosu et al. 2016) and do
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not profoundly change the pattern of emerging genetic variations; they more or less
simply speed up evolutionary processes that might also occur naturally.

In short, the methods and mechanisms used in what is known as ‘conventional’
breeding:

• make use of huge genetic diversity as a starting point;
• are applied to the whole cell or organisms;
• do not insert or delete genetic information targeted by technical means.

Therefore, conventional breeding does not change the mechanisms of natural
heredity and gene regulation. Furthermore, in many cases, each step might be rela-
tively small in regard to the relevant plant characteristics. Thus, plant characteristics
are improved by breeding processes that can take many years and involve many vari-
eties. This is a constantly ongoing process that allows breeders to gain experience
with each of the specific traits over a longer period of time. Nevertheless, some organ-
isms resulting from conventional breeding might require risk assessment in regard to
health and the environment. For example, it is possible to establish herbicide resis-
tant crop plants by means of conventional breeding, which should be investigated in
regard to their impact on weedy species and biodiversity (Burgos et al. 2014).

On the other hand, genetic engineering is based on “techniques involving the direct
introduction into an organism of heritable material prepared outside the organism”
(Directive 2001/18, Annex I A). These techniques and processes show technical
characteristics that are distinct from those of conventional breeding:

• The techniques applied in genetic engineering allow mechanisms of natural
heredity and gene regulation to be by-passed.

• Direct intervention on the level of the genome means that traits can be established
that do not occur naturally e.g. plants which produce insecticidal proteins derived
from Bacillus thuringiensis (Bt).

• In many cases, the additionally inserted genes are not identical to those found
in nature: for example, in the case of plants that produce Bt toxins, the DNA
sequences are modified in the laboratory giving rise to truncated or chimeric Bt
proteins that do not exist in nature (see Hilbeck and Otto 2015).

The biological changes in regard to plant characteristics can in many cases be
extensive and might even be considered ‘disruptive’. The resulting plants might be
cultivated on large scale without any experience being gathered over a longer period
of time.

In summary, experience gained from conventional plant breeding cannot simply
be extrapolated to the risk assessment of GE plants. Thus, according to EU law
(Directive 2001/18), all organisms derived from processes of genetic engineering
generally require risk assessment before they are released into the environment.

Environmental risk assessment (ERA) of GE plants examines several aspects
(EFSA 2010): it encompasses the trait (such as the Bt toxin), the organism and its
genetic stability (including gene expression, stability of the gene functions) and the
interactions of the organism with the receiving environment on various levels.
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Specific Challenges in Risk Assessment of Gene Drives

There are several genetic engineering techniques that can be used to create a gene
drive, many of them are based on applications of the nuclease CRISPR/Cas. There
is some proof of principle that gene drive can be established in yeast (Di Carlo et al.
2015), mosquitoes (Gantz and Bier 2015; Hammond et al. 2015; Kyrou et al. 2018),
flies (Champer et al. 2017; KaramiNejadRanjbar et al. 2018; Buchman et al. 2018)
and mice (Grunwald et al. 2018). Each of these outcomes will require a case by case
risk assessment in regard to its technical characteristics, the target species and the
receiving environment (Akbari et al. 2014; Kuzma et al. 2017; Noble et al. 2017;
Oye et al. 2014).

In addition, there are some general characteristics that can be used to distinguish
gene drive organisms from other GE organisms that have been assessed by EU
institutions so far:

• Where gene drives are based on CRISPR/Cas, the process of genetic engi-
neering becomes inherited and self-replicating in subsequent generations; estab-
lished as a self-organising process, largely outside of efficient or ongoing control
mechanisms.

• Changes in the ‘laws’ of inheritance are so fundamental that in many cases it will
hardly be possible to find suitable comparators, even though this is a requirement
of the ‘comparative risk assessment’ approach.

• Gene drives have been developed specifically to genetically engineer species that
are non-domesticated. Consequently, the additional genetic information will be
introduced into a wider range of genetic backgrounds which—especially in wild,
natural populations—can be quite heterogeneous and give rise to a wide range of
unexpected effects (see also Chandler et al. 2013; Mullis et al. 2018; Evangelou
et al. 2018; Saltz et al. 2018).

• Gene drives are intended to target wild, natural populations, therefore, a wider
range of possible interactions with the receiving environment and the ecosystems
has to be expected.

• If gene drives are introduced into wild, natural populations, it can become much
more difficult to intervene if adverse effects emerge than with crops grown in the
fields.

Some of the differences in risk assessment between gene drive organisms and GE
crop plants are summarised in Table 8.2.

In conclusion, the hypothesis discussed in the following chapters is that genedrives
and also other GE organisms that can persist and propagate in the environment and/or
enable gene flow to wild populations, pose new challenges for EU risk assessment.
What can be expected is a substantial increase in spatio-temporal complexity and a
decrease in the robustness of overall risk analysis (see also Simon et al. 2018).
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Table 8.2 Some new challenges in the risk assessment of GE gene drive organisms in comparison
to GE crop plants

Some aspects of the risk assessment of GE
crop plants

New challenges in the risk assessment of
gene drive organisms

The majority of crop plants are cultivated for
only one growing period. These plants are not
meant to reproduce spontaneously

Next generations will emerge spontaneously;
the process of genetic engineering is a
self-organised process replicating in each
generation

Due to previous breeding processes, plant
varieties as used for genetic engineering, are
stable and have defined characteristics, as well
as reduced genetic diversity. Seed quality can
be controlled by breeders (or farmers) before
and during cultivation

Wild populations very often inherit a broad
spectrum of heterogeneous genetic
backgrounds. As a result, gene drive
organisms can introduce their new genetic
information into heterogeneous genetic
backgrounds without additional controls in
place

Crop plants of the same species are often
cultivated under similar environmental
conditions in a managed agricultural system

Wild populations e.g. insects are often
exposed to a wider range of environmental
conditions due to their mobility. Further
impact factors include e.g. seasonal changes

Crop plants are often grown in an
environment of agricultural systems with
reduced biodiversity

Wild populations very often interact with
complex ecosystems

Some Reasons for Concern Arising from Existing Evidence

To test the hypothesis, it has to be investigated whether there is any supporting
evidence that.

• the process of spontaneous self-reproduction of GE organisms increases uncer-
tainty regarding genetic stability (including gene expression and stability of the
gene functions) in the offspring generations;

• a higher range of genetic diversity within the target populations increases uncer-
tainty regarding genetic stability (including gene expression and stability of the
gene functions) in the offspring generations;

• interaction with a more complex environment increases the likelihood of unex-
pected effects in GE organisms.

To answer these questions, research was conducted within peer reviewed publi-
cations on the risk assessment of existing GE crop plants in the EU. Some of this
research was aimed at GE plants that had unintentionally escaped into natural popu-
lations or had started to become feral (see, for example, Bauer-Panskus et al. 2013).
Other relevant publications were those dealing with the responses of GE plants to
changes in environmental conditions (see, for example, Zeller et. al. 2010). Based
on the existing publications, evidence can be established for relevant aspects. Some
of these findings are summarised in Table 8.3. Some examples are explored in more
detail below. It was concluded that existing experience was in line with the above
hypothesis.
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Table 8.3 Existing experience with GE organisms with specific relevance for risk assessment of
gene drives organisms

Topic Findings

Next generation effects Next generations of GE organisms can show
effects that were not observed or intended in
the original event (Kawata et al. 2009; Cao
et al. 2009; Yang et al. 2017)

Effects emerging from genetic background Unintended effects can emerge from
interaction of the newly inserted genes with
the genetic backgrounds (Bollinedi et al.
2017; Lu and Yang 2009; Vacher et al. 2004;
Adamczyk and Meredith 2004; Adamczyk
et al. 2009)

Interaction with the environment on the level
of the genome (genome × environment
interactions)

Unintended genomic effects can be triggered
by changing environmental conditions or
biotic and abiotic stressors (Zeller et al.
2010; Matthews et al. 2005; Meyer et al.
1992; Trtikova et al. 2015; Then and Lorch
2008; Zhu et al. 2018; Fang et al. 2018)

These findings can be explained inmore detail by exploring some of the examples,
whereby the process and result of genetic engineering can be assumed to be a cause
for the unintended effects:

• Bollinedi et al. (2017) crossed lines of so-called “Golden Rice” with the Indian
variety Swarna and observed growth disturbance since the gene constructs inter-
fered with the plant’s own gene for producing growth hormone. Further, the gene
constructs were not, as intended, active solely in the kernels, but also in the leaves.
This led to a substantial reduction in the content of chlorophyll that is essential
for vital functions in the plants. This effect was not observed in other varieties.
Genetic background interaction is a commonly observed phenomenon in many
species (see, for example, Table 8.3 for further examples).

• Fang et al. (2018) showed that higher fitness does occur in GE glyphosate resistant
plants in a glyphosate-free environment. According to this research, the enzyme
EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) produced in the plants
not only makes the plants resistant to glyphosate, it also interferes with plant
metabolism for growth and fecundity. As a consequence, the offspring of the
plant can produce more seeds and be more resistant to environmental stressors
such as drought and heat. They also describe the interaction between the genome
and the environment: for Arabidopsis producing additional EPSPS enzymes it
was observed that seed germination ratios increased significantly when transgenic
seeds were exposed to heat and drought stressors, although no differences were
found in seed germination among different lines when seeds were exposed to
normal temperatures.

• Transgenic oilseed rape is known to have become established independently of
cultivation in several regions of theworld, such asCanada, theUS, Japan, Australia
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and Switzerland (Bauer-Panskus et al. 2013). Interestingly, some populations seem
to be self-sustaining and can persist without additional gene flow (spillage) at
Japanese harbors (Katsuta et al. 2015). Similar findings were also reported from
Canada (Warwick et al. 2008; Knispel and McLachlan 2010). This is a strong
indication that fitness of the offspring of the transgenic plants was underestimated.
Next generations effects were also observed in rice, especially if crossed with
weedy rice: Cao et al. (2009) describe crosses between insecticidal ricewithweedy
rice that causes taller plants, more tillers, panicles and spikelets per plant, as well
as higher seed weight, compared with the weedy rice parents. Seeds from the F1
hybrids had higher germination rates and produced more seedlings than the weedy
parents.

It was concluded that the risk assessment or technical characterisation of GE
organisms (plants) established in the laboratory or under controlled conditions cannot
be seen as sufficient to predict all the relevant effects that can emerge in the next
generations, and in interaction with the receiving environments. Therefore, parallel
to an increase in spatio-temporal complexity, a decrease in the robustness of overall
risk analysis is very likely.

The EFSA Concept and the Problem of Spatio-Temporal
Complexity

The EFSA is the EU regulatory authority responsible for assessing the risks of GE
organisms in regard to health and the environment. There is existing experience to
show the way in which EFSA deals with the reasons for concern presented here.
Further, the question arises of whether relevant issues can escape the current system.

The Current EFSA System and Its Approach to Future
Applications

The Commission Implementing Regulation 503/2013 is applied in EFSA risk assess-
ment of GE plants for import and usage as food and feed. It foresees a number of
investigations to be performed and several sets of data to be presented by the compa-
nies. Theway inwhichEFSAputs the regulation into practice can be regarded asmore
“restrictive evidential” than “holistic evidential” (using the terminology of Böschen
2009): inmost cases, EFSAdoes not discuss limits of knowledge, andwhere there are
uncertainties, EFSA does not generally ask for further data. For example, very often
several significant findings regarding changes in plant composition are identified (see
for example, EFSA 2018). However, EFSA does not see the need to request further
investigations as long as there is no evidence that the changes in composition can
cause harm to health or the environment (Testbiotech 2018a). Thus, risk assessment
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currently performed by the EFSA is largely based on a restrictive paradigm of evi-
dence, or more broadly speaking, works within categories and systems in which risks
can be quantified by structured analysis of mechanisms and probabilities, without
giving sufficient weight to uncertainties and limits of knowledge.

A key element in the risk assessment ofGE organisms is the comparative approach
which is integrated in Annex II of Directive 2001/18/EC (see Section 2.2). As applied
by EFSA (EFSA 2010), it requires the identification of differences between the GE
organisms and their adequate comparator(s), of both intended and unintended effects.

Clearly there are some problems with the comparative approach. Some relevant
information can be gained from comparison with wild species. However, organisms
inheriting a gene drive able to produce offspring that can spread and propagate
further by overriding the pattern of Mendelian inheritance, can cause changes in
population dynamics and interaction with the environment that go far beyond what
can be observed in the wild species.

In this context, it is notable that EFSA developed specific guidance for the envi-
ronmental risk assessment of GE animals (EFSA 2013) that also addresses the issue
of gene drive. So far, this guidance has not been used because there have been no
applications for GE animals. It can be concluded from the published guidance (EFSA
2013) that EFSA assumes the risk assessment of GE animals and insects does indeed
lead to a higher level of uncertainties in comparison to the risk assessment cur-
rently established for GE crop plants (EFSA 2010). For example, EFSA requests the
applicant to consider several degrees of uncertainty:

The formal analysis should address three broad types of uncertainty:

1. Linguistic uncertainty (…)

2. Variability—caused by fluctuations or differences in a quantity or process, occurring
over time, with location or within a group. (…)

3. Incertitude—due to limitations of scientific knowledge and knowledge production
systems (…). (p. 42)

Further, in comparison to the assessment of crop plants, EFSA (2013) raises
additional questions. In regard to target organisms, issues such as genetic background
and the life cycle are mentioned. EFSA also addresses spatio-temporal complexity:

applicants should consider and discuss breeding in which the recombinant DNA could
be introduced or introgressed into genetic backgrounds of domesticated, bred and wild
individuals. (p. 25).

applicants should consider the whole life cycle of the GM animal and the receiving
environments of the different life stages to determine possible adverse effects over time.
(p.39).

long-term effects may also occur due to increases in spatial and temporal complexity. (p.39).

Furthermore, relevant issues in regard to NTOs (and the environment) include
the ecological functions of specific species and their complex biotic or abiotic
interactions:

i. The ecological functions of specific species and their complex biotic or abiotic
interactions (…) are not always fully understood.
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ii. The methodologies for testing potential effects on NTOs are limited. Field trials might
not be feasible in all cases, as it might be impossible to eradicate the released GM insect
population if an adverse effect is identified related to the release, in particular, applying
replacement strategies.

iii. The fact that it is not feasible to simulate the complexity of the receiving environments
in laboratory tests, semi-field tests or modelling. (…) Consequences of the decrease or
eradication in population size of a certain species or the replacement of wild population
by GM insect populations might not be predictable. (p. 103).

EFSA also addresses the problem finding an adequate “choice of comparators”
(p. 25). In summary, EFSA (2013) concurs with the hypothesis that the risk assess-
ment of GE organisms carrying a gene drive poses new challenges in comparison to
current EU risk assessment.

Some Relevant Aspects of Spatio-Temporal Complexity

It can be concluded that the following questions must be answered in respect to the
risk assessment of GE organisms inheriting a gene drive and other GE organisms that
can persist and propagate in the environment, including in regard to spatio-temporal
complexity (see Table 8.4):

1. Can genetic stability be controlled in following generations?
2. How can genetic diversity in the target population be taken into account?
3. Will there be any gene flow to other species?
4. How can the population dynamics and life cycle aspects of the target species be

integrated?
5. Can the receiving environment be defined in regard to relevant interactions and

confined in regard to potential spread?

Table 8.4 indicates that in many cases significant uncertainties remain and some
unknowns might prevail that make the risk assessment inconclusive: the multiplex
interrelations with the closer and wider environment pose a real challenge for the risk
assessor. An even bigger problem is caused by the necessity of thoroughly assess-
ing all of the offspring generation: while genetic stability over several generations
might be demonstrated in the laboratory, genome × environmental interactions and
introgression into heterogeneous genetic backgrounds can still trigger unpredictable
next generation effects. Whatever the case, the technical characterisation of gene
drive organisms or experiments carried out in the laboratory cannot be regarded as
sufficient to predict all relevant effects that can emerge in the next generations, and
in interaction with the receiving environments.

This could prompt a strategy to address the remaining uncertainty within environ-
mental monitoring. However, if monitoring reveals undesirable effects, it might not
be the possible to remove the organism from the environment as it was assumed to be
compatible with crop plants. In this case, EU Regulation 2001/18 foresees the pos-
sible withdrawal of authorisation. This is not likely to be effective for species which
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are self-reproducing and self-sustaining. Therefore, monitoring might be useful but
cannot be regarded as sufficient to address the problems outlined above.

Problems Emerging from Spatio-Temporal Complexity
for Risk Assessment

If the spatio-temporal dimension cannot be defined, risk assessment has to consider
evolutionary dimensions. The problem: evolutionary dynamics combine large num-
bers of individuals on the population level and singularities on the molecular scale.
Thus, evolutionary processes make it possible to turn events with a low probability
of ever happening into events that may feasibly happen (Breckling 2013). Under
these conditions, for example, the fitness of new genomic constituents cannot be
calculated in absolute terms; it will depend on the environment and future changes.
Such evolutionary processes can cause major problems in regard to GE organisms
regulated under EU Directive 2001/18. It has to be concluded that a sufficient and
robust risk assessment of GE organisms can only be conducted if it is based on a
spatio-temporal dimension that is clearly confined.

It is evident that, in the context of gene drives organisms, the spatio-temporal
dimension is a much more pressing concern in comparison to GE plants only grown
for one season. Consequently, the environmental risk assessment of GE organisms
that can persist and propagate in the environment and especially of ‘gene drive
organisms’ will result in an increasing level of uncertainty, depending on the relevant
spatio-temporal dimension. At some stage, the level of uncertainties might increase
to an extent that the delicate balance between knowledge and non-knowledge is
distorted allowing tipping points to be reached in risk assessment, if inherent non-
knowledge increases to an extent that robust risk assessment is disabled. This problem
is illustrated in Fig. 8.1.

‘Spatio-Temporal Controllability’ as a Cut-Off Criterion

Therefore, coming back to the question posed by Böschen (2009) about “actual evi-
dence on which decisions about the applicability of the PP are to be taken”: Is it pos-
sible to categorise non-knowledge and uncertainties in a way that decision-making
can be based on sufficiently clear criteria? How can non-knowledge, uncertainties,
or as EFSA (2013) puts it, “incertitude, caused by limitations of scientific knowl-
edge and knowledge production systems” be integrated into a regulatory system of
decision-making? In otherwords, howcanwe create sufficient knowledge to facilitate
decision-making when faced with substantial non-knowledge?
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Fig. 8.1 The balance between spatio-temporal complexity and the reliability of risk assessment

Lessons Learned from Risk Assessment of Chemicals

The spatio-temporal dimension also plays a role in the risk assessment of chem-
ical substances. For example, Recital 76 of EU Regulation 1907/2006 (REACH)
addresses the issue: “Experience at international level shows that substances with
characteristics rendering them persistent, likely to bioaccumulate and toxic, or very
persistent and very likely to bioaccumulate, present a very high concern,while criteria
have been developed allowing the identification of such substances.” Consequently,
criteria to identify persistent, bio-accumulative and toxic, as well as very persistent
and very bio-accumulative chemical substances, are defined in ANNEX XIII of the
regulation EU Regulation 1907/2006.

Further, EU Regulation 1107/2009 which concerns pesticides, integrates the cri-
teria of POP (persistent organic pollutant), PBT (persistent, bio-accumulative, toxic)
and vPvB (very persistent, very bio-accumulative) into the regulatory decision mak-
ing process. These criteria function as so-called cut-off criteria: in essence, the
approval process should not proceed if the substance is “POP”, “PBT” or “vPvB”.
In this context, it is important that the chemical substances are not only assessed in
regard to their toxicity but also, more generally, in regard to their “fate and behaviour
in the environment” (EU Regulation 1107/2009, Annex II, 3.7.), which gives deci-
sive weight to the spatio-temporal dimension: if a substance is regarded as very
persistent and very bio-accumulative, there might still be some uncertainty or non-
knowledge in regard to its actual long-term adverse effects. Nevertheless, according
to EU Regulation 1107/2009, it cannot be approved.
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Cut-Off Criteria in the Risk Assessment of GE Organisms

The way in which cut-off criteria were established for chemicals (including pesti-
cides) could also be useful as a model for the risk assessment of GE organisms,
especially gene drives. Similar to EU regulation of chemicals, the fate and behaviour
of the organisms in the environment would be a crucial aspect. Therefore, if it were
known thatGEorganisms could escape ‘spatio-temporal controllability’ by reproduc-
ing within natural populations without any effective control of spread or persistence,
then the authorisation process could not proceed and the release of the GE organisms
could not be allowed.

Thus, in effect, GE organisms could neither be approved nor released, includ-
ing when actual long-term effects could not be determined in detail. How then can
criteria be developed for the risk assessment of GE organisms that are sufficiently
well defined and applicable in the approval process, as well as take into account
uncertainties and limits of current knowledge? As described above in the context of
chemical substances, the cut-off criteria are defined so that known characteristics of
the substances are used to integrate uncertainties around actual long-term impacts
into decision making.

In close analogy, the criteria applied in the risk assessment ofGEorganisms should
be as clear andwell defined as possible.Well-established scientific criteria from three
areas of knowledge should be taken into consideration: (1) the (natural) biology of
the target organisms (2) their (naturally) occurring interactions with the environment
(biotic and abiotic) and (3) the intended technical characteristics (traits) inserted
through genetic engineering. These criteria should be combined to establish an extra
step in the risk assessment of GE organisms aimed at assessing ‘spatio-temporal
controllability’. Table 8.5 provides an overview of some relevant details that can be
used to evaluate ‘spatio-temporal controllability’ in these three categories. For the
approval process, further detailed information can be added and combined in these
criteria e.g. the number of organisms to be released, specific regional biodiversity,
abundance of protected species, occurrence of plant and animal pests and other
relevant data, if available.

Case Studies: How to Apply ‘Spatio-Temporal Controllability’
in Practice

The following sections describe how ‘spatio-temporal controllability’ might ideally
be applied in ERA. This includes two case studies for GE crops (maize and oilseed
rape) and a case study on insects (olive flies, Bactrocera oleae), with and without
gene drives. The case studies should be seen as mostly hypothetical; it is assumed
that under real conditions more detailed data would be available.
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Table 8.5 Some specific issues relevant for the assessment of ‘spatio-temporal controllability’
(vertical reading)

Biology of the target species
(no GE)

Interactions of the target
species with the environment
(no GE)

Intended trait (GE)

Potential to persist and
propagate

Role and function in food
web

Is the GE organism intended
to produce more than one
generation after release?

Population dynamics and life
cycle

Interaction with closely
associated organisms
(microbiome, parasites,
symbiotic organisms)

How can genetic stability be
controlled in following
generations after the release?

Potential to spread beyond
fields/into different
ecosystems

Interaction with useful
species and the wider
environment (beneficial
insects, soil organisms,
protected species)

Does the trait impact the
fitness of the organisms?

Potential for gene flow and
reproduction with wild
populations of the target
species

Role and function in energy-
and nutrient-cycle

Does the trait impact the
composition of biologically
active compounds?

Genetic diversity in wild
populations of the target
species

Impact of biotic stressors
e.g. pests and pathogens
(whole life cycle)

Can the persistence of the
organisms be determined if
necessary?

Potential for gene flow to
other species

Occurrence of abiotic
stressors such as climate
conditions (whole life cycle)

GEMaize for Commercial Cultivation in Sweden

In the first case study, maize plants are engineered to produce a higher biomass (e.g.
MON87403, see EFSA 2018) and a hypothetical application for their cultivation
in Sweden has to be assessed. The outcome of the ‘spatio-temporal controllability’
assessment in this case (Table 8.6) is that the approval process could proceed and a
full and detailed risk assessment should be conducted before a decision is taken on
the safety of the crops.

GE Oilseed Rape for Commercial Cultivation in the EU

In this case, oilseed rape plants are engineered to be resistant to glyphosate (such
as MON88302) and intended for release in the EU (for further references see EFSA
2014; Testbiotech 2014). The result of the ‘spatio-temporal controllability’ assess-
ment (Table 8.7) is that the approval process can only proceed for releases on very
limited scale, within clearly defined areas and when gene flow is prevented. Under
these conditions, a full and detailed risk assessment should be conducted before
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Table 8.6 Example of ‘spatio-temporal controllability’ assessment regarding a hypothetical
application for commercial cultivation in Sweden of transgenic maize that produces higher biomass
(vertical reading)

Biology of the target species Interactions with the
environment

Intended trait

Conditions in Sweden leave
hardly any potential for
maize plants to persist for
longer periods of time

Interactions with the
environment should primarily
be considered in the context
of the intended trait

The GE maize is not intended
to produce offspring, it can be
controlled for genetic
stability before sowing and
its occurrence in the
environment can be
terminated if required

There is no potential for
maize to spread beyond fields
into other habitats in Sweden

Metabolic pathways which
interfere with plant growth
are multifunctional and
complex. They are connected
to plant characteristics such
as stress reactions, fitness
and composition of the plant
constituents. Under these
circumstances, risk
assessment should be driven
by the hypothesis that the
biological characteristics of
the plants as a whole will be
changed by the genomic
intervention. This needs to be
checked carefully within
ERA

Gene flow to other species
would not be expected in
Sweden

Within ERA, the GE plants
should be exposed to a broad
range of stressors and
different combination thereof
to investigate if the biological
characteristics of the plants
(especially their fitness)
might change due to genome
× environmental interactions

Further references: EFSA (2018), Testbiotech (2018b)

a decision is taken on the safety of the crops. However, applications for releases
without such control mechanisms could not proceed and would be terminated after
assessment of ‘spatio-temporal controllability’.

Olive Flies with RIDL for Experimental Release in Spain

In this case study, the olive flies are genetically engineered with so-called RIDL-
technology (“release of insects carrying a dominant lethal genetic system”) developed
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Table 8.7 Example of application of ‘spatio-temporal controllability’ criterion in a hypothetical
case in the EU of commercial cultivation of transgenic oilseed rape resistant to glyphosate (vertical
reading)

Biology of the target species Interactions with the
environment

Intended trait

Oilseed rape can persist and
propagate in the environment,
cross with other oilseed rape
plants. Seeds can remain
viable in the soil over more
than ten years (seed
dormancy)

Kernels are taken up by
wildlife species, and seeds
can be transported over larger
areas

Although not intended by the
trait, the GE plant will
produce more than one
generation if it is allowed to
flower and produce kernels

The plants can spread beyond
agricultural fields, especially
in rural habitats. Pollen can
be distributed over several
kilometres

The flowering plants are an
important food source for
bees, thereby pollen can get
transported over larger areas

The insertion of the gene that
renders resistance to
glyphosate is assumed to
unintentionally enhance
fitness also in glyphosate free
environment (see 2.2)

Gene flow to populations of
wild relative species can
occur

There are indications that the
fitness of the plants is
especially enhanced under
stressful conditions (see 2.2)

Further references: EFSA (2014), Testbiotech (2014)

by Oxitec (Ant et al. 2012). The effects are gender-specific: male transgenic flies will
mate with the native female flies and thereby introduce their artificial genes into the
native populations. While the male offspring will survive, the female offspring will
die at the larval stage. As a result, the natural population of olive flies will supposedly
decrease (for more background see Ant et al. 2012).

The outcome of the ‘spatio-temporal controllability’ assessment (Table 8.8) is that
the approval process can only proceed if the olive flies are kept in cages and gene flow
to native populations is prevented. However, sufficiently robust risk assessment could
not be carried out if gene flow to natural populations were to occur. Therefore, an
approval process for any release without high-level safety caging could not proceed
and would be terminated. The ‘spatio-temporal controllability’ assessment might
possibly yield other results if the field trials were located in areas where no olive flies
occur naturally.

Experiments with Gene Drive in Olive Flies

In this case, it is assumed that the olive flies would be genetically engineered with a
gene drive that would cause female offspring to die and leave the male offspring to
survive and spread. Possible approaches are described by Champer et al. (2017).

Most criteria presented in Table 8.8 are also relevant for gene drives. However, in
regard to the intended trait, the spread of the genes within natural populations would
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Table 8.8 Example of ‘spatio-temporal controllability’ assessment for hypothetical experimental
field trials of GE olive flies in Spain (vertical reading)

Biology of the target species Interactions with the
environment

Intended trait

Olive flies are a wild species
that can persist and propagate
in the whole of the
Mediterranean area, and in
regions with a similar
climate. Their habitat is not
clearly confined, except for
the presence of olive trees
(Daane and Johnson 2010)

There are complex
interactions with other
species such as birds, spiders,
ants, chalcid wasps and
symbiotic bacteria (Bigler
et al. 1986; Daane and
Johnson 2010; Gonçalves
et al. 2012; Neuenschwander
et al. 1983; Picchi et al. 2016)

Once released, the GE flies
will mate in natural
populations and cause the
emergence of next
generations without human
intervention. Next generation
effects might occur without
being noticed

Under specific conditions,
such as high population
densities, maximum dispersal
distances for olive flies
reported in literature range
from 4000 to 5000 m
(Economopoulos et al. 1978;
Remund et al. 1976)

The interrelationships include
grazing, predation and
symbiosis. The interrelations
vary greatly throughout the
fly’s life history and different
developmental stages (egg,
larva, pupa, adult)

Population dynamics and life
cycle go through several
stages (egg, larva, pupa,
adult) and are subjected to
winter seasons, creating
potential bottlenecks in
regional populations
(Augustinos et al. 2005;
Ochando and Reyes 2000)

There are specific and
symbiotic microbes
associated with the olive flies
(Ben-Yosef et al. 2014;
Capuzzo 2005)

The trait is unlikely to
enhance fitness

Molecular analyses indicate a
high level of gene flow
among the Mediterranean
populations (Augustinos
et al. 2005; Ochando and
Reyes 2000; Segura et al.
2008)

It can be assumed that,
depending on the amount and
frequency of GE flies
released, they might be
eliminated by natural
processes after a period of
time (Preu et al. 2019).
However, various factors can
have an impact on these
processes and their actual
duration cannot be
determined

There are other known
species that can mate with
olive flies, however, it is
unclear whether they can
produce viable offspring and
enable gene flow (Schutze
et al. 2013)
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exceed theMendelian pattern of inheritance. Consequently, the artificial genes would
spread rapidly within the natural populations and the elimination of the GE flies via
natural processes is less likely, or would at least take longer compared to the case
study in Table 8.8.

Therefore, the outcome of the ‘spatio-temporal controllability’ assessment is that
the approval process should only proceed if the olive flies are kept in the laboratory in
regionswhere no native populations of olive flies occur. However, approval processes
for experiments in regions where these flies occur naturally (such as the Mediter-
ranean area) could not proceed because of lack of ‘spatio-temporal controllability’.
The assessment of ‘spatio-temporal controllability’ might come to other conclusions
where the flies are kept in a laboratory with very high safety standards (for further
reasoning see: Testbiotech 2018b).

The Role of the Risk Manager

In theEU, the regulatory system forGEorganisms is basedon a systemof risk analysis
set out in Regulation 178/2002: risk analysis is based on risk assessment (carried out
by the EFSA) and riskmanagement (carried out by the EUCommission and themem-
ber states). Additional regulations concern specific aspects such as environmental
releases (Dir. 2001/18) and food and feed safety (Regulation 1829/2003).

In all decision making in the EU, approval process lies with the risk manager
and in risk assessment policy (JRC 2008). Therefore, the EU Commission and the
EU member states have to make sure that their decisions are based on a sufficiently
robust risk assessment. Reliable decision making as required in EU regulation is not
possible without reliable risk assessment: products can only be released or allowed
on the market if they are shown to be safe (EU Directive 2001/18; EU Regula-
tion 1829/2003). Without reliable risk assessment, no reliable decision-making as
requested by EU regulations is possible (see Fig. 8.2).

In this context, the risk manager, and especially the EU Commission, can make
use of their power to set adequate standards in risk assessment by establishing a
robust framework for the EFSA (JRC 2008). It is interesting to note that the EU
Commission adopted Regulation 503/2013 which sets the standards for assessing
food and feed safety. However, no similar regulation has as yet been set by the EU
Commission in regard to environmental risk assessment.

In regard to spatio-temporal control, EU Directive 2001/18 could be used as a
legal basis to set the relevant standards: according to Krämer (2013), spatio-temporal
control is a necessary prerequisite to enable the PP. He comes to the conclusion that
“Where there is, in a concrete case, a likelihood that genetically modified plants
or animals cannot be retrieved, the legal obligation to ensure that any release must
be ‘safe’ requires the refusal to authorize such releases.” (Paragraph 250) However,
Krämer also shows that there are significant uncertainties in the implementation
of EU regulation that require further attention and which could be ruled out by
additional implementing regulations. At a certain point within such a framework, the
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Fig. 8.2 The balance between spatio-temporal complexity and the reliability of risk management
decision making

EU Commission could request EFSA to assess ‘spatio-temporal controllability’ to
deal with substantial uncertainties and non-knowledge.

As addressed in the case of the olive fly, the risk assessment of an application
for laboratory uses or experimental releases of GE organisms can also become a
challenge for national regulatory authorities. Thus, national legislation should fore-
see adequate regulatory oversight and request ‘spatio-temporal controllability’ to be
applied as a step within the approval process.

There are further reasons why the risk manager should use ‘spatio-temporal
controllability’ to determine relevant cut-off criteria:

• Spontaneous transboundarymovements: if GE organisms can spontaneously cross
borders, their release can be considered to be a violation of rights under the so-
called Cartagena Protocol (CBD 2000).

• No possibility of coexistence: if coexistence with relevant standards for food pro-
duction, such as organic agriculture, is not possible, the release of GE organisms
would infringe consumers’ choice and the livelihoods of organic farmers (Reeves
and Phillipson 2017).

Discussion

The development of gene drive organisms and other GE organisms that can persist
and self-replicate in the environment and/or can cross with natural populations create
new challenges in risk assessment. As described, GE organisms inheriting a gene
drive differ substantially in their characteristics compared to other GE organisms
assessed by EFSA and other regulatory authorities. Existing EFSA guidance shows
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(EFSA 2013) that the authority is already well aware that risk assessment of GE
organisms able to persist, spread and propagate in the environment will bring about
new challenges.

As shown, these new challenges chiefly concern next generation effects: there
are many reasons why the spontaneous offspring of GE organisms might differ in
their biological characteristics from one generation to the next, especially if the gene
constructs are introduced into wild populations. Closely related to this challenge are
questions concerning the impact of the genetic background of the target populations
and interactions with abiotic and biotic stressors, as well as aspects of population
dynamics and life cycle.

The basic challenge for risk assessment in this context is how regulatory decisions
can be made in the face of substantial non-knowledge. To solve this problem, it is
proposed to apply cut-off criteria similar to those applied in the EU regulation of
chemicals. To define these cut-off criteria within the regulatory decision making on
GE organisms, a new step in the risk assessment of GE organisms should be applied,
i.e. ‘spatio-temporal controllability’. This step is composed of three criteria: (1) the
biology of the target organism, (2) its known interaction with the environment and
(3) the biological characteristics of the GE organisms.

This approach uses specific ‘knowns’ to decide upon ‘known unknowns’ (such as
next generation effects and genomic× environmental interactions). It is assumed, the
criterion of ‘spatio-temporal controllability’ can inform regulatory decision making
even in the light ofmajor uncertainties emerging from the spatio-temporal dimension.
This can be seen as the equivalent of cut-off criteria such as “PBT” and “vPvB” that
are anchored in the EU regulation of chemical substances.

It should, however, be recognised that the assessment of ‘spatio-temporal con-
trollability’ is just a step within risk assessment and not a replacement for it. In this
context, it is also important to acknowledge that there are further issues, such as hor-
izontal gene transfer, which concern the spatio-temporal control of GE organisms.
Therefore, environmental risk assessment cannot and should not be reduced to the
step of ‘spatio-temporal controllability’. Risk assessment might well be terminated
after ‘spatio-temporal controllability’ assessment, but if it proceeds, all other steps
and criteria still have to be applied.

This approach is exemplified in case studies for the cultivation of GE maize (in
Sweden) and oilseed rape (in the EU), as well as experimental releases of olive flies,
with and without gene drives (in Spain). Preliminary results show that the assessment
of ‘spatio-temporal controllability’ produces results which are meaningful and allow
the application of cut-off criteria within the process of risk assessment: the autho-
risation process should not proceed and the release of the GE organism should not
be allowed if it is known that the GE organisms are able to escape ‘spatio-temporal
controllability’ due to propagation in natural populations, with no effective control
of spread or way of preventing persistence in the environment.

The schematic and partially hypothetical cases as presented lack some data and
information that under real conditions would be included in the pending application
dossier. Further, in practice the results would depend on a shifting baseline of infor-
mation and might therefore differ from future results. The approach as proposed can
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be considered flexible enough to be improved by adding further criteria and new
data. It can be applied very generally to applications for environmental releases, no
matter if these concern experimental field trials or commercial cultivation.

As far as the role of the riskmanager in the EU is concerned, it should be acknowl-
edged that applications for releases ofGEorganisms that lack spatio-temporal control
can already be rejected, even without an additional and specific step in risk assess-
ment as suggested. However, especially in the light of the PP, the application of
cut-off criteria within the process of risk assessment has some significant, impor-
tant and convincing advantages: it can provide more clarity, transparency and also
more reliability in final decision making. Further, it can save on resources, since this
additional step in risk assessment would influence the approval process at an early
stage.

Finally, these criteria can be used to inform upstream processes and thereby gen-
erate more clarity and certainty at an early stage of research and development. Many
researchers currently developing gene drive applications are already aware of the
problem of spatio-temporal complexity (see, for example, Noble et al. 2017). At
present, several projects are looking to develop gene drives that can be refined to
specific regions or defined periods of time (see for example Min et al. 2017). It is
assumed, there is no general obstacle to the future application of ‘spatio-temporal
controllability’ assessment for these developments, and therefore meaningful results
could be expected.

Conclusions

New challenges arise with applications such as ‘gene drive’ that can be introduced
into natural populations where they can propagate and spread further. Due to the
complexity of the biology of these organisms and their interactions with the envi-
ronment, increasing uncertainty and areas of non-knowledge have to be taken into
account.

It has been shown that risk assessment of intended environmental releases of
GE organisms linked to self-propagation of artificial genetic elements over several
generations will suffer from major uncertainties and unknowns, emerging in most
cases from next generation effects. It can be assumed that a tipping point can emerge
at a certain point in the dissolution of spatio-temporal boundaries where it becomes
necessary to apply cut-off criteria and stop the approval process. This means that risk
assessors and risk managers face the problem of how to come to robust conclusions
and reliable decisions within the approval process that also give substantial weight
to the PP.

It is proposed to introduce cut-off criteria, based on a specific step of ‘spatio-
temporal controllability’ within risk assessment. This new step combines three
criteria:
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(1) the biology of the target organisms,
(2) their naturally occurring interactions with the environment (biotic and abiotic),
(3) the intended biological characteristics (trait) of the GE organisms.

The combination of these three criteria in one specific, additional step in risk
assessment has the advantage of them already being used to some extent in current
EFSA risk assessment; many of the details to assess these criteria are also very well
known. If it is known that GE organisms can escape ‘spatio-temporal controllability’
because they can propagate within natural populations with no effective control of
spread or persistence, then the authorisation process cannot proceed and the release
of the GE organism cannot be allowed. This concept can be used to delineate some
of the boundaries between known and unknowns considered to be crucial. Further,
it can help to develop an adequate regime for risk assessment which overcomes
problems with the so-called comparative approach (EFSA 2010). This will foster the
robustness of risk assessment and can substantially benefit the reliability of decision
making within approval processes.
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Chapter 9
Steps Towards a Precautionary Risk
Governance of SPAGE Technologies
Including Gene-Drives

Arnim von Gleich

In view of the rapid dynamics of genetic engineering development (in particu-
lar regarding the ‘new gene-technologies’ gene editing, self-propagating artificial
genetic elements (SPAGE) and synthetic biology), the question is being intensively
discussed whether the currently practiced risk governance1 of the release of geneti-
cally modified organisms is sufficient to guarantee the desired high level of health,
consumer and environmental safety.2 “In the United States, it is clear that gene drive
activities will trigger a variety of governance mechanisms. However, some of these
mechanisms may be inadequate for identifying immediate and long-term potential
environmental and public health implications of individual gene-drive applications
because they lack clarity in their jurisdiction, they are challenged by the novel charac-
teristics of gene drives, or they provide insufficient structures for public engagement”
(National Academies of Sciences 2016, p. 158). Less attention is paid to the broader
question of how the precautionary principle can be more strongly integrated into the

1Risk governance is to be understood here as an overarching concept. It encompasses risk assess-
ment, risk evaluation, riskmanagement, risk communication and risk regulation, as well as activities
at civil society level (environmental and consumer protection) and at company level (occupational
health and safety, quality assurance) that are not necessarily triggered by government directives.
“Risk governance extends to issues of institutional design, legislative procedure, consultative style,
organizational culture, expert accreditation, stakeholder negotiation, conflict resolution and exercise
of power” Stirling et al. (2006, p. 286).
2“The lack of guidance from the US. Federal government applicable to ecological risk assessment
for the gene drive research community is a critical gap” National Academies of Sciences (2016,
p. 119). See also Roller (2005), Oye et al. (2014, p. 6197), Caplan et al. (2015), Winter (2016),
Simon et al. (2018).
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risk governance of new gene-technologies.3 Few exceptions to this are activities in
Switzerland and Austria (cf. Ammann et al. 2007; Eckerstorfer et al. 2010). Possi-
bilities for a stronger integration of the precautionary principle into the governance
of new technologies are the subject of this text.

The precautionary principle plays an important role in international, European and
national regulation.4 Its interpretation is controversial, little operationalized and the
subject of intense discourse.5 The precautionary principle legitimizes precautionary
measures especially when it would be irresponsible to wait until a risk can really
be proven. This waiting would be particularly irresponsible if serious and/or far-
reaching hazards with tendencies towards irreversible exposures and adverse effects
were involved, after the occurrence of which corrective action cannot be taken.

At least in Europe, the discussion has revealed the following combination of
prerequisites for precautionary measures with regard to technological innovations6:

(a) Lack of knowledge (reaching from uncertainty to ignorance)
(b) Comprehensible reasons for concern (indications pointing to particularly power-

ful, irreversible and far-reaching technological effects or to particularly serious
consequences affecting irreplaceable values, particularly vulnerable population
groups or ecosystems)

(c) A rudimentary cost–benefit analysis (in which at least the expected costs of
precautionary measures are compared with the expected costs of inaction, or in
which, for example, medical applications for which few or no alternatives exist
are given more weight than applications in the food chain in which numerous
alternatives exist)

(d) The availability of adequate and proportionate measures (besides risk commu-
nication and participation ranging from labelling, certifications, accreditations
and codes of conduct through containment or moratorium up to substitution by
less problematic alternatives).

Although the precautionary principle is well represented in the political and legal
bases for action at international and European level, its anchoring and operationaliza-
tion in the technology-related regulations must so far be described as rather rudimen-
tary. Fisher et al. write: “In particular, the messy business of integrating the principle
into existing institutions and relating it to well-established decision-making pro-
cesses has not received the attention it should have” (2006, p. 1). The integration of
the precautionary principle into the governance of self-propagating artificial genetic

3In the publication of the National Academies of Sciences (2016), the current need for policy reform
is at least addressed as an opportunity to broaden the view: “The novelty of this technology also
provides an opportunity to reflect more generally on the principles governing scientific research
and suggest areas for improvement” p. 137.
4See in particular UNCED 1992 Principle 15; UNEP 2000 Cartagena Protocol on Biosafety tiret 9;
Treaty of the Functioning of the European Union TFEU 2007 Article 191(2).
5Cf. e.g. Commission of the EuropeanCommunities (2000), EuropeanEnvironmentAgency (2002),
Fisher et al. (2006), Stirling (2016), European Commission (2017).
6Commission of the European Communities (2000), Renn et al. (2003), von Schomberg (2006),
Stirling et al. (2006), Amman et al. (2007), Stirling (2016), Persson (2017).
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elements (SPAGE) is thus a challenging task. This is partly due to the fact that all lev-
els and elements of governance must be included, i.e. risk assessment and evaluation
(including guidelines on best practice or methods for cost–benefit assessment7), risk
management and risk regulation at various levels. On the other hand, the task affects
all phases of the innovation cycle, from research and development through process
and product approval up to post-release monitoring. And finally, a product-based,
process-based or function-based approach can be taken, or all three approaches can
be pursued in an integrated manner (Oye et al. 2014; Sprink et al. 2016; Ishii and
Araki 2016).

Reasons for Concern as an Interface Between Risk
Assessment and Risk Management

In the recent past, scientific and public debates relating to the safety of genetic
engineering processes and products have increasingly focused on applications in
the food chain. As a result, the European Food Safety Authority (EFSA) and its
‘Panel on GeneticallyModified Organisms’ became particularly important.8 Genetic
engineering governance thus increasingly focused on the relatively late innovation
phase of product approval. However, since gene drives have so far mainly been in
the research and development phase, a “governance of science and technology” is
required for these new gene-technologies (National Academies of Sciences 2016,
p. 138ff). This must go far beyond the existing regulations on laboratory or facility
safety and deliberate release.9

Efforts to anchor the precautionary principlemore firmly in the governance of new
genetic technologies focus on risk assessment procedures and the interface between
risk assessment and risk management. The necessary reforms are dealing with the
further development of existing methods of environmental risk assessment (ERA)
towards a precautionary hazard and exposure assessment that also takes appropriate

7The European Commission’s communication on the applicability of the precautionary princi-
ple emphasizes that cost–benefit analysis must not be a matter of purely economic cost–benefit
considerations, but also of “the efficiency of possible options and their public acceptance” (p. 5).
8Between 2003 and 2019 there were 367 EFSA publications on genetically modified organ-
isms https://www.efsa.europa.eu/de/publications/?f%5B0%5D=im_field_subject%3A61906, last
accessed 20.02.2019.
9Cf. German Genetic Engineering Act with its differentiation of genetic engineering facilities for
research and commercial purposes, the introduction of safety levels and the involvement of the Cen-
tral Commission for Biological Safety (ZKBS), as well as the approval of genetic engineering facil-
ities (last amendment 2017) including the Genetic Engineering Procedure Ordinance (GenTVfV)
and the Genetic Engineering Protection Ordinance (GenTSV) (last amendment 2015), then the EU
Directive on the contained use of genetically modified microorganisms (Directive 90/219/EEC,
now Directive 2009/41/EEC), the EU Directive on the protection of workers from risks related to
exposure to biological agents at work (Directive 90/679/EEC, now Directive 2000/54/EEC) and
the EU Directive on the deliberate release into the environment of genetically modified organisms
(Directive 90/220/EEC, now Directive 2001/18/EEC).

https://www.efsa.europa.eu/de/publications/?f%5B0%5D=im_field_subject%3A61906
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account of various forms of lacking knowledge, and with their more stringent linkage
with precautionary risk management with the help of the construct of ‘reasons for
concern’. In addition, the design and establishment of systematic and orderly pro-
cedures for enforcement are necessary (administrative regulations). These should
also include participation opportunities for the public and civil society actors (e.g.
public hearings). Finally, those institutions that are responsible for these procedures,
in which information is collected, evaluation criteria are sharpened and, to a certain
extent, weighing processes are carried out, must prepare themselves for a corre-
sponding reorientation towards a precautionary risk and exposure assessment and
evaluation that starts early in the innovation process.10

Central to the implementation of the precautionary principle within the frame-
work of risk assessment and its interface with risk management is the identification
of those ‘reasons for high concern’ which are capable of triggering precautionary
measures. If not only the probabilities of occurrence are unknown, but also the con-
tours of possible threat scenarios are unclear, then it is a matter of scientifically
comprehensible information indicating that particularly severe and/or far-reaching
consequences must be reckoned with. The EUCommission’s Communication on the
applicability of the precautionary principle speaks of “reasonable grounds for con-
cern” in this respect (Commission of the European Communities 2000, p. 3; cf. also
von Schomberg 2006, p. 19). In another part of the Communication ‘sufficient’ or
‘reasonable’ grounds for concern are mentioned (pp. 11 and 31). The precautionary
principle is applicable in “those specific circumstances where scientific evidence is
insufficient, inconclusive or uncertain and there are indications through preliminary
objective scientific evaluation that there are reasonable grounds for concern that the
potentially dangerous effects on the environment, human, animal or plant health
may be inconsistent with the chosen level of protection” (p. 9f). The elaboration
and establishment of methods and criteria for determining such reasons for concerns
against the background of uncertainty and ignorance are therefore of central impor-
tance. Thus, despite incomplete knowledge, reasons for concern that could trigger
precautionary measures must indicate the possibility, severity and range of adverse
effects and thus their incompatibility with the desired level of environmental and
health protection. With the help of defined methods and criteria, it must be possible
to clarify which reasons for concern can be considered as triggers for precautionary
measures, what significance should be assigned to these ‘reasons for concern’ in
each case, and what consequences should be drawn from them in precautionary risk
management.

For the identification of reasons of concern, two perspectives are essential: on the
one hand, the focus on the entity that affects the systems concerned, the agent, the

10In Germany, the Federal Institute for Risk Assessment (BfR) and the Central Commission for
Biological Safety (ZKBS) should bementioned, as should theFederalOffice ofConsumerProtection
and Food Safety (BVL), the Federal Environment Agency (UBA) and the Federal Agency for
Nature Conservation (BfN). At European level, the European Food Safety Authority (EFSA) and
the European Environment Agency (EEA) deserve special mention. Internationally, the Conference
of the Parties to the Convention on Biological Diversity with its Secretariat and its Subsidiary Body
on Scientific, Technological and Technical Advice (SBSTTA) is of great importance.
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technology, the intervention. This is done with the method of technology characteri-
zation using the criteria intensity and depth of intervention, resulting in technological
power and range, and reliability. Then the view turns to the systems that may be
affected. Their vulnerability and social criticality are investigated using the method
of vulnerability analysis, with the focus on identifying highly vulnerable entities,
weak points as well as tipping points as sources of surprise.

SPAGE technologies are currently still at a very early stage of innovation. Thus,
the exact application objectives and application contexts or possibly affected sys-
tems are still largely unknown. Additionally, to the technology (the agent) these
objectives and contexts have to be investigated as further sources of hazards, expo-
sures and risks. The precaution-oriented prospective technology assessment in the
phase of science and technology development therefore first concentrates on what
can be already known, on the SPAGE technologies currently under development. The
search for reasons for concern is therefore initially carried out within the framework
of a technical characterisation and as soon as application objectives, contexts and
systems are known to some extent, in the form of a vulnerability analysis of the
potentially affected systems.

Dealing with Non-knowledge: Precautionary, Prospective
Technology Assessment Versus Environmental Risk
Assessment

Currently, the debate on health and environmental risk assessment of planned releases
of genetically modified organisms (GMOs) focuses on the authorization of food pro-
cesses and products, with EFSA and its ‘Panel on Genetically Modified Organisms’
as key actors. They act in a comparatively late stage of innovation. A precautionary
prospective technology assessment must start much earlier, already in the research
process and during the development of technologies.11 This has the advantage that
necessary changes of direction and switching to lower-risk development paths can be
carried out comparatively easily as long as path dependencies have not been estab-
lished by far-reaching investments. However, this also has the already mentioned
disadvantage that hazards and exposures resulting from application goals cannot yet
be adequately considered.

Themethods forEnvironmentalRiskAssessment (ERA)12 of geneticallymodified
organisms (GMOs), which was first described in the EU Directive 2001/18/EC and

11“Each phase of research activity - from developing a research plan to post-release surveillance -
raises different levels of concern depending on the organism being modified and the type of gene
drive being developed”, determines the National Academies of Sciences (2016, p. 7).
12The National Academies of Sciences (2016) define the Environmental Risk Assessment as fol-
lows: “the study and use of probabilistic decision-making tools to evaluate the likely benefits and
potential harms of a proposed activity on the well-being of humans and the environment, often
under conditions of uncertainty” p. 105.
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later in the EFSAdocuments (cf. in particular EUDirective 2001/18/EC, EFSA2006,
2013a, b), unfortunately does not take into account the fundamentally different views
of the agent on the one hand (technology characterisation) and the affected systems
on the other (vulnerability analysis). Anyhow, in its methodological instructions
ERA takes into account many of the important aspects from both points of view in a
loose order. In their technology-related analytical steps, some of which are explicitly
referred to as ‘characterization’, there are numerous overlaps with a precautionary,
prospective technology characterization. However, there is a gap that cannot be easily
bridged concerning the understanding of and dealing with uncertainties and lack of
knowledge. Additionally, on the system-related side of the ERA, with regard to the
analysis of affected systems and possible impacts in these, on the one hand points of
reference can be identified and on the other hand further developments are necessary.
Last but not least, a clear structure regarding the determination of vulnerabilities
would approve the practiced ERA.

We distinguish two different types of vulnerability analysis an event-related
impact oriented and a structure-related vulnerability analysis as explained in
Chap. 4. The event-related vulnerability analysis (eVA) differentiates according to
the

(a) Disturbing event/agent
(b) Exposure to the agent
(c) Sensitivity of the system to the agent
(d) Adaptive capacity of the system, its ability to process disturbance events (e.g.

immune system).13

The vulnerability of the affected (eco)system to the agent (the SPAGES) then
results from the integrated consideration of all four aspects. In fact, also the ERA
pays great attention to exposure and sensitivity. The ‘Guidance to develop specific
protection goals options for environmental risk assessment at EFSA, in relation to
biodiversity and ecosystem services’ additionally addresses possible tipping points,
the complexity and resilience of ecosystems, which are in the focus of the structure-
related vulnerability analysis (EFSA 2006). However, this second approach, the
structural vulnerability analysis (sVA), is neglected due to ERA’s mainly event-
related approach.14 The sVA concentrates on weak points in the affected systems
independently of possible disturbance events, which can be both punctual and creep-
ingly continuous. It analyses which elements and relations of the system may draw
back when it comes under pressure.15 They all are about evidence for the pres-
ence of particularly sensitive or particularly critical system elements and relations or

13See von Gleich et al. (2010), Wachsmuth et al. (2012), Gößling-Reisemann et al. (2013).
14The eVA and sVA (cf. von Gleich et al. 2010; Wachsmuth et al. 2012; Gößling-Reisemann et al.
2013) cannot be elaborated further in the context of this text. However, important aspects of an
event-related vulnerability analysis are contained in the reports on the case studies GMO olive fly
and GMO rape seed (Chaps. 4 and 5), and important aspects of a structural vulnerability analysis
are contained in the chapter on ‘Tipping Points’ (Chap. 2).
15Methodological role models for an sVA of socio-technical systems are engineering methods such
as Failure Mode and Effect Analysis (FMEA) (cf. DIN e.V. 2006; Eberhard 2012), Fault Tree
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the presence of particularly unstable or pre-tensed system states.16 This subheading
also includes the discussion about possible contamination of (particularly valuable?)
ecosystems by GMOs. Can or must the transfer of modified genes to wild forms or
the mere presence of GMOs in certain ecosystems already be regarded as a reason for
concern?17 In case of interventions into particularly sensitive, pre-tensed18 or pre-
damaged systems there are good reasons to expect that this will have far-reaching
consequences. In such situations the implementation of the precautionary principle
is recommended, and the corresponding indications of ‘particularly alarming system
conditions’ are among the comprehensible and valid triggers (reasons for concern) for
measures according to the precautionary principle. The sVA and the eVA are thus
complementary and their approach is significantly more precise than that of the ERA
due to the differentiated consideration of disturbance events, exposure, sensitivity
and capability to adapt (eVA) as well as the analysis of internal weak points in the
affected system (sVA). The technical characterization concentrates on the agent, the
sVA concentrates on the affected systems and the eVA focuses on the interactions
between the two.

The sVA plays a special role within the framework of a precautionary, prospec-
tive technology assessment and especially as a starting point for designing resilient
systems. It is a method that opens options to minimize weak points, to increase the
resilience of the systems concerned, to prepare them for possible surprises, for events
and mechanisms of action, which are not yet known. This opens up a second way to
practically reduce the realm of possibilities and thus the extent of ignorance regard-
ing possible far-reaching disruptive events. The first strategy applies to the agent and
focuses on substitution, on less depth of intervention, less powerful and far-reaching
technologies, which reduce the range of possibilities of disruptive events. This was
already elaborated in Chap. 7 and will be picked up again later on. The second strat-
egy tries to reduce the realm of possibilities by strengthening the adaptive capacity
and resilience of the systems concerned. Resilient systems are able to successfully
cope with a wide range of even unknown disruptive events. This presupposes, how-
ever, that one is—not least also technically—in a position to relate precautionary
risk management not only to the intervening technologies, but also to the affected

Analysis (FTA) (Böhnert 1992; Thums 2004) or regarding complex organisations e.g. bank stress
tests (cf. e.g. Quagliariello 2009).
16Criticality refers to areas that are particularly important for social life or survival, e.g. nutri-
tion, health, medicine. Sensitivity refers to particularly sensitive areas, phases or subgroups, e.g.
pregnancy, previous damage or tipping points.
17The report of the National Academies of Sciences (2016) states: “The mere presence of the
modified genetic element in other species could be considered an endpoint” p. 110 and further:
“Because the goal of a gene-drive modified organism is to spread, and possibly persists, in the
environment, the necessary ecological risk assessment is more similar to that used for invasive
species, than for environmental assessment of genetically engineered organisms” p. 110, see also
Landis (2004).
18In his presentation of the ‘Adaptive Cycle’ Holling gives an example of a pre-tensed system. A
forest may have accumulated a great deal of energy in the form of wood during its conservation
phase and is then in danger to suddenly burn down in case of ignition (release), cf. Holling (1986).
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systems (their vulnerability, adaptive capacity or resilience).19 Such a ‘constructive
precautionary approach’, as Hansen et al. (2007, p. 400) call it, is totally out of reach
of the strictly event-related ERA and the risk management based on it.

Conventional risk assessments focus on risks and not on precautions. According
to the ERA-related understanding of risk, they aim at quantifiable statements in
which risk is defined as the product of the amount of loss and the probability of
occurrence. Risk analysis is then dependent on immense amounts of data. Though
the deficiency of knowledge is omnipresent. But the latter is only understood as a
deficiency that can be overcome by more research. There is no room for reflection
on the fundamental limits of knowledge, e.g. the impossibility of predicting the
effects of interventions in complex systems due to non-linearity, tipping points or
emergence. There is certainly no room for reflections about ignorance, cluelessness
and complete surprises,20 about a non-knowledge of which we don’t even know that
we don’t know (unknown unknowns Wynne 1992; Kerwin 2016).

In fact, the ERA also incorporates approaches that relate to minimizing non-
knowledge. The ERA practitioners, especially at EFSA, are well aware that the
possibilities for risk assessment based on predictions are clearly limited. In order
to bridge the lack of knowledge, ERA uses a number of auxiliary constructions to
get data after all (cf. e.g. EFSA 2010). Most important are the so-called ‘concept
of familiarity’, the assessment of risks of GMOs by estimating the partially better
known risks based on the donor organism, the recipient organism and the vector,
and the ‘comparative approach’, the use of risk assessment with reference to already
naturally occurring comparable organisms (non-GM-surrogates). The fact that ERA
additionally makes use of a number of methodological steps of ‘societal learning’
shows that surprises are at least implicitly expected (cf. von Knies and Winter 2011,
p. 8). To bementioned here are the step-by-step procedure on theway towards release
and the approach of post-market environmental monitoring (PMEM) as well as gen-
eral surveillance (GS). All this, however, has the fatal disadvantage that learningmay
come too late and there may be no chance for corrective action.

19Stirling et al. (2006) speak of a “Resilience-focused (risk absorbing) Management Style” in this
respect: “Improving capability to cope with surprises: diversity of means to accomplish desired
benefits, avoiding high vulnerability, allowing for flexible responses, preparedness for adaptation”
(p. 302). Strategies of an ‘adaptive management’ of socio-ecological systems, as they were devel-
oped after Holling (1978), Shea et al. (2002), Stankey et al. (2005), can also be considered. Specific
references to design principles for increasing the resilience of socio-technical systems can be found
in von Gleich and Giese (2019).
20Having in mind causes for surprises Stirling et al. (2006) mention “substantive novelty” or “un-
precedented characteristics” (p. 294). Brooks (1986) developed a typology of surprises regarding
the interaction between technology and society. He suggests three types of surprises: (1) unex-
pected discrete events, (2) discontinuities in long-term trends, and (3) emergence und sudden public
awareness of new information. Filbee-Dexter et al. (2017) gave an interesting overview of ‘ecolog-
ical surprises’ mostly combined with tipping points, phase transitions and feedback mechanisms
(e.g. unanticipated behaviour or regime shift in ecological systems as collapse of coastal fisheries,
state change during eutrophication of lakes, outbreaks of insects or species invasions). Close to
the problem of total surprises are extremely improbable events, which Taleb (2007) called ‘black
swans’.
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And all this deficiencies of the ERA approach are not adequately communicated
at any point. This leaves the impression of an indefinitely optimistic quantitative ‘risk
assessment’, which is aware only of the not-yet-known, which gets by completely
without precautionary approaches and ignores essential references to possible sur-
prises, to the remaining lack of knowledge, to unpredictability and ignorance (the
unknown unknowns) (cf. Wynne 1992; Wehling 2009). If EFSAs guidance docu-
ments address uncertainties21 and, to some extent, the limits of knowledge, then
it is only in relation to the limits set on risk research by scarce resources (money
and time). Statements about the limits of predictability in dealing with complex
ecosystems—i.e. aspects of not being able to make predictions—are suppressed,
as can be shown by two processes.22 The ‘Scientific Opinion on Guidance on the
risk assessment of genetically modified microorganisms and their derived food and
feed products’ (n.d.) states: “Predicting impacts of GMMs and derived food or feed
on complex ecosystems can be difficult due to continuous flux and spatial hetero-
geneities in ecosystems creating a myriad of potential microbial habitats in which
interactions between GMMs and their products with the indigenous organisms and
or abiotic components can take place. It is recognized that an environmental risk
assessment cannot provide data of a GMM or their products which would cover
all potential environmental habitats and conditions. Consideration of environmen-
tal impact (damage) should therefore focus on environments in which exposure is
most likely or in which, when relevant, viable GMMs could potentially proliferate”
(EFSA n. d., p. 38). These formulations are missing in the Guidance Document of
2006 on the same topic, which was finally published. Instead it reads: “Predicting
impacts of GMMs and derived food or feed on complex ecosystems that are continu-
ally in flux is difficult and largely based on experiences with other introductions and
an understanding of the robustness of ecosystems. It is recognized that an environ-
mental risk assessment is limited by the nature, scale and location of experimental

21Themost comprehensive and clearest summary is the “Generic list of common types of uncertainty
affecting scientific assessments” EFSA (2018a, p. 19).
22The background of this attitude may be that lack of knowledge and ignorance are often put
forward as reasons for the need to apply the precautionary principle. Whether the mere indication
that complex systems are being interfered with and that not all possible reactions of these systems
have yet been known and researched can suffice as a trigger for far-reaching precautionary measures
is currently the subject of controversial debate. However, such an approach is already addressed
in the Rio Declaration as a possibility: “In the case of measures relating to complex systems that
have not yet been fully understood and for which the consequences of disruptions cannot yet be
predicted, the precautionary approach could serve as a starting point” (Chapter 35, Paragraph 3 of
Agenda 21). If one wants to justify the necessity of far-reaching precautionary measures, however,
one should not stop to point out a lack of knowledge. Comprehensible knowledge about reasons for
concern is necessary. Identifyable non-linearity, feedback mechanisms, bifurcations and tipping
points, as well as pre-tensed and pre-damaged systems are reasons for concern recognizable through
vulnerability analysis comprising the use of models, and they are also dependent on identifiable
system architectures and system states. What is not comprehensible, however, is an argumentation
in which the complexity paradigm is first relied upon to justify a lack of knowledge, and in which the
argument suddenly jumps back into the reductionist paradigmand demands complete controllability.
If one uses the complexity paradigm argumentatively, a demand for complete controllability does
not make sense.
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releases, which environments have been studied and the length of time the studies
were conducted” (EFSA 2006, p. 59). In the preliminary version, the limits were still
mentioned which, in principle, are set for predicting the consequences of interven-
tions in complex systems. In the version finally adopted, on the other hand, EFSA
returns to the position previously published several times, according to which the
project is limited above all by the research expenditure.

This course of action is also repeated in the two-stage process of the develop-
ment of the EFSA ‘Guidance on the environmental risk assessment of genetically
modified animals’. The precedent ‘Scientific Opinion’ mentions uncertainties due to
assumptions and extrapolations, conflicting scientific literature and perspectives, and
specified uncertainties, the latter divided into linguistic uncertainty (lack of linguistic
precision), variability (in the subject area), and uncertainty caused by limitations of
scientific knowledge and knowledge production such as motivational and systematic
bias, censoring, measurement error, missing data, lack of suitable comparators or sur-
rogates, and other causes of incomplete awareness, understanding and descriptions of
amechanism, process or system (i.e. model and scenario uncertainty)” (EFSA 2013a,
p. 41f). Subsequently, methods for the reproducible identification and handling of
these uncertainties are discussed. The knowledge problems arising from long-term
exposures are addressed and reference is made to the auxiliary construction of the
familiarity concept (EFSA 2013b, pp. 38f, 41, 163f). The following conclusion is
then drawn: “ERA is often constrained/restricted by the available knowledge and
experience of the GM animal and it can be difficult to predict and consider all
potential future applications, production systems and receiving environments of the
GM animal. Thus large-scale and long-term use of a GM animal could result in
some effects which were not predictable at the time of the ERA or consent. There-
fore, according to Directive 2001/18/EC, applicants are required to conduct general
surveillance (GS) to detect unanticipated adverse effects on the environment” (EFSA
2013a, p. 44). Interestingly here too, another text appears in the later adopted and
published version: “Overall, the results of the ERA will be subject to varying levels
of uncertainty associated with factors such as (1) the availability of data and use of
non-GM surrogates to inform the ERA, (2) the range of receiving environments in
the EU where the GM animals are likely to be intentionally or accidentally released
and (3) the diversity of management practices across EU regions. As far as pos-
sible, the overall conclusions of the ERA should specify under which conditions
(e.g. receiving environments, management practices of the placing on the market,
release and production) the risks/uncertainties identified are most likely to occur and
clearly identify the factors/processes which might affect the conclusions of the ERA
in order to make explicit the robustness of the conclusions of the ERA (EFSA 2013b,
p. 30)”. Here, too, the concession of limits of predictability is withdrawn in favour
of a diversity that cannot be coped with in terms of effort and resources. Unknown
unknowns are not mentioned. At least, an extreme extension of the spatio-temporal
range of GMOs is addressed as an insight-limiting aspect, but as a way out, reference
is again onlymade to ex-post observation via PostMarket EnvironmentalMonitoring
and General Surveillance (EFSA 2013b, p. 163), which only takes effect when ‘the
child has, so to speak, already fallen into the well’. The biggest deficits of the ERA
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therefore exist in dealing with special forms of non-knowledge (non-determinacy,
unknown unknowns and possible surprises).

This did not really change when EFSA started a comprehensive process to address
uncertainty from 2014 onwards. In the two documents representing the preliminary
outcome of this process possible surprises or unknown unknowns are not addressed,
not even the difficulties of predicting the consequences of interventions in complex
systems (see EFSA 2018a, b). The term complexity appears only once, but related to
the complexity of the assessment process. Non-determinacy, non-linearity and tip-
ping points do not occur as terms.23 Unknown unknowns are mentioned, but EFSA
simply excludes them from the ‘Uncertainty Analysis’. “It is important to note that
overall uncertainty cannot and does not include any information about unknown
unknowns, i.e. uncertainties not known to the assessors. Since these are unknown,
they cannot be either quantified or described” (EFSA 2018a, p. 34). EFSA acts
according to the motto ‘you can’t say anything about non-knowledge, because it’s
non-knowledge’. Unknown unknowns may exist, but we’re not in charge. It is not
the risk assessors who are responsible for dealing with unknown unknowns, but only
the risk managers.24 “Decision-makers should understand that all assessments are
conditional on the current state of scientific knowledge, and do not take account of
‘unknown unknowns’, and take this into account in decision-making (e.g. they might
treat novel issues differently from those with a long history of scientific research)”
(EFSAa, p. 35). Such statements do not, however, prevent EFSA from repeatedly
stressing that risk assessors should identify all relevant sources of uncertainty and
that the outcome of the risk assessment naturally includes statements about howprob-
lematic or harmless (no concern) certain possible developments are (EFSA 2018b,
p. 34). Which, of course, must be related to the level of protection targeted in the
EU (von Schomberg 2006, p. 25). A risk assessment is not possible without values.
In addition, risk managers are also dependent on scientific preparatory work for a
cost–benefit assessment.

23This contrasts with the ‘Scoping paper’ of the Group of Chief Scientific Advisors of the EU
Commission. They distinguish between ‘scientific uncertainty’, ‘indeterminacy’ and ‘ignorance’
(2018, p. 3), which corresponds to our distinctions.
24“Deciding howmuch certainty is required or, equivalently,what level of uncertaintywouldwarrant
precautionary action, is the responsibility of decision-makers, not assessors” (EFSA 2018a, p. 16).
Contrary to this, Sterling et al.: “It is clear that the precautionary principle is of relevance not
only to the management, but also to the assessment of risk” (2006, p. 289). The EFSA statement
also reveals a serious misunderstanding about the functioning of the precautionary principle. It is
assumed that the level of uncertainty could be a trigger for precautionary measures. Rather, it is true
that in essence the scale of a potential threat triggers precautionary measures, despite remaining
uncertainties about the probability of occurrence and the precise outcome of the threat.



230 A. von Gleich

Depth of Intervention

Scientific uncertainty, not-yet-knowledge (in the sense of lacking research results),
unpredictability (due to non-determinacy in complex systems) and ignorance (regard-
ing complete surprises) are the previouslymentioned forms of non-knowledge. In the
Environmental Risk Assessment especially unpredictability and ignorance are not
considered adequately or not at all. Now another important form of non-knowledge
has to be mentioned: The technically generated non-knowledge.25 It is generated
by spatio-temporal delimited entities characterized by an expanded half-life, persis-
tence, mobility, chain reactions or the ability of self-proliferation. The magnitude
of this form of cluelessness about possible consequences and surprises comes about
through the practical extension of the effectiveness and scope of the results of tech-
nological interventions, of their technical power and range in space and time. This
enormously expands the realm of possibilities for unexpected events. Seen precisely,
the technically generated expansion of the realm of ignorance is owed to the enabling
of a not overseeable and incalculable magnitude of possible interactions of spatio-
temporal delimited entities in countless system contexts.26 Well known examples
are unmanageable chain reactions in the field of nuclear and chemical technologies
on the side of power and on the side of exposure extreme half-lives of substances
in the environment (persistence or radioactivity) or GMOs (modified genetic ele-
ments), which are able to multiply and spread on their own. If a genetically modified
organism is able to reproduce itself and is also mobile, there is a threat that it will
tend to spread globally, not retrievably and irreversibly. Due to its expanded spa-
tial and temporal range, this organism can emerge in an infinite number of diverse
systems and contexts and enter into completely unpredictable and surprising inter-
actions. The best known example of such a surprise from the realm of chemicals is
the ozone-depleting effect of CFCs in the stratosphere, i.e. at an altitude of more
than 10,000 m. The magnitude of ignorance about the possible consequences of such
technological interventions will thus increase in proportion to their technical power
and range. From this point of view, the fact that gene drives are explicitly produced
for the purpose of rapidly spreading in populations must be classified as particularly
concerning. Since this expansion of ignorance was created technically, however, it
can also be reduced technically. An extreme spread can be technically reduced by
switching to self-limiting reactions or to less invasive, less persistent, less mobile and
reproductive GMOs. The focus of such a ‘constructive precautionary approach’ is

25This form of non-knowledge must not be confused with the omnipresent experience that scientific
research on the one hand generates knowledge but on the other hand always raises new questions.
This experience may be called ‘science-based ignorance’ (cf. Wehling 2009; Jäger and Scheringer
2009). Another form of ‘producing ignorance’ is already closer to this term. Ignorance is produced
here not by technical means, but through political and communicative strategies with the aim of
ignoring existing knowledge (cf. Aradau 2017; Proctor 1995). This form is the focus of so-called
‘ignorance studies’ and ‘agnotology’ (cf Gross and McGoey 2015; Proctor and Schiebinger 2008).
26This may include cause-effect relations not yet known (as in the case of CFCs) or interaction with
tipping points and non-linearity in complex systems (as in the case of climate change) and even
emergent behavior.
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on substitution is on changing the character of the agent (see Chap. 7). This marks a
clear difference from the widespread practice of reducing exposure to an unchanged
agent by containment.27 Anyhow, both of these strategies aim at reducing the range
of possibilities.

The technical roots of the expansion of the realm of possibility and the associated
magnitude of non-knowledge can be identified within the framework of technology
characterization. This is done not least with the help of the technical evaluation crite-
rion “depth of intervention”. This criterion was introduced at the end of the 1980s (cf.
von Gleich 1989), building on considerations by Günther Anders and Hans Jonas (cf.
Anders 1958; Jonas 1979, 1985). It refers to technologies based on themathematical-
experimental natural sciences, for which a distinction between the level of phenom-
ena and the level of laws of nature behind the phenomena is constitutive. Within
this paradigm the laws of nature produce the natural phenomena and control them
to a large extent. The atoms (or elementary particles) largely determine the physical
properties of the physical objects, themolecular structures control the chemical prop-
erties of substances and also the genes are decisively involved in the control of the
biological properties of organisms. Technologies that technically address (manipu-
late) such control structures as atoms/elementary particles, molecular structures or
genes generate a significantly higher power over phenomena and more far-reaching
consequences in comparison to techniques that only address (manipulate) directly
perceptible phenomena, as has been the case for millennia with e.g. artisanal agri-
cultural technology (e.g. in the form of breeding by selection). Breeding in which
a greater variability is produced by irradiation or chemicals must therefore also be
regarded as a deep intervention. A greater depth of intervention by addressing such
‘control structures’ can thus be identified as the basis for a broader technical power
and range in space and time.28 The basis of this approach to technology characteriza-
tion is thus the insight that the magnitude of ignorance about possible consequences
of deep interventions is not ‘simply already there’, but rather is generated and enor-
mously expanded by the character (the depth) of the technical intervention.29 The use
of particularly powerful and far-reaching technologies increases the scope of what
can happen and thus also the ignorance regarding possible consequences. Conversely,
this range of possibilities and the combined extent of cluelessness regarding possible
consequences can also be reduced by the use of techniques with a lower depth of

27This difference is also addressed as intrinsic biocontainment versus extrinsic and technical
containment cf. European Science Foundation (ESF 2012).
28The criterion depth of intervention was successfully used within the framework of prospective
technology assessment in areas such as synthetic chemistry (Böschen et al. 2003), nanotechnology
(Rip 2006) and synthetic biology (Grunwald 2016). Related conceptualizations of the criterion
depth of intervention in the biological field can be found in Deutscher Ethikrat (2011) as well as in
Engelhardt et al. (2016).
29Wynne (2005) formulates this regarding the technical intervention at the gene level as follows:
“The very idea of intervening in nature at the utterly novel genetic level, despite being championed
both as a way of increasing knowledge, and as a new dawn of precision-biotechnology, intro-
duces and releases onto society previously unencountered (and hitherto irrelevant) elements of the
unknown, thus augmenting unpredictability and potential lack of control. Scientific research may
not only diminish ignorance, but also thus amplify it too.” p. 69.
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intervention. If, as part of substitution efforts, we can select or develop agents that
are degraded or die after a few hours or days, this will significantly reduce the extent
of ignorance about possible consequences (see Chap. 7).

Identification of Substances of Very High Concern
in REACH

Such considerations about technically generated non-knowledge are not new. They
have already played an important role in the environmental policy debate on persistent
industrial chemicals and in particular on stratospheric ozone depletion as a result of
CFC release (cf. Scheringer 1996). And finally, based not least on the debate about
persistent organic pollutants (POPs) in the oceans, they have also found their way into
the European chemicals regulation under REACH, which classifies very persistent
and bioaccumulative substances as ‘substances of very high concern’.

Until then, the debate on possible triggers for precautionarymeasures had focused
exclusively on environmental and health risks. Particularly widespread exposure to
agents has not been accepted as a cause of concern and for precautionarymeasures so
far. This changed with the REACH chemicals legislation. Article 1 of REACH states
in point 3: “This Regulation is based on the principle that manufacturers, importers
and downstream users must ensure that they manufacture, place on the market and
use substances which do not adversely affect human health or the environment.
Its provisions are based on the precautionary principle” (REACH Regulation 2006,
p. 28).

The design of REACH then really endeavors to operationalize the precautionary
principle and explicitly deals with the question of how precautionary measures are to
be triggered. Point 69 of the list of recital grounds for the adoption of the Regulation
states: “In order to ensure a sufficiently high level of protection of human health,
including affected populations and, where appropriate, of certain vulnerable sub-
groups, and of the environment, substances of very high concern should be treated
with great care in accordance with the precautionary principle” (p. 14). The concept
of ‘substances of very high concern’must be emphasized in this formulation.Accord-
ing to REACH, ‘substances of very high concern’ are not only substances with a high
hazard potential (in particular carcinogenic, mutagenic or toxic for reproduction),
but also substances with an especially high exposure potential, namely particularly
very persistent and bioaccumulative substances, even irrespective of any associated
hazard hypothesis. This is the first important step that should be followedwhen imple-
menting the precautionary principle in the governance and regulation of GMOs. The
basis for this step towards a practically ‘hazard-independent operationalization of the
precautionary principle’ is the acceptance that an enormous expansion of exposure
expands the scope for unexpected interactions in the environment to the extreme and
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thus also the ignorance of possible surprises. Interestingly, this logical consideration
can also be interpreted as a special form of the hazard hypothesis.30

Within REACH the characterization of a substance as being of very high concern
has a precise and direct impact on risk management. This is the second important
step that should be taken in the operationalization of the precautionary principle in
the area of the GMO. The characterization of a substance as being ‘of very high
concern’ leads to a general ban on its use (Art. 56) and to an explicit obligation to
obtain authorization. The substance will be included in Annex XIV of the REACH
Regulation. An authorization is only possible if it can be shown that the risk posed
by this substance can be controlled throughout its entire life cycle. For substances
for which no threshold value can be given,31 exemptions are possible on the basis of
a balance between benefit and risk potentials.32 In addition, even after an exceptional
authorization, still exists the minimization requirement, an obligation to search for
less problematic alternatives (substitution), and an obligation to monitor the fate of
the substance in the environment (Article 60 (10)). For the governance of chemicals,
therefore, a comparatively easy way has been found to integrate the precautionary
principle into the technology-related regulation following these two steps.

The particular practicability of this procedure lies in the fact that it first focuses
on the properties of the agents. This has the advantage that one does not depend
yet on precise toxicological knowledge and on the particularly complex vulnerabil-
ity analysis of certain target systems. The procedure concentrates on the ‘inherent
properties’ of the agents in the sense of their technical character. It is comparatively
straightforward to determine the physico-chemical or biochemical properties of sub-
stances as being very persistent [CFCs have half-lives of up to 400 years (cf. Koch
1995, p. 259)] and as being very bioaccumulative. The extension of their range is in
many cases a consequence of the depth of intervention during their production, the
synthesis of non-natural, persistent and mobile chemicals.

However, also with REACH two problems have not yet been solved with regard
to the implementation of the precautionary principle. REACH only starts late in the
innovation process with the approval of chemicals and products. The constructive
approach of precautionary risk management, the precautionary design of environ-
mentally friendly chemicals,33 is largely ignored. The quest for substitutes comes too

30Sterling therefore describes the exposure-oriented characteristics as “proxies for possible harm”
Sterling (2016, p. 15).
31For persistence and bioaccumulation, no effect threshold can be given because these properties
relate only to exposure. All the more a PEC/PNEC comparison is not possible due to the lack of
a quantifiable impact threshold and the impossibility of determining an expected environmental
concentration. On the other hand, emphasis is placed on the spatial and temporal decoupling of
emission and possible effect (cf. Merenyi et al. 2011).
32For these substances “authorization can only be granted if it is demonstrated that the socio-
economic benefits outweigh the risks to human health or the environment arising from the use of
the substance and if no suitable alternative substances or technologies are available” (Art. 60, para.
4).
33Cf Hansen et al. (2007), e.g. with the goal ‘benign by design’, see Laber-Warren (2010), Leder
et al. (2015).
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late. And another necessary step is still missing. If applications are already known, an
event-related eVA and a structural vulnerability analysis sVA should be established
with a focus on sensitivity, adaptive capacity, criticality, non-linearity and tipping
points. In this way, the classification of an agent as being ‘of very high concern’
as result of the technology characterization should be supplemented by the classi-
fication of (elements of) target system as ‘being of very high concern’ or being in
a ‘state of very high concern’ from vulnerability analysis, each with corresponding
consequences in risk management.

Operationalization of the Precautionary Principle
in the Governance of GMOs Along the Lines of REACH

If the political will is there to do so, it should be comparatively easy to transfer
the steps taken in REACH to operationalize the precautionary principle into the
governance and regulation of genetic engineering. The hazard and exposure assess-
ment would initially focus on the characterization of GMOs and genetic engineering
constructs. The intensity and depth of intervention and its two consequences, tech-
nological power and range, initially will play a central role. As a result of this step
alone, GMOs or genetic engineering constructs can be characterized as being of
high concern. However, it has to be taken into account that a technology character-
ization with regard to the release of living organisms is associated with additional
challenges in comparison to chemical substances. It is true that even chemicals must
be expected to change after release (ageing, oxidation, metabolisation). However,
organisms have a significantly higher ontogenetic and phylogenetic plasticity. Nev-
ertheless, the technical characterization of the GMO is a rather simple and low-cost
procedure in comparison to the vulnerability analysis of the affected systems (and
also in comparison to the steps required by the ERA). And the determination of the
persistence and invasiveness of SPAGEs and GMO, their ability to reproduce them-
selves, to survive (evolutionary fitness) as well as their ability to spread over time
and space is already a subject of the ERA.

The Regulation (EC) No. 1829/2003 of the European Parliament and of the Coun-
cil of 22 September 2003 on genetically modified food and feed and the guidance
documents of the EFSA describe in detail which risk-relevant analyses an applicant
has to carry out and on which questions he should provide information (Regulation
(EC) No. 1829/2003). The Environmental Risk Assessment related to the release of
GMOs into the environment also begins with certain forms of technical character-
ization (characteristics of GMOs and releases).34 The extension of the technology

34In particular, the following aspects are considered: the recipient or parental organism(s); the
genetic modification(s), be it inclusion or deletion of genetic material; and relevant information
on the vector and the donor; the GMO (including phenotypic and genetic instability); the intended
release or use including its scale, cf. Regulation (EC) No. 1829/2003.



9 Steps Towards a Precautionary Risk Governance of SPAGE Technologies … 235

characterization by the criteria depth and intensity of intervention (regarding inten-
sity of intervention see Chap. 1) and their consequences, technological power and
range and additional liability should therefore be feasible by comparatively simple
means. Aspects of intervention intensity are already represented by the ‘scale of the
intended release’. Almost all essential points of a (precaution-oriented) hazard and
exposure analysis are already addressed, however with quite different intensity and,
if Annex II of Regulation No. 1829/2003 is consulted, with a very different degree
of detail. Very detailed instructions and scientific methods exist for technology char-
acterization (partly referred to as molecular characterization) and for toxicological
analyses (with standards also for allergy and nutrition physiology analyses). This
also applies in part to comparative analyses with a “conventional counterpart”. On
the other hand, the area of environmental impacts is extremely under-represented,
which is probably mainly due to the focus on food and feed. There are few indica-
tions of ecosystem effects and no indications of possible influences on biodiversity.
However, these are discussed in detail in EFSA 2016. Comparatively great attention
is paid to the reliability of genetic engineering methods and their undesirable side
effects and consequences. What is striking, however, is that their spatial and tem-
poral significance is not queried. There is a lack of specifications how to accurately
identify and assess a “potential risk associated with horizontal gene transfer”. The
technical range and exposure is also given attention in the form of an exposure char-
acterization, not only with regard to the quantitative or estimable aspects “predicted
consumption, probable individual and age-specific intake”, “recommendations for
use, handling”, but also with regard to aspects of technology characterization. “the
spread of theGMO(s) in the environment (persistence and invasiveness, biological fit-
ness, pathways of dispersal, reproductive, survival and dormant forms); interactions
with target or non-target organisms; vertical or horizontal gene transfer; exposure
to humans to animals; competition for natural resources like soil, area, water, light,
displacement of natural populations of other organisms; delivery of toxic substances;
different growth patterns)” cf. Regulation (EC) No. 1829/2003; EFSA 2006, 2013,
but again no mention is made of the spatial and temporal implications, possible
global spread and irreversibility of releases. The environmental risk assessment shall
examine “possible changes in the interactions between the GM plant and its biotic
environment resulting from the genetic modification, persistence and invasiveness,
selection advantage or disadvantage, gene transfer potential, interactions between
the GM plant and target organisms”, “interactions between the GM plant and non-
target organisms“. However, even here is a lack of guidance on how this requested
information can actually be obtained.

In order not to be misunderstood, these enumerations serve above all to show
that many aspects are already taken into account which are also important for a
classification of ‘genetic engineering constructs’ or ‘GMOs ’ as being of ’very high
concern’. In contrast to widespread criticism of the ERA, the approach taken here to
implement the precautionary principle does not essentially aim at ‘more knowledge’
about what is not yet known or adequately considered. Rather, it aims at a different



236 A. von Gleich

weighting of the already existing and comparatively easily accessible findings and,
above all, at clear precautionary consequences from the latter.35

Even if one is unwilling to follow the criterion ‘depth of intervention’, the follow-
ing central criteria remain for the identification of constructs and GMOs as being of
high concern:

– Enormous technological power (e.g. virulence) combined with insufficient
technical maturity and reliability.36

– Ability for self-propagation whereby a distinction must be made here between
the propagation rate and the generation times of GDO as well as the ability to
overcome Mendelian inheritance rules in GDO

– Genetic Fitness of the population (cf. Barker 2009)
– Invasiveness or threshold value of propagation, colonization
– Persistence, capability to persist and spread over time
– Mobility, capability of spatial propagation
– Potential for vertical gene transfer/hybridization potential e.g. use of conserved
sequences as target loci for integration of homing endonuclease based gene drives

– Potential for horizontal gene transfer.

Conclusion

Important points of a precautionary technology characterization and vulnerability
analysis are already addressed in the current guidelines and regulations. However,
this should be better structured and operationalized. The main task of integrating the
precautionary principle into the governance of new genetic engineering, however,
is not to collect countless additional data. The identification and classification of
GMO or genetic engineering constructs as being of high concern on the one hand
and the improvement of the interface between hazard and exposure evaluation and
risk management on the other hand by drawing clear precautionary consequences
from this classification are of crucial importance. In the current situation, it is com-
pletely unclear what follows from the statements required by the applicant on ‘risk
characterization’, ‘exposure assessment’ or ‘environmental compatibility’.

35For the same reason, the debate as to whether relying on quantification is problematic and whether
more qualitative information needs to be taken into account in the ERA does not play a major role
here either. Rather, there is agreement that the evidence on the basis ofwhich precautionarymeasures
are to be triggered should be scientifically comprehensible (and, if possible, quantifiable). However,
non-quantifiability should not lead to the exclusion of comprehensible indicators. Finally, for the
same reason, the important role of participation in the implementation of the precautionary principle
is not discussed here.
36Also with regard to technical reliability, there are quite a few reference points in the specifications
of the ERA (e.g. genetic stability of the insert, stability and expression of the transformation events,
biological plasticity…).
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Five Steps Towards Integrating the Precautionary Principle
into the Governance of SPAGE

1. Pursue a constructive precautionary approach

Precautionary risk assessment and precautionary risk management should not begin
with product approval. They must begin already in the phase of research and devel-
opment. Early in the innovation process, when path dependencies have not yet been
consolidated by far-reaching investments, corrections, substitutions and the devel-
opment of lower-risk development paths are much easier. However, due to the much
greater degree of lack of knowledge about impacts at this stage, we should not talk
about risks (whose assessment at this stage would require information that cannot be
obtained), but about risk potentials and theunderlyinghazard and exposure potentials.
Options for measures to influence research and development lie in precautionary risk
research, in target-oriented funding programs for lower-risk alternatives,37 in com-
petitions and prizes, but also in the transparency of processes and opportunities for
participation. The targeted promotion of a low-risk design of genetic and biotechno-
logical constructs (benign by design) is particularly important. If it does not want to
always come too late and intervene restrictively, the orientation to such a design is
an indispensable approach of the precaution-oriented risk management.

2. Consider all kinds of non-knowledge

Precautionary measures are dependent on the generation of precautionary knowl-
edge. Knowledge related to precaution should be able to understand the extent and
possible consequences of a lack of knowledge in the form of comprehensible reasons
for concern. All forms of non-knowledge must be taken into account, not only the
uncertainties currently mentioned in the ERA and in approval procedures, but also
unpredictability (the limits of prediction in dealing with complex systems due to
non-determinacy), complete ignorance of possible surprises (unknown unknowns),
and last but not least the technically produced extension of the realm of possibility
and the thus extended ignorance.

3. Pursue technology characterization and vulnerability analysis

Technology characterization can start particularly early in the innovation process,
even in the phase in which gene drives are currently being developed, in which
hardly any applications are yet on the market. With the criteria of intensity and depth

37Wynne (2005) points out that the UK Biotechnology and Biological Sciences Research Council
recommends “genomically-informed but non-transgenic approaches to crop science research”, as
a kind of research that is more likely to meet society’s expectations in its rejection of green genetic
engineering (BBSRC2004, p. 35). In its report on ‘Genomics andCrop Plant Science in Europe’, the
European Academies Science Advisory Council also recommended “non-reductionist functional
genomics informing marker-assisted selection for identifying non-GM, naturally occurring desired
crop traits” (EASAC2004, p. 7).Wynne stated “Apreviously invisible alternative scientific trajectory
marginalized by the exclusive GM paradigm, came rapidly to the fore, as the necessity suddenly
arose” (p. 79f).
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of intervention as well as liability, the focus is not first on effects, but on the character
of the intervention, which produces these effects in the first place, especially techno-
logical power and range. Particularly high technological power (up to the triggering
of chain reactions) and particularly high range of exposure (up to globality and irre-
versibility) through GMO and genetic engineering constructs can be characterized
as being ‘of high concern’. The criteria intensity and depth of intervention with the
dimensions of technological power and range meet the requirements for the perfor-
mance of precautionary criteria and reasons for concern, with regard to the degree of
seriousness of hazard and exposure potentials, the magnitude of the possible conse-
quences and the extension of the ignorance generated by the depth of intervention. In
addition, it provides indications as to the direction in which lower-risk alternatives
can be successfully sought.

In structural vulnerability analysis, it is important to identify particularly critical
and sensitive systems or system elements, to identify tipping points and threatening
phase transitions and bifurcations. If intervention is planned in systems which are
critical for society (e.g. nutrition, health), which are pre-loaded or pre-tensed or
include tipping points, then intervention in these systems can be characterized as
being of high concern.

Further work is needed on the twomethodological approaches of technology char-
acterization and vulnerability analysis, as well as on the criteria depth and intensity
of intervention, and on further indications of serious hazard and exposure potentials.

4. Exposure is just as important as hazard

Exposure after releases into the environment must be given as much attention as
to the hazard dimension. This has now become established in the risk governance of
chemicals. Very persistent and very bioaccumulative chemicals are classified under
REACHas substances of veryhigh concern.Thus an extremeexposure potential, even
without an associated hazard hypothesis, is considered to be of very high concern.
Regarding an independent spread of GMOs or their genes in ecosystems, the term ‘so
what?’ is still all too often used (von Schomberg 2006, p. 24). The ability of GMOs
and genetic engineering constructs to spread in the environment must therefore be
anchored as a major concern in the regulation of genetic engineering. The underlying
risk hypothesis refers to the fact that the temporal and spatial extension of the presence
of such persistent and invasive constructs enormously increases the likelihood of their
interaction with different elements and relations in different ecosystem contexts and
can thus lead to major surprises, as had to be learned from the example of CFCs.
Minimizing exposures is therefore a promising approach to dealing with unknown
unknowns.

5. Improving the link between hazard and exposure evaluation and risk
management

The interface between hazard and exposure assessment and evaluation and risk man-
agement needs to be improved. The characterization of aGMOor construct as being
of ‘very high concern’ should lead to the same consequences as under REACH, i.e.
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a ban on use, an authorization requirement with exemptions and an active search for
lower-risk alternatives.
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Summary

Arnim von Gleich

With the new genetic techniques and especially with the targeted release of organ-
isms in which self-replicating artificial genetic elements (SPAGE) are implemented,
a qualitatively new stage in technology development has been reached. This applies
both with regard to their technical efficacy and to their spread and exposure in the
environment. Their enhanced technical qualities have consequences both in terms
of risk management and risk governance and in terms of ethics and social accep-
tance. In particular, within the group of SPAGE there are quite different technolo-
gies. The GeneTip project focused on technologies with a dominant lethal gene
(RIDL), meiotic drives (MD e.g. certain X-shredders), killer rescue technology,
MEDEA (Maternal-Effect Dominant Embryonic Arrest), underdominance (UD) and
endonuclease genes (HEG) with CRISPR/Cas9 systems.

Most SPAGEs—including gene drives in particular—are still at the beginning
of their development process. The proof of concept still plays a central role. It is
therefore often more a matter of science impact assessment than technology impact
assessment. Starting the assessment at an early stage of innovation has to struggle
with enormous knowledge problems. On the other hand, the scope for corrective
measures is particularly large as long as path dependencies have not yet been formed.
Early in the innovation process, a prospective technology assessment is necessary
that is able to deal adequately with the enormous amount of non-knowledge about
possible consequences. It therefore focuses on what is already known so early in the
innovation process, the technology itself.

In the GeneTip project, a comparative prospective assessment of the hazard and
exposure potentialsof various SPAGE technologies was carried out. For this purpose,
the method of technology characterisation was applied, taking into account the cri-
teria depth of intervention (divided into hazard and exposure potentials), intensity
of intervention (divided into release quantity and number of releases), reliability
(failures and side effects) as well as corrigibility (in case something goes wrong).
The hazard potentials are essentially dependent on the application targets and the
genetic information of the gene drives specially designed for these targets. For this
reason, individual case studies such as those we have conducted for the olive fly and
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rapeseed are required for the investigation of the hazard potentials.With regard to the
exposure potentials, however, more far-reaching generalizations were possible with
regard to the various SPAGE technologies, supported by corresponding modelling
approaches. Here, clear differences between the different SPAGE technologies could
be observed, not only with regard to exposure, but also with regard to corrigibility
and retrievability, cf. Table 2 in the Technology Characterisation chapter and Frieß
et al. (2019).

These results can be seen as a starting point for practical technology choice and
for the development of a more precautionary technology design. In the GeneTip
project, the results of the technology characterisation were therefore also used as
starting points for the identification of lower-risktechnology development pathways
with which comparable technical goals can be achieved.

Thehazard and exposure analysis and assessment of technologiesmust be twofold.
On the one hand, it has to focus on the already mentioned side of the technology,
which has been examined with the method of technology characterization. On the
other hand—where application perspectives are already foreseeable—it has to focus
on the side of the possibly affected systems. Thesewere investigated using themethod
of vulnerability analysismethod.Within the framework of vulnerability analysis, two
approaches were distinguished: an event-related approach based on the motto ‘what
if?’ and a structural approach based on the motto ‘whatever may come’. The latter,
independent of possible disturbance events, searches for weak points in the affected
system at which the system will surrender if it comes under pressure. In this context,
the search was also made for critical system elements, which are indispensable for
important system services, and for tipping points, which can lead to far-reaching
phase transitions and non-linearities. Tipping points are critical system states in
which the smallest impulses or gradient shifts can have far-reaching consequences.
As precautionary measures with regard to possible tipping points, (a) a systematiza-
tion of their manifestations could be identified (seesaws, outbreaks, domino effects,
excitable media, percolation, threshold effect, phase transitions, hysteresis, bifurca-
tion, etc.), (b) tipping elements and tipping mechanisms could be identified within
the affected systems on different hierarchical levels (molecular, organismic, pop-
ulation, biom, evolution), (c) if possible, early warningsignals could be identified
that can indicate an approximation of system dynamics to tipping points (sluggish
reactions, increased autocorrelation, etc.) and (c) approaches to tipping points could
be minimized or avoided by precautionary risk management (comparable to the 2 °C
target in climate precaution) or a precautionary more resilient design of the affected
systems.

All this enables a first step towards precautionary preparation not only for known
and expected disruptive events, but also for possible surprises, i.e. for disruptive
events that are not expected or cannot be expected. This opens up perspectives far
beyond classical risk management, which usually follows the ‘what-if’ approach.
Extended precaution-oriented risk management also prepares for the unexpected
and surprising, on the one hand for extremely unlikely events that are treated as
negligible in classical risk management (the so-called black swans by Taleb 2007)
and on the other hand for real surprises, i.e. the so-called unknown unknowns.
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In two case studies, both the potential benefits and the risks of possible appli-
cations of gene drives in olive flies and oilseed rape were investigated. Data on
the characteristics of the selected species formed the basis for modelling concepts.
Deterministic, stochastic, population genetic and individual-based models or model
concepts were developed and tested to map different aspects that may be important
for gene drive applications.

The control of pest populations is one of the main objectives for possible applica-
tions of SPAGE in the olive fly, the most important pest in olive cultivation. Uncer-
tainties exist with regard to the dispersal capacity of gene drive-bearing olive flies,
high gene flow rates between different populations, and in particular with regard
to the populationbottlenecks that occur regularly in winter, which can significantly
increase or decrease genetic variability between subpopulations. The naturally occur-
ring variability, in contrast to comparatively homogeneous laboratory conditions,
leads to considerable and easily underestimated uncertainties about possible effects
after releases.

The situation of the hazard and exposure potentials of oilseed rape, which arose
from the allotetraploidisation of cabbage and turnip rape, is particularly complex. In
oilseed rape it has been shown that crop plants can also form wild populations inde-
pendently of cultivation and that transgenes persist in these populations. In addition,
horizontal gene flow by hybridization is possible for several related species. It has
been shown that there is an additional hybridisation network in the biological environ-
ment, which includes both rare and protected as well as widespread (weed) species.
An advantage of a gene drive application in oilseed rape would be the reduction of
transgene introgressions in wild populations or, more interesting from an economic
point of view, the slowing down of the “pesticide treadmill”. However, the applica-
tion of an oilseed rape gene drive would be very costly, complicated to construct,
very difficult to limit and practically impossible to supervise. Such an application
should be avoided. In addition, a number of problems have been identified that may
arise when other plant species are considered as potential target organisms for gene
drives.

It is clearly foreseeable that if something goes wrong with the release of species
carrying gene drives, corrective action is almost impossible. Limitingmeasures in the
sense of the precautionary principle must take effect before release. For risk assess-
ment, an additional step was proposed with the aim of evaluating the spatiotemporal
controllability of gene drives. Taking into account (1) the natural biology of the tar-
getorganisms, (2) their natural interactions with the environment and (3) the intended
technical characteristics of the genetic modification, it should be possible to consider
identifiable areas of “known unknowns” and uncertainties in the overall risk assess-
ment and risk analysis. With regard to the possibilities and limitations of a stronger
integration of the precautionary principleinto the governance of SPAGE, it could be
shown in a first step that the environmental risk assessment (ERA) currently carried
out in particular by the European Food Safety Authority (EFSA) does not sufficiently
consider problems of dealing with complex systems characterized by nonlinearities
and tipping points.
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Although the current ERA guidelines already cover important aspects of hazard
and exposure assessment, they also lack any precautionary aspects with regard to
possible surprises (unknown unknowns). There is also a lack of guidelines for the
weighting and assessment of the results of hazard and exposure analyses and, last
but not least, a lack of clear consequences for precautionary risk management.

Action according to the precautionary principle is necessary if a particularly high
damage potential is to be expected, but there is still non-knowledge or uncertainty
regarding the exact nature and probability of occurrence of the threat. It is crucial
that we cannot wait until everything is known or even the event has already occurred,
because in this case corrective measures are no longer possible to a sufficient extent.
On the other hand, precautionary measures cannot be justified solely by reference
to a lack of knowledge. There must be comprehensible reasons for concern which
indicate that an extensive hazard potential can be expected. Such concerns can relate
to hazard and exposure potentials with regard to the technology used to intervene
in systems as well as to weaknesses and tipping points within the affected systems.
Precautionary measures should then not be limited to restrictions.Muchmore impor-
tant is a precautionary design of the technologies and, if possible, a more resilient
design of the affected systems. The key is to reduce the uncertainties arising from
the effectiveness and scope of the respective technology, to reduce the depth and
intensity of intervention, the power and scope of the technologies, and to develop
technologies with a lower power and exposure potential. Self-limiting and retrievable
genetic constructs could be first steps in this direction.

However, the precautionary principle must also be safeguarded by regulation. In
the search for a viable solution, it is worth taking a look at the chemicals legisla-
tion under REACH. According to REACH the classification of certain properties
of a substance as “reasons for concern” in the assessment of hazard and exposure
potentials has a direct impact on precautionary risk management, namely a ban on
its use with possible exceptions. In addition, the mere exposure to chemicals with
very persistent and very bioaccumulative properties is recognised as being “of very
high concern”, even without a specific hazard hypothesis. These two steps in risk
assessment and risk management could also integrate the precautionary principle
into the regulation of new genetic engineering by classifying the extreme exposure
potential, in particular of gene drives, as being of “very high concern” and leading
directly to a prohibition of use with the possibility of derogations.

SPAGES and gene drives, this can be said in conclusion, threaten to reach tipping
points on several levels (a) in (agricultural) ecosystems through an extreme expansion
of exposure by organisms that have been deliberately released carrying gene drives,
a process that enormously extends the scope for unexpected interactions, (b) through
an increase in technological power and technical feasibility, which is now within
the realm of the possible, and which should rather be approached with ’heuristics of
fear’ based on Jonas (1979) than with an unlimited form of overestimation of one’s
own capabilities, (c) in the risk governance of genetic engineering with the necessity
of extended risk management and precautionary regulation and (d) with a view to
social acceptance, without which no far-reaching innovations can be realised. Both
socio-economic and (natural) ethical aspects play an important role here.
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