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Summary
Genetically modified organisms (GMOs), predominantly plants, have been commercially grown in 
some countries, notably the Americas, since the mid-1990s. Current GMOs have been developed 
using ‘first generation’ genetic engineering technologies. More recently, new applications of GMOs 
and new modes of creating novel traits have been developed alongside new genetic engineering 
technologies. Grafting, cisgenesis and intragenesis, reverse breeding and RNA-directed DNA 
methylation (RdDM) either utilise GMOs created using first generation techniques as an 
intermediary stage or can, in the case of agro-infiltration, unintentionally give rise to GMOs. Most, 
if not all, of the principal concerns regarding first generation GMOs apply to these new types of 
GMOs and new genetic engineering techniques. Some novel types of GMOs (e.g. RNA interference
(RNAi)-based GM plants) present additional challenges for risk assessment, as do new genetic 
engineering techniques, such as genome editing.

RNAi-based GM crops

For RNAi-based GM crops, major uncertainties and knowledge gaps exist, resulting in open 
questions remain on how to assess the risks of RNAi-based GM crops to both the environment and 
food and feed. Despite the lack of guidance from the European Food Safety Authority (EFSA) on 
the risk assessment of RNAi-based GM crops, two RNAi-based GM crops have been approved for 
food and feed use in the EU and one has received a positive opinion, also for food and feed use, 
from EFSA. This is not acceptable, and it is strongly recommended that the issue of risk assessment
guidance for GMOs developed through new techniques, particularly those developed by genome 
editing, precedes any consideration of applications to cultivate or market.

Genome-edited GMOs

New techniques of creating genetically modified organisms (GMOs) have been developed in the 
past decade. In particular, the so-called ‘genome editing’ technologies have been much discussed. 
These include oligonucleotide-directed mutagenesis (ODM), zinc-finger nuclease (ZFN), 
transcription activator-like effector nucleases (TALEN), meganucleases and CRISPR (clustered 
regularly interspaced palindromic repeats) techniques with CRISPR becoming the predominant 
genome editing technology. Genome editing tools can also be applied to produce cisgenic and 
intragenic organisms, applied to synthetic genomics and to induce RdDM.

Genome editing techniques can give rise to a broader spectrum of new genetic combinations and 
novel traits compared to the classical traits introduced by first generation GMOs (predominantly 
herbicide, insecticide resistance and combinations thereof). However, genome editing is limited in 
its applications when it comes to editing of polygenic traits. Whilst several sites in the genome can 
be targeted at once, these are edited outside the context of their genetic and epigenetic regulation. 
Many traits required by consumers and/or farmers (e.g. drought tolerance in plants) are controlled 
by ‘complex traits’. Modern conventional breeding techniques such as genomic selection and 
marker assisted selection are, in general, more suited to breeding complex traits. One principal 
reason is that, with conventional breeding the whole genome is encompassed so that genetic and 
epigenetic regulation of genes remains intact. Conventional breeding has had, and will undoubtedly 
continue to have, success in breeding varieties with traits such as enhanced drought and/or flood 
tolerance.
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EU regulation covers genome editing

The technologies involve the direct modification of genomes. That means that changes in the 
genome are achieved by directly introducing either genetic material or material that enacts a change
to genetic material into the cell, with the material produced, or at least handled in the laboratory by 
humans. This concept of direct modification of genomic material is important as it underlies the 
concept and definition of both a genetically modified organism GMO in the EU and a living 
modified organism in the United Nations Cartagena Protocol on Biosafety.

Broadly, these new genetic engineering techniques can be grouped into three groups:

1) those giving rise to novel types of GMOs (synthetic genomics, RNAi-based crops, 
cisgenesis and intragenesis);

2) infrequent applications of GMOs in plants (grafting; agro-infiltration; reverse breeding) 
and

3) new techniques of producing GMOs (RdDM and genome editing techniques: ZFN, ODM,
CRISPR, TALEN, meganucleases).

Unintended effects

As with plants developed through first generation genetic engineering technologies, both intended 
and unintended changes can be important in terms of plant protein production and metabolism. 
Thus, it is possible, even likely that, like first generation techniques of genetic engineering, genome 
editing techniques can give rise to plants displaying unexpected and unpredictable effects with 
implications for food, feed and environmental safety. Although genome editing techniques are often
described as ‘precise', in reality there is potential for unforeseen genomic interactions, genomic 
irregularities and unintended biochemical alterations. These can produce unexpected effects in the 
resultant GMO.

Unintended effects associated specifically with genome editing fall into two main categories:

 off-target effects where the nuclease unintentionally alters DNA at a site in addition to the 
target site;

unintended on-target effects, where the intended change generates further alterations, e.g. to 
genomic regulation.

Farm animals

Currently, there are no commercial GM farm animals, and the only GM animal approved for food 
use is limited to a GM salmon in Canada and the U.S. The production of GM animals is thought to 
be limited by difficulties with first generation genetic modification techniques for animals. In 
contrast, CRISPR is reported to have high efficiencies in animals, meaning that there may be 
applications to market genome-edited farm animals as food. But besides risk-related issues, ethical 
and welfare concerns of genome-edited animals are pressing and largely similar to those that have 
been raised for genetic engineering and/or cloning.
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Gene Drives

Gene drives are genetic elements that do not follow the Mendelian pattern of inheritance as they 
increase the probability that a specific genetic condition is being transmitted to the next generation 
above the normal 50% for sexual reproduction. With gene drives, contrary to most other 
applications of genetic engineering, the GMOs are not intended to be contained within the 
laboratory or restricted to a single generation of hybrid plants. They are intended to genetically 
engineer wild (uncultivated) populations of animals and plants. In this backdrop, new layers of risk-
related issues emerge including a lack of spatio-temporal control and disruptive processes that can 
affect whole species and/or associated ecosystems. Gene drives, no matter if supposed to replace or 
suppress a population, can give rise to genetically engineered populations that persist in the 
environment with little or no opportunity for recall. If persistence of genetically engineered 
organisms goes along with lack of spatio-temporal control, it becomes difficult or largely 
impossible to predict either the short-term or the long-term ecological impact. There is a broad 
range of further negative or adverse impacts that require consideration, such as spontaneous 
transboundary movements, introgression into organic production systems in agriculture, socio-
ecological and ethical considerations. As a consequence, there are many serious and valid concerns 
regarding uncontrolled spread of organisms with gene drive systems. It is not clear how the 
approval of local communities could be sought as at present (as required under the Conventional for
Biological Diversity) as there is no mechanism for societal consultation on GMOs in the EU. 
Application of the precautionary principle, as enshrined in EU law would preclude the release of 
GMOs as part of a gene drive system.

Risk assessment for organisms developed through genome editing techniques

Just like first generation techniques, new genetic engineering techniques can produce unexpected 
and unpredictable effects in the resultant GMOs, even if any inserted genes (whether intentionally 
or unintentionally inserted) are subsequently removed prior to commercialisation. Therefore, it is 
important that any applications for cultivation (including field trials) and marketing of GMOs 
produced by these techniques undergo full environmental and health risk assessment. The current 
risk assessment guidance in the EU would need to be expanded in order to assess the additional 
unintended effects that genome editing can cause. The molecular characterisation element of the 
risk assessment will need to be expanded to include analysis for unintended changes at the genomic 
level, including off-target effects, unintended on-target effects and effects on genomic regulation. 

There are several techniques that can be used to detect and assess any unintended effects generated 
by the genome editing process. These could also be used to improve the risk assessment of GMOs 
created by first generation techniques. These are collectively summarized as ‘omics’-approaches 
and include analysis of the RNA profile (transcriptomics), the protein profile (proteomics) and the 
metabolite profile (metabolomics). Metabolic profiling characterizes the current status of all 
molecules involved in the metabolism using methods combining chromatography and spectrometry.

The risk assessment will need to consider a broader range of traits conferred by the genetic 
engineering process, for some of which there may be a lack of experience. It will need to consider 
direct and indirect implications for agricultural practices and ecological impacts caused by any 
changes in animal diets. Genome-edited GM plants should also be analyzed with regard to the 
composition of their microbiome as the microorganisms colonizing the surfaces and inner tissues of 
plants play an important role for functional traits of the plant such as crop yield and nutrient quality.
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Detectability of GMOs developed with new techniques

As with current GMOs, labelling of GMOs created by genome editing is necessary to enable 
consumer choice and to protect agricultural systems that exclude GMOs, e.g. organic agriculture. 
GMOs developed by genome editing are detectable, provided prior information is available 
regarding the intended genomic changes. It is evident that advances in detection technologies are 
needed, not only for genome-edited organisms, but for other new genetic engineering techniques 
such as RdDM. Therefore, there needs to be political will to develop suitable detection 
technologies. Regulatory requirements of traceability and labelling would be likely to spur research 
into developing new detection technologies.
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1 Introduction
Genetically modified organisms (GMOs), predominantly plants, have been commercially grown in 
some countries, notably the Americas, since the mid-1990s (International Service for the 
Acquisition of Agri-biotech Applications, 2018). Concerns regarding the risks of GMOs to the 
environment, animal and human health have led to them requiring a risk assessment prior to 
cultivation and marketing in the EU (European Commission, 2001) and many other regions and 
countries around the world.

Current GMOs have been developed using what are termed here as ‘first generation’ genetic 
engineering technologies. More recently, new applications of GMOs and new modes of creating 
novel traits (e.g. RNA interference (RNAi)-based GM crops) have been developed alongside new 
genetic engineering technologies, e.g. so-called ‘genome editing’ or ‘gene editing’ technologies 
such as clustered regularly interspaced short palindromic repeat (CRISPR) technologies (Scientific 
Advice Mechanism, 2017; Lusser et al., 2012). Table 1 gives groupings of these new types and 
applications of GMOs, together with new techniques of producing GMOs.

New techniques of creating GMOs have especially been developed within the past decade. In 
particular, the so-called ‘genome editing’ technologies have been much discussed (Yin et al., 2017; 
Scientific Advice Mechanism, 2017). These include oligonucleotide-directed mutagenesis (ODM), 
zinc-finger nuclease (ZFN), transcription activator-like effector nucleases (TALEN), meganucleases
and CRISPR techniques (Table 1, Sander and Joung, 2014) with CRISPR becoming the 
predominant genome editing technology. Many of these genome editing technologies can also be 
applied to produce cisgenic and intragenic organisms, applied to synthetic genomics and to induce 
RNA-directed DNA methylation (RdDM). Additionally, there are new applications of genetic 
engineering (Table 1), including RNA-interference (RNAi)-based genetically modified (GM) crops 
(where the genetic engineering results in either gene silencing in the resultant organism or 
insecticidal properties) and gene drives (where the inserted gene(s) are designed to persist and 
transgress through the natural population).

All the technologies in Table 1 involve the direct modification of genetic material. That means that 
changes in the genome are achieved directly, without mating, by introducing either genetic material 
or material that enacts a change to genetic material into the cell, with the material produced, or at 
least handled in the laboratory by humans, i.e. in vitro techniques. This concept of direct 
modification of genetic material is underlies the concept and definition of a GMO in both the EU 
(European Commission, 2001) and a living modified organism in the Cartagena Protocol on 
Biosafety (United Nations Convention on Biological Diversity, 2003).

Broadly, these new genetic engineering techniques can be grouped into three groups (Table 1):

1) those giving rise to novel types of GMOs (synthetic genomics, RNAi-based crops, 
cisgenesis and intragenesis);

2) applications of genetic engineering in plants that are rarely used in commercial 
applications (grafting; agro-infiltration; reverse breeding) and

3) new techniques of producing GMOs (RdDM and genome editing techniques: ZFN, ODM,
CRISPR, TALEN, meganucleases).
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Table 1   Grouping of novel types of GMOs, new applications of GMOs and new techniques
of producing GMOs.

Novel types of GMOs Commercially infrequent 
applications of GMOs

New techniques of producing 
GMOs

Synthetic genomics Grafting RNA-dependent DNA methylation 
(RdDM)

RNAi-based crops Agro-infiltration Genome editing techniques: ZFN, 
ODM, CRISPR, TALEN, 
meganucleases.

Cisgenesis and 
intragenesis

Reverse breeding

This chapter outlines the current concerns with GMOs, and describes the risks to the environment, 
humans and animals associated with each of the groups in Table 1. Finally, it examines 
considerations for the risk assessment of GMOs developed using genome editing techniques, 
including the detection of GMOs created by genome editing.

2. Principal concerns regarding genetic modification of 
living organisms

Briefly, the fundamental concern regarding GMOs and the direct modification of genetic material is
that it can unintentionally interfere with the gene expression of an organism or interfere with 
complex biochemical pathways within an organism. For example, genetic modification can give rise
to unintended or altered proteins or altered secondary metabolites, particularly in plants whose 
secondary chemistry is complex (Aharoni and Galili, 2011). Hence, the biological and biochemical 
characteristics of the organism might be changed in a way that impacts human and animal health 
and/or the environment. In addition, the novel trait conferred by the genetic engineering, e.g. 
herbicide tolerance in plants is also of concern as this can have consequences for agricultural 
systems, the environment and often for food and animal feed safety. Further, in the EU, a system of 
traceabilty and labelling is necessary to allow for segregation of GM foods from non-GM foods to 
enable consumer choice and monitoring of any adverse effects in the human population post-
marketing of GMOs.

Most, if not all, of the principal concerns regarding current GMOs, created using first generation 
methods, apply to these new types of GMOs and new genetic engineering techniques, as described 
in the following sections. Additionally, these new genetic engineering techniques can give rise to a 
broader spectrum of new genetic combinations (Kawall, 2019) and novel traits compared to the 
classical traits introduced by first generation GMOs (predominantly herbicide, insecticide resistance
and combinations thereof in plants) (Agapito-Tenfen et al., 2019; Eckerstorfer et al., 2019). 
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3. Novel types of GMOs

Novel types of GMOs include RNAi-based GM crops, synthetic genomics, cisgenesis and 
intragenesis.

3.1 RNAi-based GM crops

RNAi is a mechanism of gene silencing that occurs naturally in the cells of fungi, plants and 
animals, but RNAi-based GM crops artificially induce this gene silencing through the production of
novel RNAi in the GMO. Although the effects of gene silencing have been observed for a 
considerable time, the RNAi mechanism has only been elucidated in the past 15 years (Couzin, 
2002; Roberts et al., 2015). Naturally occurring RNAi is a gene-silencing mechanism and can also 
confer resistance to the invading nucleic acids. Initially it was found that RNAi is exogenously 
triggered as an immune response by the infiltration of foreign RNA (in most cases double stranded 
RNA (dsRNA)) into an organism’s cell (for example by an invading viral pathogen) (Mello and 
Conte Jr, 2004). Shortly after, endogenous genomic sources for RNAi (centromeric regions, 
transposons and other repetitive sequences) were also uncovered (Lippman and Martienssen, 2004).

In normal gene expression, genes (encoded by DNA) are transcribed into an intermediate product, 
messenger RNA (mRNA), which is subsequently translated into a protein. RNAi acts at the RNA 
level by, for example, cleaving an invasive viral RNA or mRNA, preventing it from being translated
into a protein. There are two kinds of small RNA molecules that act in the RNAi pathway: miRNAs
(micro RNAs) and siRNAs (small interfering RNAs). miRNAs are derived from short stemloop 
RNA molecules and typically silence genes by repression of translation. siRNAs are derived by 
longer regions of dsRNAs and typically work by cleaving the mRNA before translation (Wilson and
Doudna, 2013). The structure and length of siRNAs are very similar to miRNAs. In both the 
exogenously and endogenously induced RNAi pathway, dsRNA is incorporated into the nucleus and
is enzymatically cleaved into smaller pieces of RNA (Carthew and Sontheimer, 2009; Pačes et al., 
2017). These small RNA molecules are directed to mRNA molecules or invasive RNAs that have a 
complementary sequence. This binding event can either lead to the cutting of the mRNA or prevent 
the mRNA from getting translated into the corresponding protein, both of which can lead to an 
overall reduction in the level of the protein (see Pačes et al., 2017). 

Commercially-orientated (i.e. those intended for uncontained cultivation, food or feed) RNAi-based
GM organisms are, so far, restricted to plants. In RNAi-based GM crops, a single functional gene 
or, more typically, a suite of novel genes is inserted into the organism (usually a plant) using first 
generation genetic engineering techniques. These novel genes induce the production of dsRNA. The
dsRNA is then processed into small interfering RNAs, which then mediate the interference with 
mRNA in a sequence-specific manner. The processing of dsRNA into siRNAs can be directed to 
occur either within the GM organism itself, or within an organism that ingests the GM organism. 
For more details, see Pačes et al. (2017). 

In the study of molecular biology, RNAi mechanisms are widely used as a research tool under 
contained-use conditions to explore cellular regulation of the expression of protein-coding genes in 
plants and animals. In contrast, commercially-orientated (i.e. those intended for uncontained 
cultivation, food or feed) RNAi-based GM plants have two main applications: those intended to 
change composition, e.g. the compositional changes (but not the herbicide tolerant trait) in MON 
87705 resulting in low-linolenic, high-oleic soybean, known as Vistive Gold (see the RAGES 
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report, “Nutritionally Enhanced GM crops”) and those intended to act as a plant pesticide, e.g. the 
insecticidal element DvSnf7 in MON 87411 maize (United Nations Biosafety Clearing House, 
2015).

Genetic modification for RNAi is not intended to produce a novel protein as most commercial 
GMOs do (e.g. production of the Bt protein in GM Bt crops and production of the EPSPS protein in
GM Roundup Ready crops). However, the production of a novel protein is not the only risk that is 
considered in the risk assessment of GMOs. The main concerns regarding RNAi-based GM crops 
relate to the lack of specificity of siRNAs and the potential adverse impacts this may cause on the 
GM plant, ecosystems and human health. Whilst all GM crops are subject to concerns regarding 
safety for the environment and inclusion as food for humans and animals, there are specific 
concerns regarding the GM plants that contain RNAi constructs, as described below.

Unintended effects in RNAi-based GM crops

One major concern regarding unintended effects within RNAi-based GM plants is the lack of 
specificity of siRNAs. siRNAs may be generated that are sufficiently complementary to mRNAs in 
the GM plant other than the mRNA intended to be silenced. This could enact gene silencing of an 
unintended gene (an off-target effect) within the GM plant. During cleavage of dsRNA, many 
siRNAs are produced. Each siRNA has the potential to recognize putative off-target sites due to a 
lack of specificity (Ramon et al., 2014).

Off-target effects could result in unexpected effects in the resulting GM plant, e.g. by altering a 
biochemical pathway (e.g. starch or oil production). Off-target effects would need to be assessed 
robustly as plant chemistry is complex. Altering one biochemical pathway has a high probability of 
altering another pathway (Hines and Zahn, 2012). This is discussed further in the RAGES report, 
“Nutritionally Enhanced GM crops”. Additionally, further research is needed on how transgenic 
siRNA can affect the expression levels of other non-coding RNAs and other RNAs such as mRNAs 
within RNAi-based GM plants. This could lead to changes in protein and enzymatic content, 
putatively altering the nutritional value of the GM plant. Alterations of the RNA level in GM plants 
in comparison to unmodified plants can be identified by sequencing of the transcriptomes (EFSA, 
2019a).

Ecological concerns of RNAi-based GM crops

One of the principal ecological concern regarding RNAi-based GM crops are unintended adverse 
effects on non-target organisms in the environment. That is, the dsRNA produced by the GM plant 
may affect organisms in the environment other than the intended pest, for example beneficial 
insects. Whilst research to date has primarily considered this concern in relation to RNAi-based GM
crops intended to control a specific pest (Zhang et al., 2017a), it could equally apply to RNAi-based
GM crops with altered composition.

Environmental risk assessment is hindered by large knowledge gaps in the genomics and 
understanding of RNAi in both invertebrates and vertebrates (Christiaens et al., 2018; Ramon et al., 
2014). For example, without full information of the genome sequence for a potential non-target 
organism, it is difficult to assess whether a specified novel dsRNA could be absorbed from the gut 
of the non-target organism, processed into siRNAs, or what genes in the non-target organism may 
be affected by the siRNA produced (Roberts et al., 2015).
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Genomic datasets for most model (i.e. well-studied) organisms are complete and publicly available 
but, for the majority of invertebrate organisms, genomic datasets are incomplete with huge gaps in 
the genome sequences, as shown in the systematic literature review by Christiaens et al. (2018). 
Beside invertebrates, vertebrates, such as birds or rodents, may also be adversely affected by RNAi-
based GM crops – or at least the possibility of adverse effects cannot be dismissed. Like 
invertebrates, the genomic datasets of most vertebrate organisms are also still incomplete, although 
some, e.g. for extant birds (Zhang 2016; Bird 10,000 Genomes Project 2016) are under 
construction.

These factors make assessment of the ecological safety of RNAi-based crops difficult, if not 
impossible at present (Heinemann et al., 2013; Lundgren and Duan, 2013). Unlike conventional 
pesticides, different species can have different sensitivities to dsRNA, even within the same order 
(e.g. butterflies) (Roberts et al., 2015; Terenius et al., 2011; Christiaens et al., 2018) so it’s difficult 
to select focal species upon which to perform ecotoxicity testing (as with conventional pesticides). 
Also, there are only a few publications reporting expression data of the RNAi constructs in RNAi-
based GM crops which is necessary to evaluate the impact on non-target organisms (Christiaens et 
al., 2018). Similarly, there is limited knowledge on the fate of dsRNA from GM plants in the 
environment, although persistence of dsRNA is expected to be limited (Christiaens et al., 2018).

Unintended transmission of dsRNA via ingestion

Concerns for human and animal health exist but are poorly constrained as there is a considerable 
lack of knowledge regarding the unintended transmission of dsRNA and siRNAs following 
ingestion. Processing of dsRNA into siRNAs following ingestion is the key mechanism for the 
pesticide action of RNAi-based GM crops. The concern is whether dsRNA, or the siRNAs derived 
from them, might also be active when the GM plant is ingested as a food. If so, the question is 
whether this might affect gene expression within the consumer.

It is not yet clear to what extent dsRNA from an RNA-based GM plant could survive in the human 
or animal gut in order to be absorbed into the body and possibly processed into siRNAs. If dsRNAs 
are absorbed and processed into siRNAs, there is concern that they could affect gene expression in 
the consumer, if closely matching mRNA sequences are present (Nawaz et al. 2019; Chan and 
Snow, 2017; Pačes et al., 2017; Roberts et al., 2015; Ramon et al., 2014). In the literature review 
published by the European Food Safety Authority (EFSA) concerning risk assessment of RNAi 
crops on food and feed, it was indicated that plant miRNAs are more stable than anticipated due to 
structural properties influencing their stability and turnover (EFSA, 2019a):

"However, when assessing the stability of plant ncRNAs outside the plant, compelling evidence 
exists that plant miRNAs are highly stable under different conditions including food storage, 
processing, cooking, or simulated digestion. Moreover, they seem to survive after long incubation in
serum, or are detected in the gastric content of mice, suggesting that plant miRNAs are more 
resistant to degradation than synthetic or animal miRNAs."

One critical question is whether naturally occurring micro RNAs (miRNAs) from diet can be taken 
up by animals and humans from their diet and, if so, what effect it might have on gene expression. 

miRNA and siRNA are similar families of small RNAs, both derived from dsRNA (Nawaz et al., 
2019; Carthew and Sontheimer, 2009). Hence, if miRNAs can be taken up from the diet by animals 
and humans, so too might siRNAs from RNAi-based GM crops. Plant dsRNAs need to cross many 
barriers to find their targets in the host cells in order to perform their mode of action. Whether non-
coding RNAs can really cause systemic effects is hotly debated (EFSA, 2019a).
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In the past few years, there have been several publications and much discussion on this topic (for 
reviews, see Nawaz et al., 2019; Zhao et al., 2018), partially summarized in the following list:

 Zhang et al (2012) reported, for the first time, that miRNA produced by plants can enter the 
bloodstream of mammals (including humans) at the stage of consumption. Initially, the 
findings of (Zhang et al, 2012) were called into question (see, for example, United States 
Environmental Protection Agency 2014; EFSA, 2014). However, more recent publications 
also indicate that plant miRNA can enter the bloodstream, organs, milk and urine of 
mammals after ingestion (Yang et al., 2015; Liang et al., 2015; Hirschi et al., 2015, Lukaski 
& Zielenkiewicz, 2014). In contrast, some publications have demonstrated only limited or 
inconsistent uptake of plant miRNA (e.g. Baier et al., 2014; Witwer et al., 2013). Further 
research is also needed to investigate if plant miRNA can cross specialized barriers as the 
blood-brain barrier or placental barrier (EFSA 2019a).

 Publications suggest that small RNAs taken up from the intestine can affect gene regulation 
in humans and animals. For example, it was found that miRNA transferred via milk shows 
biological activity (Baier et al., 2014) and small RNAs produced by plants were able to 
affect the immune system in humans and animals (Zhou et al., 2015; Cavalieri et al., 2016).

 Several studies suggest that uptake of miRNA from the mammalian gut and its detection are 
dependent on technical and physiological factors, which could explain the contradictory 
results obtained by different researchers. For example, uptake of plant miRNAs through the 
digestion tract is thought to be selective as only relatively few of the thousands of plant 
miRNAs are readily detectable in human and animal plasma (Liang et al., 2015, Zhang et 
al., 2012); Liang et al. (2015) describe how techniques of RNA extraction might affect 
detection and suggest standardised protocols for the detection and quantification of miRNA 
in plasma; Yang et al. (2015), as well as Wang et al. (2012), show that the health status of 
the recipient can affect the uptake of miRNAs; Baier et al. (2014) speculate that packaging 
of milk miRNAs in vesicles might protect against degradation in the gut, enhancing uptake 
and Yang et al. (2015) show that dosage and duration of exposure are important.

As yet, there is little consensus whether plant miRNA can be absorbed into the body of animals and
humans  (EFSA 2019a,  Pačes  et  al.  2017,  Witwer  and  Zhang,  2017),  yet  it  remains  a  distinct
possibility (Nawaz et al., 2019; Zhao et al., 2018). Pačes et al. (2017) summarise the discussion as
follows: “It is apparent that four years after the original report (Zhang et al., 2012(...)), the field
remains split. The essential questions concerning the existence of the proposed mechanism emerged
already  in  2012.  Further  research  is  necessary  to  clarify  the  basis  of  the  aforementioned
contradictory observations.”

There are at least two ways in which the dsRNA expressed in GMO plants, and its subsequent 
processing into siRNA, can impact mammalian health via ingestion:

(1) Uptake from the gut into the bloodstream in the same way as other plant miRNAs as described 
(see, for example, Yang et al., 2015; Liang et al., 2015; Hirschi et al, 2015; Beatty et al., 2014). If 
the bioactive molecules produced in the plants interfere with mammalian gene regulation, adverse 
effects could result (see for example Then and Panskus, 2018). Based on current knowledge, this 
interference scenario cannot be excluded. The need for further investigation is supported by the 
outcome of a meeting of a USA governmental scientific advisory panel in 2014 which maintained 
that, in particular, risks from RNAi-based GM crops to immune-compromised individuals should be
tested (US Environment Protection Agency, 2014):
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“The stability of dsRNA should be tested in individuals that manifest specific diseases (e.g., 
Crohn’s, colitis, irritable bowel syndrome, etc.), the immune compromised, elderly, as well as 
children. These individuals may have compromised digestion or increased sensitivity to dsRNA 
exposure.”

(2) It is well known that endogenous miRNA plays a key role in gene regulation in the gut 
microbiome, as well as in the communication between the mammalian host and its gut microbiome 
(see, for example, Williams et al., 2017). It is plausible that the dsRNA produced in GM maize 
MON 87411 can interact with the gut microbiome directly without direct uptake from the gut. For 
example, the Snf7 gene which targeted by the dsRNA as produced in maize MON 87441, is 
involved in essential biological processes in insects as well as in yeast (Then & Panskus, 2018). 
Thus, there is a plausible hypothesis on how the additional dsRNA might affect the gut microbiome 
community and further research is needed to understand the impact of exogenous dsRNA in 
mammalian host microbiota composition and to identify microbial targets and their effect on 
physiological conditions (EFSA 2019a). Another point to consider is whether special diets (e.g. 
vegetarians or vegans) might lead to an increased uptake of dsRNA due to an increased exposure 
(EFSA, 2019a)

In  summary,  it  is  clear  that  interference  with  gene  regulation  following  the  absorption  and
processing of dsRNAs to siRNA within humans and animals following ingestion of RNAi-based
GM crops is both feasible and plausible. As Nawaz et al. (2019) conclude:

“Based on the currently available evidence, off-target effects from the ingestion of novel siRNAs 
present in foods derived from either GM crops or foliar insecticidal or anti-viral spray application, 
cannot be ignored and thus should form an integral part of the risk assessment of these products.”

Risk assessment of RNAi-based crops

The risk assessment of RNAi-based GM crops is hindered by large and significant knowledge gaps 
regarding RNAi mechanisms and pathways for adverse effects within the environment and on 
human and animal health. More research is needed in this area before any meaningful risk 
assessment for food and feed can take place (EFSA, 2019a, Pačes et al., 2017; Roberts et al., 2015).

In order to begin identifying these gaps and issues unique to the risk assessment of RNAi-based 
crops, EFSA convened an international scientific workshop in June 2014 (EFSA, 2014; Ramon et 
al., 2014). Following the workshop, two literature reviews were commissioned by EFSA, one on 
baseline data to inform the risk assessment of RNAi-based GM plants in general (Pačes et al., 2017)
and one (Christiaens et al., 2018) to inform the environmental risk assessment. Recently, a third 
review about food and feed risk assessment of RNAi-based GM plants was published by EFSA 
(EFSA, 2019a). From Pačes et al. (2017) and other published literature, EFSA considers that, 
currently, bioinformatics searches for off-target effects of siRNAs can usefully (in terms of risk 
assessment) be conducted for plants but give insufficiently reliable predictions for animals or 
humans (EFSA, 2017). Thus, EFSA has only issued a protocol for off-target bioinformatic searches 
in plants, not for animals or humans who might ingest the plant (EFSA, 2017). This means that it 
may be possible to look for off-target effects within the GM plant that might give rise to unexpected
effects. However, for the possibility and potential effects of uptake of dsRNA from GM plants by 
humans and animals from RNAi-based GM plants, the risk cannot be assessed at the present time 
(EFSA, 2017; Christiaens et al., 2018). This affects both the environmental risk assessment (for 
non-target organisms) and also food and feed safety risk assessment (for consumers). 
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In 2014 an EFSA workshop (ESFA, 2014) identified the following issues as relevant for risk 
assessment of health effects:

“Throughout the different discussion topics, the following issues were identified as 
knowledge gaps, where more research could be warranted:

- The RNAi and metabolic profiling in RNAi-based plants could be further explored and 
corroborated to support risk assessment. In this context, ‘omics’ techniques should be 
further investigated as supporting tools.

- The use of bioinformatics to predict potential off-target effects in consumers should be 
further explored.

- Possible changes in microbiota, residing in human or animal guts, following consumption 
of food and feed products derived from RNAi-based plants could be a research topic.”

None of these research topics have yet been progressed to the point where they can assist the food 
and feed risk assessment of RNAi-based GM crops (see, for example, the discussion on ‘omics’ 
techniques in Risk assessment related to the genome editing process). The EFSA literature review 
on food and feed risk assessment of RNAi-based crops highlighted, once again, that there are still 
considerable knowledge gaps and that more research is needed. In particular, it is controversial and 
a matter of debate whether or not plant miRNAs found in body fluids of mammals can be traced 
back from the uptake in the gut or whether this might be contaminations (EFSA, 2019a). 

Despite the controversy surrounding the possible uptake of miRNAs into humans, two RNAi-based 
GM crops were authorised in 2015 for food and feed use in the EU (MON 87705 and 305423 
soybeans) and EFSA gave a positive opinion for the food and feed safety of maize MON 87411 
(EFSA, 2018a), which recently lead to the approval of the maize by the European Commission for 
import and usage for food and feed in the EU (European Commission, 2019). In EFSA’s risk 
assessment of maize MON 87411, the risks of RNAi-based crops to human and animal health were 
mostly overlooked (EFSA, 2018a). It appears that a rigorous risk assessment is needed, but a proper
solution how to achieve that is still pending.

As the BSE crisis showed, the risk of bioactive compounds being transmitted to humans via the 
food and feed chain poses a high risk for farm animals and humans (see Pačes et al., 2017). There 
are clearly knowledge gaps in how RNAi-based GM crops could have environmental effects (via 
negative effects on non-target wild animals) and affect health in human consumer (via the uptake of 
dsRNA in food). Therefore, uncertainties and knowledge gaps in any risk assessment are not 
acceptable and the precautionary principle should be invoked. This means that RNAi-based GM 
crops would neither be cultivated, nor approved for food and feed use (see also Then and Panskus, 
2018). Currently, no applications have yet been made for commercial cultivation of RNAi-based 
GM crops in the EU, yet open questions remain on how to assess the risks of RNAi-based GM 
crops that are being used for food and feed production.

3.2 Synthetic Genomics

Synthetic genomics is part of the larger field of synthetic biology. It involves the synthesis of 
stretches of DNA molecules which are then transferred into an organism which has been pared 
down to its essential components (a ‘chassis’) (Secretariat of the Convention on Biological 
Diversity, 2015). Currently, this has been applied to bacteria (Fredens et al., 2019; Gibson et al., 
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2010) and yeast, a single-cell eukaryote (Bao et al., 2018; Garst et al., 2017; Kannan and Gibson, 
2017). Although at an early stage of research, synthetic genomics has the ultimate aim of creating 
GMOs with substantially altered or completely artificial metabolic pathways, or even artificial 
organisms for which there is no reference conventional counterpart (Scientific Advice Mechanism, 
2017). Synthetic genomics is facilitated by genome editing techniques, particularly CRISPR 
(Scientific Advice Mechanism, 2017) and organisms developed by synthetic genomics, could 
potentially be used in gene drive systems (see Gene Drives).

Currently, organisms developed through synthetic genomics are intended to be used under 
conditions of contained use. That is, used within secure facilities that prevent any releases into the 
environment. However, in the future, the deliberate environmental release of such organisms may 
be considered. For example, the intention to produce microorganisms designed for bioremediation 
and biosensors, agricultural crops tolerant to abiotic stress and pests, and to reintroduce extinct 
alleles, or even work towards the ’de-extinction’ of species (Redford et al., 2019; Secretariat of the 
Convention on Biological Diversity, 2015) would, if successful, entail the release of organisms 
developed through synthetic genomics.

The environmental release of GMOs developed through synthetic genomics can negatively impact 
biodiversity in a similar fashion to other GMOs. These include: negative (e.g. toxic) effects on non-
target organisms such as soil microorganisms, beneficial insects, other animals and plants; 
disruption of ecosystems caused by the survival and persistence of GM organisms and the transfer 
of their genetic material to wild populations, including native microorganisms (Secretariat of the 
Convention on Biological Diversity, 2015). However, the key aspect in terms of potential 
environmental impacts is the traits expressed by GM organisms developed through synthetic 
genomics, which can be extremely far removed from those normally present in the various 
ecological systems. For example, if GM algae, created by synthetic genomics to produce oil by 
breaking down sugarcane, were to escape from contained use, it could break down sugarcane in the 
local environment and could disrupt ecosystems and habitats (Secretariat of the Convention on 
Biological Diversity, 2015; Snow, 2012). These problems would be compounded if the synthetic 
organism persisted, multiplied, or passed on genetic elements to other organisms in the 
environment, either via horizontal or vertical gene transfer (Secretariat of the Convention on 
Biological Diversity, 2015).

EFSA has received a mandate to develop an opinion on GMOs developed through synthetic biology
and their implications for risk assessment methodologies, including synthetic genomics (EFSA, 
2018b). Working groups set up by EFSA will consider the adequacy of existing EFSA guidance on 
molecular characterisation and environmental risk assessment for synthetic biology GMOs (EFSA 
2018b), reporting for synthetic biology GM microbes and plants at the end of 2020, following 
public consultation (EFSA 2018b). Consideration of the adequacy of existing EFSA environmental 
risk assessment guidance for synthetic biology GM animals, as well as considerations of the 
adequacy of existing EFSA food and feed guidance for synthetic biology GM microbes, plants and 
animals are to be considered at an undefined, later stage.

In summary, organisms created by synthetic genomics are currently intended for use under 
‘contained use’ conditions, as regulated by the appropriate GMO regulations. Nevertheless, there is 
potential for escaped GM organisms developed through synthetic genomics to disrupt ecosystems, 
especially if they persist in the environment. Thus, extra scrutiny is required to ensure organisms 
created by synthetic genomics do not accidentally escape into the environment. Although there are 
currently no applications for environmental releases of organisms created by synthetic genomics, 
guidelines are being developed by EFSA for synthetic biology organisms, including those 
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developed by synthetic genomics. Given the potential for ecosystem disruption, the precautionary 
principle should be employed and no applications for environmental release should be considered.

3.3 Cisgenesis and Intragenesis

The majority of current commercial GM crops, developed through first generation techniques, are 
transgenic (or intergenic) in that they contain genes from non-sexually compatible species. 
Cisgenesis and intragenesis differ from transgenesis only in their source material. With cisgenesis 
and intragenesis, the functional gene(s), at least, are from closely related species. Cisgenesis is 
sometimes confused with intragenesis. In cisgenesis, intact genes, together with associated 
promoter/terminator from one species are inserted into the genome of the same or a closely related 
(i.e. sexually compatible) species. By contrast, in intragenesis the functional gene(s) may be partial 
and the promoter/terminator may not be associated with the functional gene(s) in the native plant, 
although all components are derived from the same or a closely related species (EFSA, 2012a). 
Cisgenesis and intragenesis involve the direct modification of genetic material and, to date, has used
recombinant nucleic acids (i.e. first generation techniques). Cisgenesis and intragenesis can also be 
performed by using SDN-3 type genome editing techniques (see Genome editing techniques). 

Concerns regarding unpredictable and unexpected effects in first generation GMOs arise, not only 
from the source of the inserted genetic material, but also from the act of inserting that genetic 
material. It is the act of insertion that can cause irregularities in the genome (e.g. deletion or 
rearrangement of the DNA flanking the inserted genetic material). It was already shown that the 
transformation process using Agrobacterium tumefaciens results not only in large genomic 
rearrangements in the vicinity of the integration site (Wilson et al., 2006, Jupe et al., 2019), but also 
in epigenetic alterations (Jupe et al., 2019). Such alterations are of concern because they can disrupt
normal function of the genome, causing an alteration of gene expression. In turn, this could produce
novel or altered proteins, which may be of consequence to food safety.

Within the context of considering whether existing guidance documents for the risk assessment 
were applicable to cisgenic and intragenic plants, EFSA has compared characteristics with the 
potential to cause adverse effects of plants developed through cisgenesis and intragenesis with those
developed from conventional breeding and transgenesis (EFSA, 2012a). In this comparison, EFSA 
(EFSA, 2012a) considered that new combinations of genetic elements may be present in intragenic 
GM plants which could present novel traits with novel hazards. This renders hazards of intragenic 
GM plants akin to those of transgenic GM plants. For cisgenic GM plants, however, EFSA 
considered the hazards similar to conventionally bred plants.

EFSA (2012a) considered that “the potential for ‘random’ changes to the genome caused by the 
insertion event is, however, not limited to transgenesis, cisgenesis and intragenesis” but that similar 
changes could take place during conventional breeding. For example, EFSA (2012a) considered that
deletions, insertions and rearrangements and the creation of new open reading frames can be created
at random during all the techniques, including conventional breeding. However, with conventional 
breeding, these changes are of evolutionary consequence, and may form part of the desired 
outcome. With GMOs, these are not the intended change, but the unintended effects that may affect 
the environmental and food/feed safety of the GM crops. For example, EFSA (2012a) assert that, in 
conventional breeding, there is “random movement of numerous mobile genetic elements such as 
transposons and retrotransposons”. However, evidence that these movements are random is scant 
(Bennetzen and Wang, 2014; Shapiro, 2010). On the contrary, the importance of transposon 
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movement for evolution and any associated deletions/rearrangements are highly active areas of 
enquiry in research, especially for plants (Lisch, 2013; Fedoroff, 2012).

The potential for unintended changes in secondary metabolites levels and composition may be 
reduced for plants developed through cisgenesis compared to intragenesis and transgenesis as the 
genes are endogenous, but the potential for unintended changes in general, including those with a 
potential adverse effect on health or environment is not necessarily reduced. Thus, cisgenesis and 
intragenesis could still alter plant biochemical pathways in similar ways to transgenesis, potentially 
giving rise to unexpected effects. Unintended changes to either genetic material and/or plant 
metabolism in the resulting cisgenic or intragenic plant could be important in terms of plant’s 
impact on the environment and human and animal health.

3.4 Infrequent commercial applications of GMOs

Some applications of genetic engineering are widely used in research, but not generally used in the 
production of GMOs intended for commercial use (i.e. uncontained cultivation and food/feed) and 
thus are summarized as ‘infrequent commercial applications’ of GMOs. Nevertheless, they have 
received attention over whether they carry the same risks as GMOs produced using first generation 
genetic engineering techniques (Scientific Advice Mechanism, 2017; Lusser and Davies, 2013; 
Lusser et al., 2012). They include grafting, agro-infiltration and reverse breeding.

Trans-grafting onto GM rootstocks

Grafting is a traditional method used in horticulture. However, grafting onto GM rootstock is the 
grafting of a non-GM scion (plant cutting) onto a genetically modified rootstock, and commonly 
termed ‘trans-grafting’. Although the fruits of the plant do not contain the inserted DNA sequence, 
sugar, metabolites and small RNAs (including siRNA and miRNA) derived from the GM rootstock 
can be exchanged between the graft and the scion (Scientific Advice Mechanism, 2017; Lusser et 
al., 2012). This means that any unexpected metabolites from the GM rootstock, or alteration of gene
expression via RNAi involving small RNAs in the GM rootstock, could affect the scion, including 
the fruits (Scientific Advice Mechanism, 2017; Lusser et al., 2012).

Agro-infiltration

Agro-infiltration is a technique where plant tissues, typically leaves, are infiltrated in a liquid 
suspension of Agrobacterium sp. bacteria which carry a gene of interest (Lusser et al., 2012). 
However, flowers can also be immersed in the bacterial solution to produce a GM offspring 
containing the gene (floral dip) (Usher et al., 2017).

With leaf infiltration, although the gene of interest is expected to only be locally expressed at a high
level, without being integrated into the plant genome, the movement of Agrobacterium throughout 
the plant and therefore the integration of genes carried by the Agrobacterium, cannot be excluded 
(Scientific Advice Mechanism, 2017). The technique is mostly used in a research context (Lusser et 
al., 2012; Scientific Advice Mechanism, 2017). However, if such plants were to be released to the 
environment (e.g. cultivated outdoors) or placed on the market, there would be concerns that the 
Agrobacterium may have genetically modified the plant, which means the concerns regarding 
existing GMOs would apply.
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Reverse Breeding

The aim of reverse breeding is to produce homozygous parental lines of a selected heterozygous 
plant. The genes involved in the meiotic recombination process are silenced through first generation
genetic engineering preventing meiotic crossing over. This results in non-recombined haploid lines 
with doubled chromosomes through the double-haploid technique. The transgenes inserted prior to 
chromosome doubling to prevent meiotic recombination are subsequently removed through 
backcrossing.

4. New genetic engineering techniques

4.1 RNA-directed DNA methylation (RdDM)

RdDM is a technique that has, so far, been applied primarily to plants, although its application in 
animals is also possible. In essence, the effect of RdDM methylation is to render genes inactive 
without altering the DNA sequence of the genome. This is achieved by the enzymatic attachment of 
a small chemical group (in this case a methyl group) to certain nucleotides of the DNA sequence, 
which is then inherited in subsequent cell division to daughter cells. As the DNA sequence is not 
directly changed by RdDM this clearly falls under the scope of epigenetics. Epigenetics is the study 
of heritable patterns that influence how genes are expressed without altering the underlying DNA 
sequence. The epigenome is the collection of all epigenetic patterns such as DNA methylation, 
histone modifications or histone variants in regard to their distribution along the genome (Mazzio 
and Soliman, 2012). 

Understanding of the role of the epigenome has increased in recent years, from its role in human 
cancers (Laird-Offringa and Sanchez-Cespedes, 2018), to its importance in defining population 
characteristics of plants (e.g. Taudt et al., 2016). The epigenome plays a vital role in regulating gene
expression and many projects (e.g. the Roadmap Epigenomics Project) are aiming to unravel the 
epigenetic code of human cells and other organisms using next-generation sequencing techniques 
(Romanoski et al., 2015). Importantly, epigenetic changes can be heritable for several generations, 
and the triggers to reverse methylation are not yet fully known or understood (Crisp et al., 2016). 
The heritability of epigenetic modifications means that any changes produced through genetic 
engineering of the epigenome can also be present not only in the modified organism, but also in its 
offspring. This means that many, if not all, of the risks of GMOs where the DNA is altered, also 
apply to GMOs created by RdDM. For example, if the RdDM trait may persist in offspring arising 
from outcrossing with wild relatives. 

Usually, RdDM generates an RNAi-based GM plant as an intermediate product to induce the DNA 
methylation (see RNAi-based GM crops). The inserted genes can be removed by backcrossing after 
the DNA methylation has been enacted. Recently, gene silencing has been performed using purified 
small non-coding RNA (sRNA) applied as a spray on plant leaves, without introducing recombinant
DNA into the organism at all (Scientific Advice Mechanism, 2017). Genome editing can also be 
used to change the epigenome (see Other genome editing applications using CRISPR). In whatever 
way the change to the epigenome is enacted, RdDM causes a heritable change to genetic material, 
and alters gene expression.

There are currently no commercial applications of RdDM modified organisms. The technique is 
mainly (currently at least) used as a research tool to investigate gene function (Lusser and Davies, 
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2013). Whilst EFSA have not considered an application for cultivation or food/feed of a RdDM 
GMO, it has considered whether such changes would be considered an alteration of genetic material
(EFSA, 2015) and suggested it could be restricted to situations where the nucleotide (i.e. DNA) 
sequence was modified. This would have the effect of excluding GMOs developed through RdDM 
from requiring a risk assessment for cultivation or entering the food chain. However, the scientific 
knowledge of the epigenome, in particular the role of the epigenome in regulating gene expression 
and the heritability of the genetic alteration strongly indicates that a risk assessment for such GMOs
would be necessary. Concerns regarding this type of genetic engineering include: off-target effects, 
unintended interruption of metabolic pathways through the silencing of a key gene (either 
unintentionally or as a consequence of an intended silencing) and the unintended effects of dsRNA 
(see RNAi-based GM crops) (Eckerstorfer et al., 2014).

4.2 Genome editing techniques

Genome editing techniques are substantially different to first generation genetic engineering 
technologies. They can result in minor or major changes to genomic material, predominantly DNA. 
Genome editing is applicable to plants, animals and microorganisms (Sander and Joung, 2014). 
Genome editing is also applicable to humans, e.g. for therapeutic use, although outside the scope of 
this chapter and EU GMO legislation (European Commission, 2001). These new engineering 
techniques generally use site-directed nucleases (SDNs), sometimes called ‘molecular’ or 
‘enzymatic’ scissors, which cleave DNA at specific sites and trigger the organism’s own repair 
mechanisms. Alternatively, oligonucleotides can be used to enact a change to DNA, as with ODM.

Although a broader range of traits can be produced through genome editing than first generation 
genetic engineering, genome editing is limited in its applications because several traits of interest 
(e.g. drought tolerance in plants) have a complex genotype (‘complex traits’). That is, the trait is 
very often controlled by several genes operating at once in a coordinated manner. Epigenetic 
regulation of genes is also an important factor in plant response to stress (Banerjee & 
Roychoudhury, 2017). So far, genome editing can target several sites in the genome at once (for 
example by knocking out several copies of a single gene or targeting a limited number of different 
genes, called multiplexing) (Zetsche et al., 2017; Raitskin and Patron, 2016; Wang et al., 2016). 
However, like first generation genetic engineering techniques, genome editing operates outside of 
the organism’s existing regulatory network that controls gene expression (i.e. controlling when, 
where and to what extent genes are turned on and off) and repair mechanism (Brinkman et al., 
2018). Modern conventional breeding techniques such as genomic selection and marker assisted 
selection are more suited to the breeding of complex traits. One principal reason is that the whole 
genome is encompassed with conventional breeding, so that genetic and epigenetic regulation of 
genes remains intact. This is in contrast to genome-engineering where genes are edited in isolation, 
without regard to their regulatory control. Conventional breeding has had, and will undoubtedly 
continue to have, successes in breeding. This particularly applies to plant varieties, with complex, 
polygenic traits such as enhanced flood or drought tolerance, virus resistance, increased nutrient 
efficiency and increased yield (Maxmen, 2019; Li et al., 2018; Bevan et al., 2017; Crossa et al., 
2017; Dar, et al., 2013; Fujita et al., 2013) and also desirable traits in animals.

Oligonucleotide-directed mutagenesis (ODM)

ODM is a genome editing technique that does not use SDNs. Instead, short DNA (or DNA-RNA) 
fragments (oligonucleotides) are introduced into cells where they trigger the cell to modify its own 
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DNA to match the introduced DNA fragments (Sauer et al., 2016; Lusser et al., 2012). This 
technique can change, insert or delete one or a few base pairs of DNA. The term ‘mutagenesis’ is a 
misnomer as the technique bears little resemblance to traditional techniques of mutagenesis, which 
use externally applied stresses originating from chemical or x-ray sources to induce mutations, 
either in the whole organism (usually a plant) or cell (Jung et al., 2017; Scientific Advice 
Mechanism, 2017). However, it’s worth noting that plants developed using traditional techniques of 
mutagenesis are classified as GMOs by the EU but are granted exemption from the legislation 
according Directive 2001/18 (European Commission, 2001, European Court of Justice, 2018). 

According to EFSA (EFSA, 2015), ODM is considered as a type of mutagenesis as the end product 
cannot be distinguished from naturally occurring mutations or induced by mutagenesis. However, 
ODM is an in vitro technique that uses genetic material that is generated in a laboratory outside 
from the respective target organism or cell and is used to change its genome. As discussed in the 
Introduction, in vitro techniques result in a genetically engineered organism and therefore logically 
require regulation.

Whilst ODM may involve changes to only small number of DNA bases, there is the possibility of 
off-target effects (in common with other genome editing technologies and discussed in further detail
under Off-target effects below). There are no published data concerning the frequency of off-target 
or unintended effects (Eckerstorfer et al., 2019; Scientific Advice Mechanism, 2017), but this does 
not mean that they do not occur. Any risk assessment would have to assess for off-target effects 
from the introduced oligonucleotide, and any subsequent degradation products of the 
oligonucleotide. In addition, a risk assessment would also have to assess whether the 
oligonucleotide has integrated into the genome and if so, what the consequences are. This 
possibility of oligonucleotide integration cannot be excluded (Scientific Advice Mechanism, 2017). 

There is currently one commercial GMO that has been generated using ODM, Cibus’ herbicide 
tolerant oilseed rape (canola), cultivated in USA and Canada (Cibus, 2014), although it may, in 
future, produce commercial GMOs in conjunction with other genome editing techniques, such as 
CRISPR/Cas (Eckerstorfer et al., 2019; Sauer et al., 2016). Overall, there are only few studies 
published that utilise or further develop the ODM technique (Eckerstorfer et al., 2019).

CRISPR/Cas, ZFN, TALEN and Meganucleases

CRISPR/Cas, ZFN, TALEN and meganucleases all use SDNs to break DNA at specific sites. 
Depending on whether a repair template is used or not, these methods can induce random (non-
specific) changes to one or more base pairs via non-homologous recombination (termed SDN-1) or 
specific changes via homologous recombination (termed SDN-2) changes to nucleotide sequences. 
These changes can be substitutions, deletions or insertions of one or more base pairs. More 
extensive changes involve, for example multiplexing, which targets several genes at once, or 
repeated applications (Zetsche et al., 2017; Raitskin and Patron, 2016; Wang et al., 2016). Changes 
involving the insertion of whole genes (including gene-stacking) are also possible, involving donor 
DNA (termed SDN-3) (Eckerstorfer et al., 2019; Lusser et al., 2012; Sander and Joung, 2014).

ZFN, TALEN and meganucleases are protein-based systems that use engineered proteins to both 
target the site and cleave it, i.e. act as DNA nuclease. These techniques have been largely eclipsed 
by the CRISPR/Cas system in recent years. CRISPR/Cas uses RNA (in its natural bacterial system 
encoded on CRISPR sequences) to guide the protein nuclease (Cas) to the DNA site to be cleaved 
(Eckerstorfer et al., 2019; Joung and Sander, 2013; Sander and Joung, 2014). There are now at least 
two main CRISPR/Cas classes in use, which are further subdivided in different types depending on 
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their bacterial origin. The most commonly used CRISPR/Cas type is CRISPR/Cas9 but other 
subtypes, e.g. CRISPR/Cpf1, have been characterized (Zetsche et al., 2017) and more may yet be 
developed. The focus here is on CRISPR/Cas systems, of which only brief details are given here but
are discussed in-depth elsewhere (Chen et al., 2019; Wang et al., 2016).

Delivery of the nuclease complex

Typically, genetic elements encoding the CRISPR/Cas nuclease complex are inserted into the 
organism using first generation genetic engineering techniques at random sites of the genome (Gaj 
et al., 2013; Weeks, 2017). Once CRISPR/Cas has achieved the intended change, the inserted genes 
can be removed by segregation using conventional breeding. However, the act of inserting genetic 
material can give rise to genomic irregularities (as described in Cisgenesis and Intragenesis), 
including large genomic rearrangements and epigenetic alterations in the vicinity of the integration 
site (Jupe et al., 2019; Wilson et al., 2006). Multiple copies of the CRISPR/Cas complex may also 
be inserted. For example, in experiments delivering the DNA encoding CRISPR/Cas9 in soybeans, 
the intended DNA segment was detected at the target location, but also at other multiple, apparently 
random, locations (Li et al., 2015). In addition, the removal of the inserted genetic elements may be 
incomplete and may not be feasible for crops that produce asexually (Woo et al., 2015; Yin et al., 
2017).

Genome editing can be performed by introducing a plasmid encoding the CRISPR/Cas complex 
into plant cells without integration into the genome. The aim of this delivery technique is to avoid 
any genomic irregularities created by the insertion of CRISPR genetic elements. Dupont Pioneer’s 
genome-edited waxy maize is an example of this approach (Dupont Pioneer, 2015). However, there 
is potential for the introduced plasmid DNA (or fragments thereof) to unintentionally recombine 
into the organism’s DNA (Dupont Pioneer, 2015; Liang et al., 2017; Malnoy et al., 2016) (see below
in Unintended effects of genome editing).

A strategy has been developed to apply CRISPR/Cas genome editing without the introduction of 
DNA to plant cells, sometimes called ‘DNA-free CRISPR/Cas’ (Jung et al., 2017). In these cases, 
the CRISPR/Cas complex can be processed outside the cell and directly inserted into the cell as a 
pre-assembled ribonucleoprotein (RNP) incorporating a single guide RNA (sgRNA) with Cas9 
(Jung et al., 2017; Weeks, 2017; Woo et al., 2015). Examples of CRISPR/Cas genome editing 
without introducing DNA into the organism include apple, grape, maize and wheat (Jung et al., 
2017; Liang et al., 2017; Malnoy et al., 2016).

Other genome editing applications using CRISPR

Various types of CRISPR/Cas complexes are being developed to utilise different strategies of 
genome editing. These include changing DNA bases without entirely cutting through DNA and 
targeting changes at RNA and the epigenome.

One field of interest in genome editing research is the development and improvement of so called 
‘dead’ Cas9 (dCas9) approaches. The enzymatic ’cutting’ function of dCas9 is prevented, which 
allows the targeting of dCas9 to specific DNA loci without cleavage (Qi et al., 2013). This is used in
various applications: dead Cas9 can, for example, be coupled to a variety of other enzymes that can 
introduce biochemical changes to the target DNA sequence or associated proteins.

In ‘base editing’, dCas9 is coupled to enzymes that subsequently lead to the conversion of certain 
bases (the primary unit of information in DNA) into another without the introduction of DNA 
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double strand breaks at the target sequence (Gaudelli et al., 2017; Komor et al., 2016). This has 
been used on plants (Lu and Zhu, 2017; Zong et al., 2017) and animals (Kim et al., 2017; Zhang et 
al., 2017b) in ‘proof of concept’ studies. In the first generation of base editors the specificity was 
not reliable as surrounding bases of the same type at the target sequence were also changed in a 5 
base-pair window (Komor et al., 2016). In an attempt to reduce unwanted side effects, these 
systems are being further revised (Gehrke et al., 2018). Nevertheless, two recently published 
findings showed, independently of one another, increased occurrence of off-target mutations using 
cytosine base editors (CBEs) in rice and mouse embryos (Zuo et al., 2019; Jin et al., 2019). 
Surprisingly, the off-target mutations, induced by CBEs, occurred at genomic positions, 
predominantly in actively transcribed genic regions, that were not depicted by off-target prediction 
software (Jin et al., 2019). Another study, in two human cell lines, showed that base editors 
generated transcriptome-wide editing of off-target RNA in addition to DNA editing. These effects 
occurred independently of both the guide RNA used and off-target DNA editing and were found 
both in CBEs and adenosine base editors (ABEs). These results show that base editor off-target 
effects are multi-dimensional and illustrate the importance of an adequate assessment of off-target 
effects, not only of DNA, but also RNA in such cells. These off-target effects can result in missense 
and nonsense mutations resulting in an altered protein content or generation of splice variants 
(Grunewald et al., 2019).

Dead Cas9 can also be used to introduce changes in the epigenome of a target organism. The 
epigenome is shaped through biochemical modifications of the DNA sequence itself or associated 
proteins called histones (Jenuwein and Allis, 2001). These epigenetic modifications regulate the 
gene expression in all tissues of an organism (Berger, 2007; Margueron and Reinberg, 2010). In 
epigenome editing applications dCas9 is connected to epigenetic modifiers (for example, 
methyltransferases or acetyltransferases) intending to change epigenetic markers at the target 
sequence and consequently shaping gene expression (Hilton et al., 2015; McDonald et al., 2016). 
These applications need to be further improved as it was recently shown that they can induce 
unspecific genome wide changes of epigenetic modifications (Galonska et al., 2018) which could 
lead to an altered gene expression in these cells. Thus, the specificity of these dCas9-epigenetic 
modifiers cannot be predicted properly so far (Enríquez, 2016).

RNA can also be edited using the Cas-variant Cas13 (Abudayyeh et al., 2017). Cas13 is structurally 
different to Cas9 and can be targeted to a specific mRNA. Analogous to CRISPR/Cas9-approaches, 
Cas13 is recruited to a target mRNA using a crRNA (CRISPR RNA), leading to the binding and 
cutting thereof (Abudayyeh et al., 2017). Cutting of the mRNA leads to the down-regulation or even
prevention of the formation of the corresponding protein. An enzymatically inactive form of Cas13 
(‘dead’ Cas13, dCas13) was developed to recruit dCas13 to a target mRNA without cleavage. This 
enables the editing of bases at the target sequence of the respective mRNA (Cox et al., 2017) 
without altering the underlying DNA-sequences. Thus, Cas13-edited mRNA and the corresponding 
proteins become naturally degraded in the organism without leaving traces behind.

In bacterial cells, where a Cas13-variant was initially investigated and characterized, it was found 
that after its initial binding and cutting of a specific target RNA, Cas13 remains in an enzymatically 
‘active’ state. This leads to the cutting of unspecific RNAs in the cells and is thought to be a kind of 
programmed cell death in bacteria to prevent the spreading of a viral infection throughout the entire 
bacterial population (Abudayyeh et al., 2017). In mammalian and plant cells this nonspecific RNA 
cutting activity was not yet observed but should be considered as an off-target risk.
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5. Unintended effects of genome editing

Although genome editing techniques are often described as ‘precise' (see, e.g. Duensing et al., 2018;
Sauer et al., 2016; Voytas and Gao, 2014; Hartung and Schiemann, 2014), in reality there is 
potential for unforeseen genomic interactions, genomic irregularities and unintended biochemical 
alterations, as described below. These can produce unexpected effects in the resultant GMO.

Unintended effects associated specifically with genome editing fall into two main categories:

 off-target effects where the nuclease unintentionally cleaves DNA at a site in addition to the 
target site;

 unintended on-target effects such as the insertion of template DNA into the genome.

5.1 Off-target effects

Off-target effects are a major concern of genome editing techniques (Yin et al., 2017; Wolt et al., 
2016; West and Gill, 2016). Off-target effects occur when genome editing introduces a change at an 
additional, unintended site of the genome in addition to the intended (target) location. The main 
cause of off-target effects is a lack of specificity (precision) over the location where the nuclease 
cuts the DNA because there is a degree of tolerance for mismatches between the target DNA and the
guide RNA (Wolt et al., 2016). Some types of sgRNA have a high degree of specificity, whilst some
are promiscuous (Wolt et al., 2016). In addition, the delivery of the complex, cell type and duration 
of exposure to the nuclease can also affect the number of off-target events (Cameron et al., 2017).

Many crops, e.g. maize, wheat and sugar beet have multiple sets of genomes (are polyploid) and 
multiple copies of genes organized in so called gene clusters (Nutzmann and Osbourn, 2014). This 
means there are similar and/or repeated genes, making it more likely that they are also subject to 
cleavage (Jung et al., 2017; Zhu et al., 2017). Hence, in contrast to first generation genetic 
engineering technologies, repeated or similar sections of DNA might be unintentionally changed 
during the genome editing process. Such unintended changes may not be close to the target gene, 
but could be at distant locations within the genome.

Overall, the tendency is for more off-target effects with the CRISPR-Cas9 technique in comparison 
to other SDN techniques, such as zinc finger and TALEN as these other systems use long 
recognition sequences (see, e.g. Zhu et al., 2017). Therefore, attempts are being made to make the 
CRISPR system more reliable, e.g. it appears the CRISPR-Cpf1 system has a higher specificity than
CRISPR-Cas9, which also increases the possibilities to target more genes (Begemann et al., 2017; 
Mahfouz, 2017; Wang et al., 2017).

Off-target effects have been detected during experiments with several crop plants, including rice, 
soy and barley (Modrzejewski et al., 2019; Wolt et al., 2016; Zhu et al., 2017) and in farm animals 
such as pigs (Ryu et al., 2018), as well as model animals, rats and mice (Anderson et al., 2018; Shin
et al., 2017). However, the detection of off-target effects can be confounded by genetic variation 
(Wang et al., 2018).

5.2 Unintended on-target effects

Even though the intended change to the target sequence of the genome may be achieved through 
genome editing, its impact might differ or there may be additional, unintended impacts to those 
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expected, i.e. it may cause unintended on-target effects. These unintended on-target effects relate to 
deletions and rearrangements of DNA, production of altered mRNA and proteins, and also 
interactions with other genes (including their regulation).

Large deletions and complex rearrangements of DNA have been reported during the CRISPR/Cas9 
process (Kosicki et al., 2018). Even small insertions or deletions can lead to altered reading frames 
via disruption to alternative splicing mechanisms, resulting in exon skipping (Lalonde et al. 2017, 
Kapahnke et al. 2016). This misreading of DNA has the potential to produce aberrant proteins, 
confirmed by the detection of an aberrant protein resulting from the application of CRISPR/Cas9 to 
a laboratory culture of human cells (Kapahnke et al. 2016). In addition, large deletions induced by a
single guide RNA were found to delete whole exons causing exon skipping in cell lines (Mou et al., 
2017; Sharpe and Cooper, 2017). It is evident that CRIPSR/Cas9 is prone to causing inadvertent 
genomic abnormalities.

An example of how the application of CRISPR can unintentionally disturb the signalling pathways 
and gene regulation stems from medical research: it was recently shown that CRIPSR in cells can 
interfere with a ‘security-system’ of the cells. In general, DNA double strand breaks lead to the 
activation of the DNA damage response pathway and induce a cell cycle arrest in order to allow the 
cell to repair the damage. The DNA damage response pathway is activated and regulated by the 
tumour suppressor gene called p53. If the DNA damage causes severe alterations in the genome, 
p53 can induce apoptosis (programmed cell death), which leads to the elimination of damaged cells.
Mutations in p53 lead to an increase in unwanted mutations within the genome (Rivlin et al., 2011). 
In humans, mutations in p53 are one of the main causes for the formation of cancer.

CRISPR-mediated double strand breaks also lead to the activation of p53 causing an arrest in the 
G1-phase of the cell cycle. Generally, the cell cycle can be divided in different phases: The mitosis 
which means the division of one cell into two daughter cells, and the G1-phase where the cells are 
growing and are producing RNAs and protein. This is followed by the so called S-phase where the 
DNA is duplicated and the G2-phase where the cells are prepared for the next mitosis. In human cell
lines, mutations in p53 lead to a significant increase in the efficiency of the integration of DNA 
templates after cutting of CRISPR/Cas9 (Haapaniemi et al., 2018; Ihry et al., 2018). Under normal 
conditions the integration of foreign DNA only takes place during S-phase of the cell cycle 
(Symington and Gautier, 2011), which severely reduces the efficiency to introduce changes to the 
genome when the cells are stuck in the G1 arrest. It is under discussion whether p53 mutations can 
be used in general to increase the efficiency of CRISPR/Cas9, but this is a high-risk approach as 
harmful mutations might accumulate.

5.3 Detection of off-target and unintended on-target effects at the 
genomic level

With genome editing, unintended genomic changes are not limited to flanking regions of any insert 
but may also occur at distant locations to the targeted genes. Thus, detection of off-target effects and
unintended on-target effects which occur at the level of the genome requires investigating the whole
genome (Agapito-Tenfen et al., 2019). Whilst whole genome sequencing (WGS) can now be 
performed more-or-less routinely, this may miss some of the off-target effects if they are small 
changes. As yet, there is no validated, reliable test for detecting small off-target effects. A validated 
test requires a reference genome for the plant, and few exist at the level of detail required to use in a
test for off-target effects (Wolt et al., 2016). Similarly, computational (or bioinformatic) approaches 
lack verification that their predictions of both target specificity and off-target locations for cleavage 
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by nucleases are correct (Wolt et al., 2016). The problem is compounded by the polyploidy of many
crop genomes and duplication of genes, making it harder to detect off-target effects. However, 
advancement in detection methodologies for off-target effects from genome editing have recently 
been reported (Urnov, 2017; Zischewski et al., 2017) and further developments could make 
detection of off-target effects more robust. Guidance documents on test methodologies to detect off-
target activity and associated unintended effects have yet to be developed (Agapito-Tenfen et al., 
2019). The vast majority of studies using genome editing applications are looking for off-target 
effects in a biased way investigating solely at predicted in silico sites of the genome, while a sparse 
minority of these studies are using unbiased WGS approaches to identify off-target effects 
(Modrzejewski et al., 2019).

5.4 Unexpected effects at the organismal level

As with plants developed through first generation genetic engineering technologies, both intended 
and unintended changes can be important in terms of protein production and metabolism. Such 
unexpected effects can also occur in genome-edited animals. Thus, it is possible, even likely that, 
like first generation techniques of genetic engineering, ODM and other genome editing techniques 
can give rise to GM plants and animals displaying unexpected and unpredictable effects with 
implications for food, feed and environmental safety. Therefore, a risk assessment requires robust 
techniques for assessing unexpected effects in genome-edited organisms. A suite of techniques, 
collectively known as ‘-omics’, could assist with the detection of unexpected effects (see Risk 
assessment related to the genome editing process).

5.5 Genome-edited farm animals

Currently, there are no commercial GM farm animals, and the only GM animal approved for food 
use is limited to a GM salmon in Canada and the U.S. (Bruce, 2017). The production of GM 
animals is thought to be limited by difficulties with first generation genetic modification techniques 
for animals (Bruce, 2017; West and Gill, 2016). In contrast, CRISPR is reported to have high 
efficiencies in animals (Ishii, 2017), meaning that there may be applications to market genome-
edited farm animals as food.

Genome editing, particularly CRISPR/Cas has been applied to farm animals (e.g. pigs, cows, sheep,
goats and chicken) in ‘proof of concept’ studies (Ishii, 2017). Examples of genome-edited animals 
include pigs resistant to a respiratory disease (Burkard et al., 2018), cattle without horns and ultra-
muscular cows and pigs (Ishii, 2017). Problems remain with genome editing of livestock: if cloning 
is involved, this can lead to birth defects, abortions and early postnatal death and CRISPR creates a 
mixture of edited and unedited cells (mosaicism) in embryos (Tan et al., 2016). In addition to 
concerns regarding unexpected effects (see Unintended effects of genome editing) in the resultant 
genome-edited animals (which are in common with plants) there are specific ethical concerns 
relating to livestock.

In general, ethical concerns of genome editing animals are largely similar to those that have been 
raised for genetic engineering and/or cloning (Eriksson et al., 2018; Ishii, 2017; Bruce, 2017; Group
of Advisers on the Ethical Implications of Biotechnology to the European Commission, 1996) and 
include:

• harm to animal health and welfare;

• impact on human health;
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• that animals are being used as mere instruments for human benefit and interests;

• the infringement of animal ‘integrity’ or of the ‘intrinsic’ or ‘inherent’ value of animals;

• the viewpoint that it is ‘unnatural’ for example because it transgresses species boundaries;

• taking environmental risks - the consequences of which are difficult to calculate;

• the potential for a slippery slope towards eugenic applications on human beings.

These societal concerns suggest that many people are unlikely to accept products from genome-
edited animals (Eriksson et al., 2018; Ishii, 2017).

EFSA have issued two guidance documents for GM animals. One on the environmental risk 
assessment (EFSA, 2013) and another on the safety aspects of food and feed derived from GM 
animals and their welfare (EFSA, 2012b). Neither guidance specifically covers farm animals, but 
are more related to GM fish and insects, whose applications for commercial use were regarded as 
looming at the time of the assessment. Similarly, neither guidance considers ethical concerns.

The environmental risk assessment (EFSA, 2013) considers that GM farm animals are likely to be 
in confined or semi-confined (e.g. unfenced pasture) conditions. However, contamination of food or
animal feed with GM animals can, and has, occurred through accidental co-mingling or 
mislabelling (Price and Cotter, 2014). In the event that GM farm animals become commercialised, it
is possible they could escape and either join or form new feral populations. The GM trait could 
spread through these populations, which then act as a gene pool with the potential to mate with farm
animals causing GM contamination. Indirect effects on ecological systems are expected to be 
considered by applicants, but GM animals could also impact the environment via changes in the 
demands of the GM animals (e.g. increased percentage of protein in the diet) or human behaviour 
(e.g. the consumption of increased amounts of meat). These too would be indirect effects of GM 
animals.

Considerations of the welfare of GM animals is included in EFSA’s guidance (EFSA, 2012b). It 
stipulates that a wide range of assessment measures may be necessary to capture any unintended 
side effects (e.g. behavioural abnormality or an increase in disease susceptibility in a GM animal 
with enhanced). However, the definition of a “better” welfare for GM animals is of particular 
concern because the creation of GM animals (facilitated by genome editing) can help perpetuate, or 
even increase poor animal management. For example, if genome editing for disease resistance 
allows pigs to be kept in less hygienic or cattle without horns to be kept in more crowded enclosures
(Bruce, 2017). Thus, what might appear a trait that improves animal welfare may, in practice, be 
detrimental to animal welfare.
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6. Gene drives

The intention of gene drives is that a specific and artificial genetic condition is spread throughout a 
population of plants or animals, particularly insects (National Academies of Sciences, Engineering, 
and Medicine, 2016; Esvelt and Gemmell, 2017). They involve the release of a GMO population, 
carrying novel (inserted) genes, that is intended to mate with the non-GMO population to produce 
GMO offspring, carrying the novel genes and driving them through a population. ’Gene drives’ are 
genetic elements that do not follow the Mendelian pattern of inheritance as they increase the 
probability that a specific genetic condition is being transmitted to the next generation above the 
normal 50% for sexual reproduction. With gene drives, contrary to most other applications of 
genetic engineering, the GMOs are not intended to be contained within in the laboratory or 
restricted to a single generation of hybrid plants. They are intended to genetically engineer wild 
(uncultivated) populations of animals and plants. In this backdrop, new layers of risk-related issues 
emerge including a lack of spatio-temporal control and disruptive processes that can affect whole 
species and/or associated ecosystems.

6.1 Potential applications of gene drives and current status

There are several potential applications for gene drives in wild populations (for an overview, see 
Critical Scientists Switzerland et al., 2019; Champer et al., 2016). Broadly, there are two types of 
gene drive applications. The first one aims to suppress or drive a population into extinction. The 
second can be summarized as ’population replacement' and aims to engineer specific biological 
characteristics in populations.

Gene drives are not necessarily new, but genome editing (see Genome editing techniques), 
particularly CRISPR, greatly facilitates their mechanisms. There are ‘proof of concept’ studies 
regarding the possibility of gene drives for yeast (Di Carlo et al., 2015), mosquitoes (Gantz and 
Bier, 2015; Hammond et al., 2015), flies (Champer et al., 2017; KaramiNejadRanjba et al., 2018) 
and mice (Grunwald et al., 2018). However, no gene drive has, as yet, been released into the 
environment, even as field trial. To date, the aims are to control diseases such as malaria, to drive 
invasive species to local extinction or to supress populations of weeds and pest insects in agriculture
(National Academies of Sciences, Engineering, and Medicine, 2016). Most concepts attempting to 
make a whole population extinct are targeting one sex within the target population. This result (for 
example) can be achieved by gene drives that specifically target female fertility or the survival of 
female offspring to reduce populations or attempt to drive them into extinction (see Galizi et al., 
2014; Gantz and Bier, 2015; Hammond et al., 2016; McFarlane et al., 2018).

It is generally considered that it will still take years before technological developments might get to 
the point of considering specific applications but there is considerable investment in this very active
field of research (see, e.g. Courtier‐Orgogozo et al., 2017).

6.2 Risks of gene drives

Gene drives, no matter if supposed to replace or suppress a population, can give rise to genetically 
engineered populations that persist in the environment with little or no opportunity for recall. If 
persistence of genetically engineered organisms goes along with lack of spatio-temporal control, it 
becomes difficult or largely impossible to predict either the short-term or the long-term ecological 
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impact. Long-term, evolutionary processes make it possible for hazards with a low probability of 
ever happening to turn into events that may feasibly happen (Breckling, 2013). Consequently, 
performing a robust risk assessment may no longer be possible (see also Bauer-Panskus et al., 
2013).

It is either very difficult or impossible to control any unintended effects or manage risks with gene 
drives. Classical methods in risk assessment such as a comparative approach or a step by step 
process cannot be applied successfully: for example, existing methods for biocontrol by using 
Wolbachia in mosquitos (Shaw et al., 2016) or conventional sterile insect technique (SIT) (see 
Reeves and Phillipson, 2017), cannot be considered as suitable comparative systems to predict long-
term effects of synthetic gene drives.

There is a broad range of further negative or adverse impacts that require consideration, such as 
spontaneous transboundary movements, introgression into organic production systems in 
agriculture, socio-ecological and ethical considerations (see for example Critical Scientists 
Switzerland et al., 2019; Courtier‐Orgogozo et al., 2017; Esvelt and Gemmell, 2017; National 
Academies of Sciences, Engineering, and Medicine, 2016). As a consequence, there are many 
serious and valid concerns regarding uncontrolled spread of organisms with synthetic gene drives 
(see, e.g. Esvelt and Gemmell, 2017; National Academies of Sciences, Engineering, and Medicine, 
2016; Taning et al., 2017).

Such is the concern over the potential adverse impacts of gene drives on the environment and 
agricultural systems, there have been calls for a moratorium on field trials and some laboratory 
research (Callaway, 2016; 2018). Because any GMO released as gene drives will inevitably cross 
international boundaries, the need for regulation at the international level, as well as the national 
level is recognised (Anon, 2017; Esvelt and Gemmell, 2017; National Academies of Sciences, 
Engineering, and Medicine, 2016). In 2018, the United Nations Convention on Biological Diversity 
agreed that, prior to any gene drive release (including experimental releases), a thorough risk 
assessment should be carried out and safety measures put in place to prevent potential adverse 
effects (Convention on Biological Diversity, 2018; Callaway, 2018). EFSA is currently assessing 
whether current guidelines for the environmental risk assessment of GMOs are sufficient for GM 
insects engineered with gene drives and what additional considerations may be necessary (EFSA, 
2019b). This consideration is due to be finalized by March 2020 (EFSA, 2018b).

Prior to considering any release of gene drives, governments must also seek or obtain the approval 
of potentially affected indigenous peoples and local communities (United Nations Convention on 
Biological Diversity, 2018; Callaway, 2018). In Europe, the risk assessment for GMOs is science-
based and conducted by EFSA, whose remit does not include societal aspects. Therefore, it is not 
clear how the approval of local communities could be sought as at present, there is no mechanism 
for societal consultation on GMOs in the EU. Since 2015, national EU governments can ‘opt-out’ of
cultivation of a GM crop on societal grounds (European Commission, undated), but it is not yet 
clear whether this ‘opt out option’ would extend to gene drive GMOs.

Gene drives are intended to achieve permanent genetic changes to the make-up of wild populations 
of animals and plants. They also have potential to cause disruption to ecological and food 
production systems (National Academies of Sciences, Engineering, and Medicine, 2016). Therefore,
it is difficult to envisage how the scrutiny required to deliver a risk assessment for gene drives can 
be fulfilled, especially considering long term impacts. Application of the precautionary principle, as 
enshrined in EU law (European Commission, 2000), would preclude the release of GMOs as part of
a gene drive system. 
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7. Risk assessment for organisms developed through 
genome editing techniques

In the EU, genome-edited organisms are required to undergo both environment and food and feed 
risk assessments, as is required of first-generation GMOs (European Court of Justice, 2018). Risk 
assessment guidelines for GM plants and animals have been developed by EFSA for the 
environment (EFSA, 2010; 2013) and also for food and feed (EFSA, 2011, 2012b). Once current 
deficiencies in the risk assessment guidelines outlined in other RAGES chapters on the current risk 
assessment of GM crops have been rectified, these would, in general, be applicable to genome-
edited organisms as many of the concerns associated with first generation GMOs also apply to 
organisms developed through new genetic engineering techniques. However, the risk assessment 
guidelines, both for environment and food/feed will have to be revised and expanded to ensure they 
capture all hazards associated with genome-edited organisms (Agapito-Tenfen et al., 2019; 
European Network of Scientists for Social and Environmental Responsibility, 2018). The risk 
assessment guidelines will have to undergo regular review and revision as genome editing 
techniques and their applications develop and as knowledge of the risks (e.g. of unintended effects) 
is gained.

In general, the risk assessment procedure falls short of identifying and quantifying risks to the 
environment, animals and humans because of incomplete knowledge of the organismal effects of 
genetic modification (intended or unintended); the receiving environment (e.g. ecology of the 
agricultural environment) and interactions between the GMO and the receiving environment. In 
such cases, the precautionary principle needs to be utilised as all GMOs potentially have adverse 
effects, but data are limited and scientific uncertainty remains high.

There are two broad categories of hazards relating to the risk assessment of GMOs. These are:

1) those related to the genetic engineering process and

2) those related to trait.

Both these categories require additional elements to be considered to include hazards specifically 
associated with genome-edited organisms.

7.1 Risk assessment related to the genome editing process

Genome editing can lead to unintended effects at the molecular level (as detailed in Unintended 
effects of genome editing above). These effects can arise as a consequence of two principal 
undesirable actions of genome editing: off-target effects and unintended on-target effects. As 
genome editing is such a new field, other ways in which unintended effects could arise may yet be 
discovered.

EFSA has, as yet, only issued an opinion on the risk assessment for SDN-3 genome-editing in 
plants (where genes are inserted) (EFSA, 2012c). EFSA has recently received a mandate to produce 
an opinion on whether the risks and hazards identified for a safety assessment of plants developed 
using SDN-3 are applicable in whole or in part to plants developed with SDN-1, SDN-2 and ODM 
as well. This scientific opinion is expected in 2020 (EFSA, 2019c). 
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EFSA’s opinion on SDN-3 (EFSA, 2012c) considers that “The main difference between the SDN-3 
technique and transgenesis is that the insertion of DNA is targeted to a predefined region of the 
genome. Therefore, the SDN-3 technique can minimise hazards associated with the disruption of 
genes and/or regulatory elements in the recipient genome. Whilst the SDN-3 technique can induce 
off-target changes in the genome of the recipient plant these would be fewer than those occurring 
with most mutagenesis techniques. Furthermore, where such changes occur they would be of the 
same types as those produced by conventional breeding techniques”. However, in light of recent 
publications (since 2012), the opinion that genome-editing can “minimize hazards” or that changes 
would be “of the same types as those produced by conventional breeding techniques” requires 
revision as it is now clear that both off-target and unintended on-target effects can be far reaching, 
and possibly with important consequences for environmental, food and feed safety.

The consequences of these unintended effects for the risk assessment cannot be assessed a priori 
and are likely to be highly dependent on the actual unintended effect itself. Like genomic 
irregularities in GMOs produced by first generation genetic engineering methods, unintended 
effects in genome-edited crops could lead to a variety of unexpected effects. For example, the 
functioning of a particular gene may be compromised if its component DNA has been cleaved by 
the nuclease. This could lead to changes in the organisms’ chemistry, including its metabolic and 
protein profile which, in turn, could affect its toxicity and allergenicity. As this would impact food, 
feed and environmental safety, it’s important that any genome-edited organism is screened genome-
wide for off-target effects and that any such effects that are detected are evaluated for their potential
consequences prior to any deliberate release to the environment (including field trials) and placing 
on the market as food or feed (Fig. 1). This may involve further development of genome sequencing
techniques (see Detection of off-target effects).

For both genome-edited and first generation GMOs, it is now apparent that genomic irregularities 
can occur at several levels, not only at the DNA level, but also the epigenome and RNA levels. 
Thus, a risk assessment requires information, not only of the whole genome and epigenome, but 
also of the products of that genome, i.e. RNA, protein and metabolites to assess the consequences of
any genomic irregularities (Fig. 1). There are several techniques that can be used to assist 
assessment of the risks of genome-edited GMOs and improve the risk assessment of GMOs created 
by first generation techniques. These are collectively summarized as ‘omics’-approaches and 
include profile analyses of the DNA (genomics), the RNA (transcriptomics), proteins (proteomics) 
and metabolites (metabolomics). These techniques are either being, or could be, further developed 
to refine their capabilities to be used to analyse GMOs (Heinemann et al., 2011; van Dijk et al., 
2014; EFSA et al., 2018). The first layer of interest is changes introduced to the DNA, which can be
investigated by a multiple set of methods called whole genome sequencing (WGS). In order to 
analyse the transcribed RNA profile of a GMO, applications like RNA sequencing (RNA-seq) or 
microarray analyses can be applied (transcriptomics). Transcriptomics are particularly relevant as 
genome editing might lead to an altered reading frame of a gene, resulting in the production of 
changed mRNAs (e.g. via exon-skipping) or the disruption of regulatory elements such as non-
coding RNAs (see Unintended on-target effects). The subsequent formation of altered proteins can 
be investigated by using multiple mass spectrometry approaches (proteomics).

Plants are constantly obtaining and using energy for the synthesis of biomolecules. Metabolism is 
the sum of all these reactions and needs to be balanced to maintain the life of an organism. Hence, 
unintended changes that act on metabolic pathways might cause an imbalance and could have a 
severe impact on the GMO itself or on an organism consuming it. Several techniques can be used to
adequately analyse and compare the metabolic profile of a GMO and its unchanged counterpart in 
order to assess metabolic changes. Metabolic profiling characterizes the current status of all 
molecules involved in the metabolism using methods combining chromatography and spectrometry 
(Hong et al., 2016).
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Genome-edited GM plants should also be analyzed in regard to the composition of their 
microbiome as the microorganisms colonizing the surfaces and inner tissues of plants play an 
important role for functional traits of the plant such as crop yield and nutrient quality. Furthermore, 
the microorganisms provide defense pathways influencing the coexistence of different species and 
consequently whole ecosystems (Berg et al., 2014). More research needs to be done further 
investigating the host-microbiome interaction and defining host-microbiome systems for crop plants
with standardized microbial culture collections and reference genomes (Busby et al., 2017). 
Bioinformatics brings all these approaches together. However, computational evaluation of the 
resulting data has to be robust. Additionally, a profound computational analysis of already existing 
data sets regarding published knowledge in databases would be invaluable.

7.2 Unexpected effects arising from the insertion of genes, even if 
subsequently removed

Genome editing techniques, in common with reverse breeding and RdDM techniques typically 
insert genes through first generation genetic engineering techniques and then remove them after 
their function has been performed via backcrossing. In theory, the resultant plant therefore does not 
contain any novel genes, although the novel genes have enacted a change in the genomic material 
(usually DNA) of the plant. Nevertheless, in these cases it is important to verify that any inserted 
genes have actually been fully removed, including any backbone sequences (Eckerstorfer et al., 
2019) and there has been no unintended integration of DNA from any plasmids containing the 
CRISPR complex (Kim and Kim, 2017).

Some developers of CRISPR-edited plants (see, e.g. Strauss and Sax, 2016), have claimed that risk 
assessment is not necessary because the resultant plant does not contain any novel genes. However, 
as discussed in Cisgenesis and Intragenesis, concerns arise from the act of inserting genetic 
material, which can cause irregularities in the genome. These include large genomic rearrangements
and epigenetic alterations in the vicinity of the integration site (Jupe et al., 2019; Wilson et al., 
2006). These irregularities can disrupt normal functions of the affected genes, e.g. potentially 
producing novel or altered proteins. The findings of Jupe et al. (2019) highlight the need to search 
for irregularities in both the genome and epigenome of a GMO, particularly in regions flanking 
integration sites. At present, EFSA does not require applicants to submit data on any epigenetic 
alterations for GMOs.

The concept of genomic irregularities arising from the insertion of genetic material is evident in the 
current risk assessment for first generation GMOs, as EFSA do not allow negative segregants to be 
used as sole comparators (EFSA, 2011):

"For the Food & Feed risk assessment and the ERA of GM plants containing single events the 
EFSA GMO Panel confirms that the risk assessment must include a conventional counterpart. The 
EFSA GMO Panel also indicates the possible use of additional comparators, such as negative 
segregants, if deemed useful to support the risk assessment." (EFSA, 2011)

It cannot be excluded that any genomic irregularities would remain in the organism after any 
inserted genes have been removed. Therefore, it would be important to include the possibility of 
genomic and epigenomic irregularities, including the production of unintended or changed RNA, 
proteins and metabolites also in the risk assessment of those GMOs (Fig. 1) where inserted genes 
may be subsequently removed, inter alia genome editing, reverse breeding and RdDM techniques.
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7.3 Risk assessment related to the trait

Risk assessment related to the trait of a genome-edited organism is broadly similar to that which 
exists for GMOs developed using first generation techniques (see EFSA, 2010, 2011, 2012b). That 
is, the trait will need to be assessed for its environmental safety (e.g. inter alia toxicity to non-target
organisms, potential changes to invasiveness) and human and animal safety (e.g. inter alia 
allergenicity). First generation GMOs generally consist of herbicide tolerant and insect resistant 
crops, and this is where the experience of assessing GMOs lies. By contrast, the traits that can, at 
least theoretically, be conferred by genome editing are highly varied (Eckerstorfer et al., 2019; 
Agapito-Tenfen et al., 2019) and the possibilities to alter the genome resulting in novel genetic 
combinations are more numerous (Kawall 2019). Thus, there is a requirement for studies to assess 
the potential impacts of traits other than herbicide tolerance and insect resistance (Fig. 1).

Eckerstorfer et al. (2019) reviewed the novel traits of GM plants developed by new genetic 
engineering techniques. Traits were grouped into three classes: 1) those related to traits in 
conventionally bred plants; 2) those with traits similar to established first-generation GM plants and
3) those which have been established neither in conventional nor other biotechnological methods. 
Prior knowledge may be insufficient and available information limited for many of these traits, and 
particularly those with no safe history of use. Eckerstorfer et al. (2019) suggested that, for each trait,
it is important to consider, not only the modification itself, but the impact of the modification and 
the novel trait on the physiology and phenology of the GM plant. This suggests that, whilst it’s 
important to both detect and assess unexpected effects at the organism level (see Unexpected effects
at the organismal level), it may also be important to attribute these changes to either unintended 
genomic irregularities, or consequences of the novel trait.

Indirect effects may also arise from the trait itself. For example, what might be the implications to 
biodiversity from delayed flowering of a genome-edited plant, or the implications to the 
environment from super-muscly pigs that may require increased amounts of feed? These too need to
be taken into consideration in a risk assessment.

7.4 Broadening the risk assessment

The risk assessment will require broadening to encompass the additional challenges posed by 
genome-edited plants and animals, as summarized in Fig. 1. The additional types of unintended 
genomic errors require expansion of the current examination of DNA to encompass examination of 
epigenetic changes and changes in the transcriptome, proteome and metabolome of the GMO. Such 
examinations will require further development, including protocols of WGS and -omics, and may 
be assisted by new analytical tools in the future (Fig. 1). Political will and research funding may be 
required to develop appropriate analytical tools. Importantly, guidance on the requirements of 
molecular characterisation for the risk assessment would need to be developed before any gene-
edited organisms could be considered by EFSA. 

Risk assessment related to traits will require additional knowledge of their consequences, which 
would be aided by further research. This may particularly be necessary for traits where experience 
with either current GM plants or conventional plants are lacking. There is a complete lack of 
experience in the risk assessment related to any GM traits in farm animals as there have not yet 
been applications for the marketing of GM animals, developed by either first-generation or genome-
editing techniques. This too may require further research. Unlike the molecular characterisation, 
risk assessment related to the GMO trait may necessitate evaluation as applications with new traits 
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are made. However, it is difficult to see how a full risk assessment can be made within the six 
month time scale given to EFSA to issue an opinion on a GMO if there is no prior experience of the 
trait.

7.4 Detectability of GMOs developed with new techniques

As with current GMOs, labelling of GMOs created by genome editing is necessary to enable 
consumer choice (Helliwell et al., 2017), and to protect agricultural systems that exclude GMOs, 
e.g. organic agriculture (IFOAM, 2016; Wickson et al., 2016). Detection of GMOs is a prerequisite 
to their labelling and also necessary to detect any contamination of plants or animals with GM 
varieties (Price and Cotter, 2014).

GMOs developed by genome editing are detectable, provided prior information is available 
regarding the intended genomic changes (European Network of GMO Laboratories, 2019; Scientific
Advice Mechanism, 2017). However, the lack of common interest genetic elements, e.g. CaMV35S,
which form the backbone of PCR screening for unauthorised GMOs (European Network of GMO 
Laboratories, 2019; Price and Cotter, 2014), in genome-edited organisms make it imperative that a 
detection protocol is needed for any environmental release, i.e. at the field trial stage for crops, 
rather than the commercialisation stage. This allows for third party verification that GM 
contamination has not taken place (Price and Cotter, 2014).
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The development of further protocols (including advances in the robustness of WGS) and 
techniques is likely to facilitate better, cheaper and more reliable detection of small changes (e.g. 
one base pair changes) in genome-edited organisms (Bertheau 2019; Boutigny et al., 2019; Dobnik 
et al., 2018; Liang et al., 2018). These include bioinformatic tools for the analysis of DNA sequence
data (Boel et al., 2016; Garst et al. 2017), and spectroscopy methods for differentiating between 
genome-edited and conventionally bred plant varieties (Liu et al., 2016). WGS approaches are being
further improved to reduce background mutations that can accumulate during the production of the 
sequencing library in the lab and can be interpreted as false-positive mutations (Boutigny et al., 
2019; Stahlberg et al., 2016). Another approach for plant identification is not to look for specific 
DNA sequences, but for the pattern of genetic changes within the genome (see, e.g. Nielsen and 
Voight, 2018). For example, Duensing et al., 2018 state: “(…) genome editing is adept at knocking 
out genes present in multiple copies. Thus, whenever a crop is found with multiple copies of the 
same gene knocked out, it will be almost certain that genome editing was used.” In consequence, 
they state: “For most products of genome editing, there is a clear signature in the DNA, for instance
the exact stretch of nucleotides erased. If that signature is revealed by the developer, the same PCR 
technology used for detecting GMOs can be applied to the detection and monitoring of genome-
edited products in most cases.”

It is evident that advances in detection technologies are needed, not only for genome-edited 
organisms, but for other new genetic engineering techniques such as RdDM. Already networks of 
laboratories exist that coordinate and develop techniques to detect GMOs. In Europe, there is the 
European Network of GMO Laboratories (ENGL). ENGL has already discussed the issues 
surrounding detectability of new GMOs created by genome editing (European Network of GMO 
Laboratories, 2019) and concluded that further consideration is necessary. Therefore, there needs to 
be political will to develop suitable detection technologies. Regulatory requirements of traceability 
and labelling would be likely to spur research into developing new detection technologies.

8. Conclusions

Novel types of GMOs (e.g. RNAi-based GM plants) and synthetic genomics can give rise to new 
risks to environment, animal and humans health. Grafting, cisgenesis and intragenesis, reverse 
breeding and RdDM either utilise GMOs created using first generation techniques as an 
intermediary stage or can, in the case of agro-infiltration, unintentionally give rise to GMOs. Just 
like first generation techniques, new genetic engineering techniques described here (RdDM and 
genome editing) can produce unexpected and unpredictable effects in the resultant GMOs, even if 
any inserted genes are subsequently removed prior to commercialisation.

All genetic engineering techniques have the potential to induce unforeseen genomic interactions, 
genomic irregularities and unintended biochemical alterations. Therefore, it is important that any 
applications for cultivation (including field trials) and marketing of GMOs produced by these 
techniques undergo full environmental and health risk assessment.

For RNAi-based GM crops, major uncertainties and knowledge gaps exist, resulting in open 
questions remain on how to assess the risks of RNAi-based GM crops to both the environment and 
food and feed. Despite the lack of EFSA guidance on the risk assessment of RNAi-based GM crops,
two RNAi-based GM crops have been approved for food use in the EU. This is not acceptable, and 
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it is strongly recommended that the issue of risk assessment guidance for new GMOs, particularly 
those developed by genome editing, precedes any consideration of applications to cultivate or 
market.

The current risk assessment guidance in the EU would need to be expanded in order to assess the 
additional unintended effects that genome editing can cause. The molecular characterisation 
element of the risk assessment will need to be expanded to include analysis for unintended changes 
at the genomic level, including off-target effects, unintended on-target effects and effects on 
genomic regulation. It will also require analysis of the transcriptome, proteome and metabolome. 
Such analysis would also improve the risk assessment of first generation GMOs. The risk 
assessment will need to consider a broader range of traits conferred by the genetic engineering 
process, for some of which there may be a lack of experience. It will need to consider direct and 
indirect implications for agricultural practices and ecological impacts caused by any changes in 
animal diets.

Gene drives represent a special case of GMOs, with the spectre of severe consequences for 
biodiversity. Performing a robust risk assessment, particularly in respect of long-term ecological 
effects would be highly problematic and it would be difficult, if not impossible to give safety 
assurances for any environmental release. In addition, it is not clear how the approval of local 
communities could be sought as at present (as required under the Conventional for Biological 
Diversity) there is no mechanism for societal consultation on GMOs in the EU. Application of the 
precautionary principle, as enshrined in EU law would preclude the release of GMOs as part of a 
gene drive system.

Further developments in technologies to detect off-target effects and unintended on-target effects 
caused by genome editing are needed, as are developments in technologies and to detect the 
resultant GMO organisms may be necessary in some cases. However, the technological problems 
are not insurmountable, and techniques can be developed if there is political will to do so.

References

Abudayyeh, O.O., Gootenberg, J.S., Essletzbichler, P., Han, S., Joung, J., Belanto, J.J., Verdine, V., 
Cox, D.B.T., Kellner, M.J., Regev, A. Lander, E.S., Voytas, D.F., Ting, A.Y., Zhang, F., 2017. RNA 
targeting with CRISPR-Cas13. Nature 550, 280-284.

Agapito-Tenfen, S.Z., Okoli, A.S., Bernstein, M.J., Wikmark, O-G., Myhr, A.I., 2018. Revisiting 
risk governance of GM plants: the need to consider new and emerging gene-editing techniques. 
Frontiers in Plant Science 9, 1874.

Aharoni, A., Galili, G., 2011. Metabolic engineering of the plant primary–secondary metabolism 
interface. Current Opinion in Biotechnology 22, 239–244.

Anderson, K.R., Haeussler, M., Watanabe, C., Janakiraman, V., Lund, J., Modrusan, Z., Stinson, J., 
Bei, Q., Buechler, A., Yu, C., Thamminana, S.R., Tam, L., Sowick, M.-A., Alcantar, T., O’Neil, N., 
Li, J., Ta, L., Lima, L., Roose-Girma, M., Rairdan, X., Durinck, S., Warming, S., 2018. CRISPR 
off-target analysis in genetically engineered rats and mice. Nature Methods 15, 512–514. 

Anon, 2017. Drive safely. Nature (editorial) 552, 6.

Baier, S.R., Nguyen, C., Xie, F., Wood, J.R. Zempleni, J., 2014. MicroRNAs are absorbed in 
biologically meaningful amounts from nutritionally relevant doses of cow milk and affect gene 

36



expression in peripheral blood mononuclear cells, HEK-293 kidney cell cultures, and mouse livers. 
The Journal of Nutrition 144, 1495-1500. 

Banerjee, A., Roychoudhury, A. 2017. Epigenetic regulation during salinity and drought stress in 
plants: histone modifications and DNA methylation. Plant Gene 11, 199-204.

Bao, Z., HamediRad, M., Xue, P., Xiao, H., Tasan, I., Chao, R., Liang, J., Zhao, H., 2018. Genome-
scale engineering of Saccharomyces cerevisiae with single-nucleotide precision. Nature 
Biotechnology 36, 505–508. 

Bauer-Panskus, A., Breckling, B., Hamberger, S., Then, C., 2013. Cultivation-independent 
establishment of genetically engineered plants in natural populations: current evidence and 
implications for EU regulation. Environmental Sciences Europe 25, 34. 

Beatty, M., Guduric-Fuchs, J., Brown, E., Bridgett, S., Chakravarthy, U., Hogg, R.E., Simpson, 
D.A., 2014. Small RNAs from plants, bacteria and fungi within the order hypocreales are 
ubiquitous in human. Plasma 15, 1–12. 

Begemann, M.B., Gray, B.N., January, E., Gordon, G.C., He, Y., Liu, H., Wu, X., Brutnell, T.P., 
Mockler, T.C., Oufattole, M., 2017. Precise insertion and guided editing of higher plant genomes 
using Cpf1 CRISPR nucleases. Scientific Reports 7, 11606. 

Bennetzen, J.L., Wang, H., 2014. The contributions of transposable elements to the structure, 
function, and evolution of plant genomes. Annual Review Plant Biology 65, 505–530. 

Berg, G., Grube, M., Schloter, M., Smalia, K., 2014. Unraveling the plant microbiome: looking 
back and future perspectives. Frontiers in Microbiology 5, 148. 

Berger, S.L., 2007. The complex language of chromatin regulation during transcription. Nature 447,
407–412. 

Bertheau, Y., 2019. New breeding techniques: detection and identification of the techniques and 
derived products. In: Reference Module in Food Science, pp. 320-336. Elsevier Science 

Bevan, M.W., Uauy, C., Wulff, B.B., Zhou, J., Krasileva, K., Clark, M.D. 2017. Genomic 
innovation for crop improvement. Nature 543, 346-354.

Bird 10,000 Genomes Project 2016. Introduction. https://b10k.genomics.cn/

Boel, A., Steyaert, W., De Rocker, N., Menten, B., Callewaert, B., De Paepe, A., Coucke, P., 
Willaert, A., 2016. BATCH-GE: Batch analysis of next-generation sequencing data for genome 
editing assessment. Scientific Reports 6, 30330. 

Boutigny, A.L., Barranger, A., De Boisséson, C., Blanchard, Y., Rolland, M. 2019. Targeted Next 
Generation Sequencing to study insert stability in genetically modified plants. Scientific Reports 9, 
2308.

Breckling, B., 2013. Transgenic evolution and ecology are proceeding. GM-crop cultivation—
ecological effects on a landscape scale. In: Breckling, B. and Verhoeven, R. (eds.) Proceedings of 
the Third GMLS Conference 2012 in Bremen, pp.130–135. 

Brinkman, E. K., Chen, T., de Haas, M., Holland, H. A., Akhtar, W., van Steensel, B. 2018. Kinetics
and fidelity of the repair of Cas9-induced double-strand DNA breaks. Molecular Cell 70, 801-
813.e6. 

Bruce, A., 2017. Genome edited animals: learning from GM crops? Transgenic Research 26, 385–
398. 

Burkard, C., Opriessnig, T., Mileham, A.J., Stadejek, T., Ait-Ali, T., Lillico, S.G., Whitelaw, C.B.A.,
Archibald, A.L., 2018. Pigs lacking the scavenger receptor cysteine-rich domain 5 of CD163 are 
resistant to PRRSV-1 infection. Journal of Virology 92, e00415-18. 

37

https://b10k.genomics.cn/


Busby, P.E., Soman, C., Wagner, M.R., Friesen, M.L., Kremer, J., Bennett, A., Morsy, M., Eisen, 
J.A., Leach, J.E., Dangl, J.L., 2017. Research priorities for harnessing plant microbiomes in 
sustainable agriculture. PLoS Biology 15, e2001793.

Callaway, E., 2016. ‘Gene drive’ moratorium shot down at UN biodiversity meeting Nature (News) 
doi:10.1038/nature.2016.2121

Callaway, E. 2018. UN treaty agrees to limit gene drives but rejects a moratorium. Natures (News) 
November 29 (and correction November 30) doi: 10.1038/d41586-018-07600-w

Cameron, P., Fuller, C.K., Donohoue, P.D., Jones, B.N., Thompson, M.S., Carter, M.M., Gradia, S., 
Vidal, B., Garner, E., Slorach, E.M., Lau, E., Banh, L.M., Lied, A.M., Edwards, L.S., Settle, A.H., 
Capurso, D., Llaca, V., Deschamps, S., Cigan, M., Young, J.K., May, A.P., 2017. Mapping the 
genomic landscape of CRISPR-Cas9 cleavage. Nature Methods 14, 600–606.

Carthew, R.W., Sontheimer, E.J., 2009. Origins and mechanisms of miRNAs and siRNAs. Cell 136,
642–655. 

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

Champer, J., Reeves, R., Oh, S.Y., Liu, C., Liu, J., Clark, A. G., Messer, P.W., 2017. Novel 
CRISPR/Cas9 gene drive constructs reveal insights into mechanisms of resistance allele formation 
and drive efficiency in genetically diverse populations. PLoS Genetics 13, e1006796. 

Chan, S.Y., Snow, J.W., 2017. Formidable challenges to the notion of biologically important roles 
for dietary small RNAs in ingesting mammals. Genes & Nutrition 12, 13. 

Cavalieri, D., Rizzetto, L., Tocci, N., Rivero, D., Asquini, E., Si-Ammour, A., Bonechi, E., 
Ballerini, C., Viola, R., 2016. Plant microRNAs as novel immunomodulatory agents. Scientific 
Reports 6, 25761. 

Chen, K., Wang, Y., Zhang, R., Zhang, H., Gao, C. 2019. CRISPR/Cas genome editing and 
precision plant breeding in agriculture. Annual Review of Plant Biology 70, 667-697. d

Christiaens, O., Dzhambazova, T., Kostov, K., Arpaia, S., Joga, M.R., Urru, I., Sweet, J., Smagghe, 
G. 2018. Literature review of baseline information on RNAi to support the environmental risk 
assessment of RNAi-based GM plants. EFSA supporting publication 2018: EN-1424 doi: 
10.2903/sp.efsa.2018.EN-1424

Cibus, 2014. Cibus announces approval of first commercial product SU CanolaTM in Canada. Press 
Release March 18. https://www.cibus.com/press_release.php?date=031814 

Courtier‐Orgogozo, V., Morizot, B., Boëte, C., 2017. Agricultural pest control with CRISPR‐
based gene drive: time for public debate: should we use gene drive for pest control? EMBO Reports
18, 878–880. 

Couzin, J., 2002. Small RNAs Make Big Splash. Science 298, 2296-2297. 

Cox, D.B., Gootenberg, J.S., Abudayyeh, O.O., Franklin, B., Kellner, M.J., Joung, J., Zhang, F., 
2017. RNA editing with CRISPR-Cas13. Science 358, 1019–1027.

Crisp, P.A., Ganguly, D., Eichten, S.R., Borevitz, J.O., Pogson, B.J., 2016. Reconsidering plant 
memory: intersections between stress recovery, RNA turnover, and epigenetics. Science Advances 
2, e1501340. 

Critical Scientists Switzerland, European Network of Scientists for Social and Environmental 
Responsibility, Vereinigung Deutscher Wissenschaftler e.V. 2019. Gene drives: a report on their 
science, applications, social aspects, ethics and regulations. https://ensser.org/publications/2019-
publications/gene-drives-a-report-on-their-science-applications-social-aspects-ethics-and-
regulations/ 

38

https://ensser.org/publications/2019-publications/gene-drives-a-report-on-their-science-applications-social-aspects-ethics-and-regulations/
https://ensser.org/publications/2019-publications/gene-drives-a-report-on-their-science-applications-social-aspects-ethics-and-regulations/
https://ensser.org/publications/2019-publications/gene-drives-a-report-on-their-science-applications-social-aspects-ethics-and-regulations/
https://www.cibus.com/press_release.php?date=031814


Crossa, J., Pérez-Rodríguez, P., Cuevas, J., Montesinos-López, O., Jarquín, D., de Los Campos, G., 
Burgueño, J., González-Camacho, J.M., Pérez-Elizalde, S., Beyene, Y., Dreisigacker, S., Singh, R., 
Zhang, X., Gowda, M., Roorkiwal, M., Rutkoski, J., Varshney, R.K., 2017. Genomic selection in 
plant breeding: methods, models, and perspectives. Trends in Plant Science 22, 961–975. 

Dar, M.H., de Janvry, A., Emerick, K., Raitzer D., Sadoulet, E., 2013. Flood-tolerant rice reduces 
yield variability and raises expected yield, differentially benefitting socially disadvantaged groups. 
Nature Scientific Reports 3, 3315. 

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

Dobnik, D., Gruden, K., Žel, J., Bertheau, Y., Holst-Jensen, A., Bohanec, M., 2018. Decision 
support for the comparative evaluation and selection of analytical methods: detection of genetically 
modified organisms as an example. Food Analytical Methods 11, 2105–2122. 

Duensing, N., Sprink, T., Parrott, W.A., Fedorova, M., Lema, M.A., Wolt, J.D., Bartsch, D., 2018. 
Novel features and considerations for ERA and regulation of crops produced by genome editing. 
Frontiers in Bioengineering and Biotechnology 6, 79. 

Dupont Pioneer, 2015. Confirmation of regulatory status of waxy corn developed by CRISPR-Cas 
technology. Letter to USDA-APHIS, December 14. 
https://www.pioneer.com/CMRoot/Pioneer/About_Global/Non_Searchable/news_media/15-352-
01_air_inquiry_cbidel.pdf 

Eckerstorfer, M., Miklau, M., Gaugitsch, H., 2014. New plant breeding techniques and risks 
associated with their application. Umweltbundesamt GmbH (Environment Agency Austria). 
http://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0477.pdf 

Eckerstorfer, M.F., Heissenberger, A., Reichenbecher, W., Steinbrecher. R.A., Waßmann, F. 2019. 
An EU perspective on biosafety considerations for plants developed by genome editing and other 
new genetic modification techniques (nGMs). Frontiers in Bioengineering and Biotechnology 7, 31.

EFSA, 2010. Guidance on the environmental risk assessment of genetically modified plants. Panel 
on genetically modified organisms. EFSA Journal 8, 1879. 

EFSA, 2011. Guidance for risk assessment of food and feed from genetically modified plants. Panel
on genetically modified organisms. EFSA Journal 9, 2150. 

EFSA, 2012a. Scientific opinion addressing the safety assessment of plants developed through 
cisgenesis and intragenesis. Panel on genetically modified organisms. EFSA Journal 10, 2561. 

EFSA 2012b. Guidance on the risk assessment of food and feed from genetically modified animals 
and on animal health and welfare aspects. EFSA panels on genetically modified organisms and 
animal health and welfare. EFSA Journal 10, 2501. 

EFSA, 2012c. Scientific opinion addressing the safety assessment of plants developed using zinc 
finger nuclease 3 and other site-directed nucleases with similar function. Panel on genetically 
modified organisms. EFSA Journal 10, 2943. 

EFSA, 2013. Guidance on the environmental risk assessment of genetically modified animals. Panel
on genetically modified organisms. EFSA Journal 11, 3200. 

EFSA, 2014. International scientific workshop ‘Risk assessment considerations for RNAi based 
GM plants’ (4-5 June 2014, Brussels, Belgium). EFSA supporting publication 2014: EN-705. 
www.efsa.europa.eu/de/events/event/140604

EFSA, 2015. Request to the European Food Safety Authority to provide technical assistance on 
issues related to the legal analysis of new plant breeding techniques. Mandate no. M- 2015-0183 
http://registerofquestions.efsa.europa.eu/roqFrontend/login?7

39

http://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0477.pdf
http://registerofquestions.efsa.europa.eu/roqFrontend/login?7
http://www.efsa.europa.eu/de/events/event/140604
https://www.pioneer.com/CMRoot/Pioneer/About_Global/Non_Searchable/news_media/15-352-01_air_inquiry_cbidel.pdf
https://www.pioneer.com/CMRoot/Pioneer/About_Global/Non_Searchable/news_media/15-352-01_air_inquiry_cbidel.pdf


EFSA, 2017. Internal note on the strategy and technical aspects for small RNA plant off-target 
bioinformatics studies. In: Minutes of the 118th plenary meeting of the Scientific Panel on GMO, 
25-26 October 2017, Annex II. https://www.efsa.europa.eu/sites/default/files/event/171025-m.pdf 

EFSA, 2018a. Scientific opinion on the assessment of genetically modified maize MON 87411 for 
food and feed uses, import and processing, under Regulation (EC) No 1829/2003 (application 
EFSA-GMO-NL-2015-124). Panel on genetically modified organisms. EFSA Journal 16, 5310. 

EFSA, 2018b. Reception of the mandate on synthetic biology and its risk assessment for agri-food 
uses. Mandate no. M-2018-0205, ref. 20013420 
http://registerofquestions.efsa.europa.eu/raw-war/wicket/page?12 

EFSA, Aguilera, J., Aguilera-Gomez, M., Barrucci, F., Cocconcelli, P.S., Davies, H., Denslow, N., 
Dorne, J.L., Grohmann, L., Herman, L., Hogstrand, C., Kass, G.E.N., Kille, P., Kleter, G., Nogué, 
F., Plant, N.J., Ramon, M., Schoonjans, R., Waigmann, E., Wright, M.C. 2018. ’omics in risk 
assessment: state of the art and next steps. EFSA scientific colloquium no. 24. EFSA supporting 
publication 2018: EN-1512 doi: 10.2903/sp.efsa.2018.EN-1512

EFSA 2019a Literature review of baseline information on non‐coding RNA (ncRNA) to support 
the risk assessment of ncRNA‐based genetically modified plants for food and feed. EFSA 
Supporting publication 2019: EN-1688 doi: 10.2903/sp.efsa.2019.EN-1688

EFSA 2019b. Workshop on the problem formulation for the environmental risk assessment of gene 
drive modified insects. https://www.efsa.europa.eu/en/events/event/190515

EFSA 2019c. Scientific opinion on plants developed using type 1 and type 2 site-directed nucleases 
and oligonucleotide directed mutagenesis. Mandate no. M-2019-0095 received April 10 2019. 
http://registerofquestions.efsa.europa.eu/roqFrontend/questionLoader?question=EFSA-Q-2019-
00297 

Enríquez, P., 2016. Epigenetics: CRISPR-mediated epigenome editing. The Yale Journal of Biology 
and Medicine 89, 471-486.

Eriksson, S., Jonas, E., Rydhmer, L., Röcklinsberg, H., 2018. Breeding and ethical perspectives on 
genetically modified and genome edited cattle. Journal of Dairy Science 101, 1–17. 

Esvelt, K.M., Gemmell, N.J., 2017. Conservation demands safe gene drive. PLoS Biology 15, 
e2003850. 

European Commission, undated. GMO authorisations for cultivation. 
https://ec.europa.eu/food/plant/gmo/authorisation/cultivation_en 

European Commission, 2000. Communication from the Commission on the precautionary principle.
COM/2000/0001. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A52000DC0001

European Commission, 2001. Directive 2001/18/EC of The European Parliament and of the Council
of 12 March 2001 on the deliberate release into the environment of genetically modified organisms 
and repealing Council Directive 90/220/EEC. Official Journal of the European Communities L 106, 
1–38.

European Commission, 2019. EU register of genetically modified food and feed. MON-87411-9. 
https://webgate.ec.europa.eu/dyna/gm_register/gm_register_auth.cfm?pr_id=92 

European Court of Justice, 2018. Judgement of the Court, Case C-528/16. ECLI:EU:C:2018:583. 
http://curia.europa.eu/juris/document/document.jsf?
text=&docid=204387&pageIndex=0&doclang=en&mode=req&dir=&occ=first&part=1&cid=13311
2

40

http://curia.europa.eu/juris/document/document.jsf?text=&docid=204387&pageIndex=0&doclang=en&mode=req&dir=&occ=first&part=1&cid=133112
http://curia.europa.eu/juris/document/document.jsf?text=&docid=204387&pageIndex=0&doclang=en&mode=req&dir=&occ=first&part=1&cid=133112
http://curia.europa.eu/juris/document/document.jsf?text=&docid=204387&pageIndex=0&doclang=en&mode=req&dir=&occ=first&part=1&cid=133112
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A52000DC0001
https://ec.europa.eu/food/plant/gmo/authorisation/cultivation_en
http://registerofquestions.efsa.europa.eu/roqFrontend/questionLoader?question=EFSA-Q-2019-00297
http://registerofquestions.efsa.europa.eu/roqFrontend/questionLoader?question=EFSA-Q-2019-00297
https://www.efsa.europa.eu/en/events/event/190515
http://registerofquestions.efsa.europa.eu/raw-war/wicket/page?12
https://www.efsa.europa.eu/sites/default/files/event/171025-m.pdf
https://webgate.ec.europa.eu/dyna/gm_register/gm_register_auth.cfm?pr_id=92


European Network of GMO Laboratories 2019. Detection of food and feed plant products obtained 
by new mutagenesis techniques (JRC116289). http://gmo-crl.jrc.ec.europa.eu/doc/JRC116289-GE-
report-ENGL.pdf 

European Network of Scientists for Social and Environmental Responsibility, 2018. Products of 
new genetic modification techniques should be strictly regulated as GMOs. 
https://ensser.org/publications/ngmt-statement/

Fedoroff, N.V., 2012. Transposable elements, epigenetics, and genome evolution. Science 338, 758. 

Fredens, J., Wang, K., de la Torre, D., Funke, L. F. H., Robertson, W. E., Christova, Y., Chin, J. W. 
2019. Total synthesis of Escherichia coli with a recoded genome. Nature 569, 514–518. 

Fujita, D., Trijatmiko, K.R., Tagle, A.G. Sapasap, M.V., Koide, Y., Sasaki, K., Tsakirpaloglou, N., 
Gannaban, R.B., Nishimura, T., Yanagihara, S., Fukuta, Y., Koshiba, T., Slamet-Loedin, I.H., 
Ishimaru. T., Kobayashi, N. 2013. NAL1 allele from a rice landrace greatly increases yield in 
modern indica cultivars. Proceedings of the National Academy of Sciences of the United States of 
America 110, 20431-20436.

Gaj, T., Gersbach, C.A., Barbas, C.F., 2013. ZFN, TALEN, and CRISPR/Cas-based methods for 
genome engineering. Trends in Biotechnology 31, 397–405.

Galizi, R., Doyle, L.A., Menichelli, M., Bernardini, F., Deredec, A., Burt, A., Stoddard, B.L., 
Windbichler, N., Crisanti, A., 2014. A synthetic sex ratio distortion system for the control of the 
human malaria mosquito. Nature Communications 5, 3977. 

Galonska, C., Charlton, J., Mattei, A.L., Donaghey, J., Clement, K., Gu, H., Mohammad, A.W., 
Stamenova, E.K., Cacchiarelli, D., Klages, S., Timmermann, B., Cantz, T., Scholer, H.R., Gnirke, 
A., Ziller, M.J., Meissner, A., 2018. Genome-wide tracking of dCas9-methyltransferase footprints. 
Nature Communications 9, 597. 

Gantz, V.M., Bier, E., 2015. The mutagenic chain reaction: a method for converting heterozygous to
homozygous mutations. Science 348, 442. 

Garst, A.D., Bassalo, M.C., Pines, G., Lynch, S.A., Halweg-Edwards, A.L., Liu, R., Liang, L., 
Wang, Z., Zeitoun, R., Alexander, W.G., Gill, R.T., 2017. Genome-wide mapping of mutations at 
single-nucleotide resolution for protein, metabolic and genome engineering. Nature Biotechnology 
35, 48–55. 

Gaudelli, N.M., Komor, A.C., Rees, H.A., Packer, M.S., Badran, A.H., Bryson, D.I., Liu, D.R., 
2017. Programmable base editing of A•T to G•C in genomic DNA without DNA cleavage. Nature 
551, 464–471. 

Gehrke, J.M., Cervantes, O., Clement, M., Wu, Y., Zeng, J., Joung, J. K., 2018. An APOBEC3A-
Cas9 base editor with minimized bystander and off-target activities. Nature Biotechnology 36, 977-
982. 

Gibson, D.G., Glass, J.I., Lartigue, C., Noskov, V.N., Chuang, R.-Y., Algire, M.A., Benders, G.A., 
Montague, M.G., Ma, L., Moodie, M.M., Merryman, C., Vashee, S., Krishnakumar, R., Assad-
Garcia, N., Andrews-Pfannkoch, C., Denisova, E.A., Young, L., Qi, Z.-Q., Segall-Shapiro, T.H., 
Calvey, C.H., Parmar, P.P., Hutchison, C.A., Smith, H.O., Venter, J.C., 2010. Creation of a bacterial 
cell controlled by a chemically synthesized genome. Science 329, 52-56. 

Group of Advisers on the Ethical Implications of Biotechnology to the European Commission, 
1996. No. 7. Ethical aspects of genetic modification of animals. Opinion of the Group of Advisers 
on the Ethical Implications of Biotechnology to the European Commission 
http://ec.europa.eu/environment/chemicals/lab_animals/pdf/genetic_modification.pdf

41

http://ec.europa.eu/environment/chemicals/lab_animals/pdf/genetic_modification.pdf
https://ensser.org/publications/ngmt-statement/
http://gmo-crl.jrc.ec.europa.eu/doc/JRC116289-GE-report-ENGL.pdf
http://gmo-crl.jrc.ec.europa.eu/doc/JRC116289-GE-report-ENGL.pdf


Grunewald, J., Zhou, R., Garcia, S. P., Iyer, S., Lareau, C. A., Aryee, M. J., Joung, J. K., 2019. 
Transcriptome-wide off-target RNA editing induced by CRISPR-guided DNA base editors. Nature 
569, 433-437. 

Grunwald, H.A., Gantz, V.M. Poplawski, G., Xiang-Ru, S., Xu, X.S., Bier, E., Cooper, K., 2018. 
Super-Mendelian inheritance mediated by CRISPR/Cas9 in the female mouse germline. Nature 566,
105–109. 

Haapaniemi, E., Botla, S., Persson, J., Schmierer, B., Taipale, J., 2018. CRISPR-Cas9 genome 
editing induces a p53-mediated DNA damage response. Nature Medicine 24, 927-930. 

Hammond, A., Galizi, R., Kyrou, K., Simoni, A., Siniscalchi, C., Katsanos, D., Gribble, M., Baker, 
D., Marois, E., Russell, S., Burt, A., Windbichler, N., Crisanti, A., Nolan, T., 2016. A CRISPR-Cas9
gene drive system targeting female reproduction in the malaria mosquito vector Anopheles 
gambiae. Nature Biotechnology 34, 78–83. 

Hartung, F., Schiemann, J., 2014. Precise plant breeding using new genome editing techniques: 
opportunities, safety and regulation in the EU. The Plant Journal 78, 742–752. 

Heinemann, J.A., Kurenbach, B., Quist, D., 2011. Molecular profiling — a tool for addressing 
emerging gaps in the comparative risk assessment of GMOs. Environment International 37, 1285–
1293.

Heinemann, J.A., Agapito-Tenfen, S.Z., Carman, J.A., 2013. A comparative evaluation of the 
regulation of GM crops or products containing dsRNA and suggested improvements to risk 
assessments. Environment International 55, 43–55. 

Helliwell, R., Hartley, S., Pearce, W., O’Neill, L., 2017. Why are NGOs sceptical of genome 
editing? NGOs’ opposition to agricultural biotechnologies is rooted in scepticism about the framing 
of problems and solutions, rather than just emotion and dogma. EMBO reports 18, 2090–2093. 

Hilton, I.B., D’Ippolito, A.M., Vockley, C.M., Thakore, P.I., Crawford, G.E., Reddy, T.E., Gersbach,
C.A., 2015. Epigenome editing by a CRISPR-Cas9-based acetyltransferase activates genes from 
promoters and enhancers. Nature Biotechnology 33, 510-517. 

Hines, P.J., Zahn, L.M., 2012. Green Pathways. Science 336, 1657. 

Hirschi, K.D., Pruss, G.J. & Vance, V., 2015. Dietary delivery: a new avenue for microRNA 
therapeutics? Trends in Biotechnology 33, 431–432. 

Hong, J., Yang, L., Zhang, D., Shi, J., 2016. Plant metabolomics: an indispensable system biology 
tool for plant science. International Journal of Molecular Sciences 17, e767. 

IFOAM (International Federation of Organic Agriculture Movements), 2016. Position Paper: 
genetic engineering and genetically modified organisms. 
https://www.ifoam.bio/sites/default/files/position_genetic_engineering_and_gmos.pdf

Ihry, R.J., Worringer, K.A., Salick, M.R., Frias, E., Ho, D., Theriault, K., Kommineni, S., Chen, J., 
Sondey, M., Ye, C., Randhawa, R., Kulkarni, T., Yang, Z., McAllister, G., Russ, C., Reece-Hoyes, 
J., Forrester, W., Hoffman, G.R., Dolmetsch, R., Kaykas, A., 2018. p53 inhibits CRISPR-Cas9 
engineering in human pluripotent stem cells. Nature Medicine 24, 939–946. 

Ishii, T., 2017. Genome-edited livestock: ethics and social acceptance. Animal Frontiers 7, 24–32. 

International Service for the Acquisition of Agri-biotech Applications 2018. Brief 54-2018: 
Executive Summary. www.isaaa.org/resources/publications/briefs/54/executivesummary/default.asp

Jenuwein, T., Allis, C.D., 2001. Translating the histone code. Science 293, 1074–80. 

Jin, S., Zong, Y., Gao, Q., Zhu, Z., Wang, Y., Qin, P., Gao, C., 2019. Cytosine, but not adenine, base 
editors induce genome-wide off-target mutations in rice. Science 364, 292-295. 

42

http://www.isaaa.org/resources/publications/briefs/54/executivesummary/default.asp
https://www.ifoam.bio/sites/default/files/position_genetic_engineering_and_gmos.pdf


Joung, J.K., Sander, J.D., 2013. TALENs: a widely applicable technology for targeted genome 

Jung, C., Capistrano-Gossmann, G., Braatz, J., Sashidhar, N., Melzer, S., 2017. Recent 
developments in genome editing and applications in plant breeding. Plant Breeding 137, 1-9. 

Jupe, F., Rivkin, A. C., Michael, T. P., Zander, M., Motley, S. T., Sandoval, J. P., Ecker, J. R., 
2019. The complex architecture and epigenomic impact of plant T-DNA insertions. PLoS Genetics 
15, e1007819.

Kannan, K., Gibson, D.G., 2017. Yeast genome, by design. Science 355, 1024-1025. 

KaramiNejadRanjbar, M., Eckermann, K.N., Ahmed, H.M.M., Sánchez, H.M., Dippel, S., Marshall,
J.M., Wimmer, E.A., 2018. Consequences of resistance evolution in a Cas9-based sex-conversion 
suppression gene drive for insect pest management. Proceedings of the National Academy of 
Sciences, 115, 6189-6194. 

Kapahnke, M., Banning, A., Tikkanen, R., 2016. Random splicing of several exons caused by a 
single base change in the target exon of CRISPR/Cas9 mediated gene knockout. Cells 5, E45.

Kawall, K., 2019. New possibilities on the horizon: genome editing makes the whole genome 
accessible for changes. Frontiers in Plant Science 10, 525.

Kim, J., Kim, J.-S., 2017. Bypassing GMO regulations with CRISPR gene editing. Nature 
Biotechnology 34, 1014–1015.

Kim, K., Ryu, S.-M., Kim, S.-T., Baek, G., Kim, D., Lim, K., Chung, E., Kim, S., Kim, J.-S., 2017. 
Highly efficient RNA-guided base editing in mouse embryos. Nature Biotechnology 35, 435–437. 

Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A., Liu, D.R., 2016. Programmable editing of a 
target base in genomic DNA without double-stranded DNA cleavage. Nature 533, 420–424. 

Kosicki, M., Tomberg, K., Bradley, A. 2018. Repair of double-strand breaks induced by CRISPR-
Cas9 leads to large deletions and complex rearrangements. Nature Biotechnology 36, 765-771. 

Laird-Offringa, I.A., Sanchez-Cespedes, M., 2018. 12 - Epigenetic events in lung cancer: chromatin
remodeling and DNA methylation In: Pass, H.I., Ball, D., Scagliotti, G.V. (eds.), IASLC Thoracic 
Oncology (2nd edn.). Elsevier, Philadelphia, pp. 104-116.e5. https://doi.org/10.1016/B978-0-323-
52357-8.00012-3

Lalonde, S., Stone, O.A., Lessard, S. Lavertu, A., Desjardins, J., Beaudoin, M., Rivas, M., Stainier, 
D.Y.R., Lettre, G. 2017. Frameshift indels introduced by genome editing can lead to in-frame exon 
skipping. PloS One 12, e0178700.

Li, Z., Liu, Z.B., Xing, A., Moon, B.P., Koellhoffer, J.P., Huang, L., Ward, R.T., Clifton, E., Falco, 
S.C., Cigan, A.M. 2015. Cas9-guide RNA directed genome editing in soybean. Plant Physiology 
169, 960-970.

Li, S., Tian, Y., Wu, K., Ye, Y., Yu, J., Zhang, J., Liu, Q., Hu, M., Li, H. Tong, Y., Harberd, N.P. & 
Fu, X. 2018. Modulating plant growth–metabolism coordination for sustainable agriculture. Nature 
560, 595-600.

Liang, H., Zhang, S., Fu, Z., Wang, Y., Wang, N., Liu, Y., Zhao, C., Wu, J., Hu, Y., Zhang, J., Chen, 
X., Zen, K., Chen, X., 2015. Effective detection and quantification of dietetically absorbed plant 
microRNAs in human plasma. The Journal of Nutritional Biochemistry 26, 505-512.

Liang, Z., Chen, K., Li, T., Zhang, Y., Wang, Y., Zhao, Q., Liu, J., Zhang, H., Liu, C., Ran, Y., Gao, 
C., 2017. Efficient DNA-free genome editing of bread wheat using CRISPR/Cas9 ribonucleoprotein
complexes. Nature Communications 8, 14261. 

Liang, Z., Chen, K., Yan, Y., Zhang, Y., Gao, C. 2018. Genotyping genome-edited mutations in 
plants using CRISPR ribonucleoprotein complexes. Plant Biotechnology Journal 16, 2053-2062.

43

https://doi.org/10.1016/B978-0-323-52357-8.00012-3
https://doi.org/10.1016/B978-0-323-52357-8.00012-3


Lippman, Z., Martienssen, R., 2004. The role of RNA interference in heterochromatic silencing. 
Nature Medicine 431, 364–70. 

Lisch, D., 2013. How important are transposons for plant evolution? Nature Reviews Genetics 14, 
49–61. 

Liu, W., Liu, C., Chen, F., Yang, J., Zheng, L., 2016. Discrimination of transgenic soybean seeds by 
terahertz spectroscopy. Scientific Reports 6, 35799. 

Lu, Y., Zhu, J.-K., 2017. Precise editing of a target base in the rice genome using a modified 
CRISPR/Cas9 system. Molecular Plant 10, 523–525.

Lundgren, J.G., Duan, J.J., 2013. RNAi-based insecticidal crops: potential effects on nontarget 
species. BioScience 63, 657–665. 

Lukaski, A. & Zielenkiewicz, P., 2014. In silico identification of plant miRNAs in mammalianbreast
milk exosomes – a small step forward? PloS One 9, e99963.

Lusser, M., Davies, H.V., 2013. Comparative regulatory approaches for groups of new plant 
breeding techniques. New Biotechnology 30, 437–446. 

Lusser, M., Parisi, C., Plan, D., Rodriguez-Cerezo, E., 2012. Deployment of new biotechnologies in
plant breeding. Nature Biotechnology 30, 231–239. 

Mahfouz, M.M., 2017. Genome editing: the efficient tool CRISPR–Cpf1. Nature Plants 3, 17028.

Malnoy, M., Viola, R., Jung, M.-H., Koo, O.-J., Kim, S., Kim, J.-S., Velasco, R., Nagamangala 
Kanchiswamy, C., 2016. DNA-free genetically edited grapevine and apple protoplast using 
CRISPR/Cas9 ribonucleoproteins. Frontiers in Plant Science 7, 1904. 

Margueron, R., Reinberg, D., 2010. Chromatin structure and the inheritance of epigenetic 
information. Nature Reviews Genetics 11, 285–96. 

Maxmen, A. 2019. How African scientists are improving cassava to help feed the world. Nature 
565, 144-146.

Mazzio, E.A., Soliman, K.F.A., 2012. Basic concepts of epigenetics: Impact of environmental 
signals on gene expression. Epigenetics 7, 119–130. 

McDonald, J.I., Celik, H., Rois, L.E., Fishberger, G., Fowler, T., Rees, R., Kramer, A., Martens, A., 
Edwards, J.R., Challen, G.A., 2016. Reprogrammable CRISPR/Cas9-based system for inducing 
site-specific DNA methylation. Biology Open 5, 866–874. 

McFarlane, G.R., Whitelaw, C.B.A., Lillico, S.G., 2018. CRISPR-based gene drives for pest 
control. Trends in Biotechnology 36, 130–133. 

Mello, C.C., Conte Jr, D., 2004. Revealing the world of RNA interference. Nature 431, 338.

Modrzejewski, D., Hartung, F., Sprink, T., Krause, D., Kohl, C., Wilhelm R. 2019. What is the 
available evidence for the range of applications of genome-editing as a new tool for plant trait 
modification and the potential occurrence of associated off-target effects: a systematic map. 
Environmental Evidence 8, 27.

Mou, H., Smith, J.L., Peng, L., Yin, H., Moore, J., Zhang, X.-O., Song, C.-Q., Sheel, A., Wu, Q., 
Ozata, D.M., Li, Y., Anderson, D.G., Emerson, C.P., Sontheimer, E.J., Moore, M.J., Weng, Z., Xue, 
W., 2017. CRISPR/Cas9-mediated genome editing induces exon skipping by alternative splicing or 
exon deletion. Genome Biology 18, 108. 

Nawaz, M.A, Mesnage, R., Tsatsakis, A.M., Golokhvast, K.S., Yang, S.H., Antoniou, M.N. & 
Chung, G. 2019. Addressing concerns over the fate of DNA derived from genetically modified food 
in the human body: a review. Food and Chemical Toxicology 124, 423-430.

44



National Academies of Sciences, Engineering, and Medicine, 2016. Gene Drives on the Horizon: 
Advancing Science, Navigating Uncertainty, and Aligning Research with Public Values. National 
Academies Press, Washington, D.C. https://www.nap.edu/download/23405

Nielsen, A.A.K., Voigt, C.A. 2018. Deep learning to predict the lab-of-origin of engineered DNA. 
Nature Communications 9, 3135. 

Nutzmann, H.W., Osbourn, A., 2014. Gene clustering in plant specialized metabolism. Current 
Opinion in Biotechnology 26, 91-99. 

Pačes, J., Nič, M., Novotný, T. 2017. Literature review of baseline information to support the risk 
assessment of RNAi‐based GM plants. EFSA supporting publication 2017: EN-1246. doi: 
10.2903/sp.efsa.2017.EN-1246 

Price, B., Cotter, J., 2014. The GM Contamination Register: a review of recorded contamination 
incidents associated with genetically modified organisms (GMOs), 1997–2013. International 
Journal of Food Contamination 1, 5. 

Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A., Weissmann, J.S., Arkin, A.P., Lim, W.A., 2013. 
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression.
Cell 152, 1173–1183. 

Raitskin, O, Patron, N.J. 2016. Multi-gene engineering in plants with RNA-guided Cas9 nuclease. 
Current Opinion in Biotechnology 37, 69–75.

Ramon, M., Devos, Y., Lanzoni, A., Liu, Y., Gomes, A., Gennaro, A., Waigmann, E., 2014. RNAi-
based GM plants: food for thought for risk assessors. Plant Biotechnology Journal 12, 1271–1273.

Redford, K.H., Brooks, T.M., Macfarlane, N.B.W., Adams, J.S. (eds.) (2019). Genetic frontiers for 
conservation: an assessment of synthetic biology and biodiversity conservation. Technical assess-
ment. International Union for Conservation of Nature, Gland, Switzerland. 
https://portals.iucn.org/library/node/48408

Reeves, R., Phillipson, M., 2017. Mass releases of genetically modified insects in area-wide pest 
control programs and their impact on organic farmers. Sustainability 9, 59. 

Rivlin, N., Brosh, R., Oren, M., Rotter, V., 2011. Mutations in the p53 tumor suppressor gene: 
important milestones at the various steps of tumorigenesis. Genes Cancer 2, 466–474. 

Roberts, A.F., Devos, Y., Lemgo, G.N.Y., Zhou, X., 2015. Biosafety research for non-target 
organism risk assessment of RNAi-based GE plants. Frontiers in Plant Science 6, 958. 

Romanoski, C.E., Glass, C.K., Stunnenberg, H.G., Wilson, L., Almouzni, G., 2015. Epigenomics: 
roadmap for regulation. Nature 518, 314–316.

Ryu, J., Prather, R.S., Lee, K., 2018. Use of gene-editing technology to introduce targeted 
modifications in pigs. Journal of Animal Science and Biotechnology 9, 5. 

Sander, J.D., Joung, J.K., 2014. CRISPR-Cas systems for editing, regulating and targeting genomes.
Nature Biotechnology 32, 347–355.

Sauer, N.J., Narváez-Vásquez, J., Mozoruk, J., Miller, R.B., Warburg, Z.J., Woodward, M.J., 
Mihiret, Y.A., Lincoln, T.A., Segami, R.E., Sanders, S.L., Walker, K.A., Beetham, P.R., Schöpke, 
C.R., Gocal, G.F.W., 2016. Oligonucleotide-mediated genome editing provides precision and 
function to engineered nucleases and antibiotics in plants. Plant Physiology 170, 1917–1928. 

Scientific Advice Mechanism, 2017. New Techniques in Agricultural Biotechnology. High Level 
Group of Scientific Advisors Explanatory Note 02/2017, Directorate-General for Research and 
Innovation, European Commission. 
https://ec.europa.eu/research/sam/pdf/topics/explanatory_note_new_techniques_agricultural_biotec
hnology.pdf

45

https://portals.iucn.org/library/node/48408
https://doi.org/10.2903/sp.efsa.2017.EN-1246
https://doi.org/10.2903/sp.efsa.2017.EN-1246
https://ec.europa.eu/research/sam/pdf/topics/explanatory_note_new_techniques_agricultural_biotechnology.pdf
https://ec.europa.eu/research/sam/pdf/topics/explanatory_note_new_techniques_agricultural_biotechnology.pdf
https://www.nap.edu/download/23405


Secretariat of the Convention on Biological Diversity, 2015. Synthetic Biology. United Nations 
Convention on Biological Diversity, Montreal. https://www.cbd.int/ts/cbd-ts-82-en.pdf

Shapiro, J.A., 2010. Mobile DNA and evolution in the 21st century. Mobile DNA 1, 4. 

Sharpe, J.J., Cooper, T.A., 2017. Unexpected consequences: exon skipping caused by CRISPR-
generated mutations. Genome Biology 18, 109. 

Shaw, W.R., Marcenac, P., Childs, L.M., Buckee, C.O., Baldini, F., Sawadogo, S.P., Dabiré, R.K., 
Diabaté, A., Catteruccia, F., 2016. Wolbachia infections in natural Anopheles populations affect egg 
laying and negatively correlate with Plasmodium development. Nature Communications 7, 11772. 

Shin, H.Y., Wang, C., Lee, H.K., Yoo, K.H., Zeng, X., Kuhns, T., Yang, C.M., Mohr, T., Liu, C., 
Hennighausen, L., 2017. CRISPR/Cas9 targeting events cause complex deletions and insertions at 
17 sites in the mouse genome. Nature Communications 8, 15464. 

Snow, A.A., 2012. Genetically engineered algae for biofuels: a key role for ecologists. BioScience 
62, 765–768. 

Stahlberg, A., Krzyzanowski, P., Jackson, J., Egyud, M., Stein, L., Godfrey, T., 2016. Simple, 
multiplexed, PCR-based barcoding of DNA enables sensitive mutation detection in liquid biopsies 
using sequencing. Nucleic Acids Research 44, e105.

Strauss, S.H., Sax, J.K., 2016. Ending event-based regulation of GMO crops. Nature Biotechnology
34, 474–477.

Symington, L.S., Gautier, J., 2011. Double-strand break end resection and repair pathway choice. 
Annual Review of Genetics 45, 247–271.

Tan, W., Proudfoot, C., Lillico, S.G., Whitelaw, C.B.A., 2016. Gene targeting, genome editing: from
Dolly to editors. Transgenic Research 25, 273–287. 

Taning, C.N.T., Van Eynde, B., Yu, N., Ma, S., Smagghe, G., 2017. CRISPR/Cas9 in insects: 
applications, best practices and biosafety concerns. Journal of Insect Physiology 98, 245–257. 

Taudt, A., Colomé-Tatché, M., Johannes, F., 2016. Genetic sources of population epigenomic 
variation. Nature Reviews Genetics 17, 319–332.

Terenius, O., Papanicolaou, A., Garbutt, J.S., Eleftherianos, I., Huvenne, H., Kanginakudru, S., 
Albrechtsen, M., An, C., Aymeric, J.-L., Barthel, A., Bebas, P., Bitra, K., Bravo, A., Chevalier, F., 
Collinge, D.P., Crava, C.M., de Maagd, R.A., Duvic, B., Erlandson, M., Faye, I., Felföldi, G., 
Fujiwara, H., Futahashi, R., Gandhe, A.S., Gatehouse, H.S., Gatehouse, L.N., Giebultowicz, J.M., 
Gómez, I., Grimmelikhuijzen, C.J.P., Groot, A.T., Hauser, F., Heckel, D.G., Hegedus, D.D., Hrycaj, 
S., Huang, L., Hull, J.J., Iatrou, K., Iga, M., Kanost, M.R., Kotwica, J., Li, C., Li, J., Liu, J., 
Lundmark, M., Matsumoto, S., Meyering-Vos, M., Millichap, P.J., Monteiro, A., Mrinal, N., Niimi, 
T., Nowara, D., Ohnishi, A., Oostra, V., Ozaki, K., Papakonstantinou, M., Popadic, A., Rajam, M.V.,
Saenko, S., Simpson, R.M., Soberón, M., Strand, M.R., Tomita, S., Toprak, U., Wang, P., Wee, 
C.W., Whyard, S., Zhang, W., Nagaraju, J., Ffrench-Constant, R.H., Herrero, S., Gordon, K., 
Swevers, L., Smagghe, G., 2011. RNA interference in Lepidoptera: an overview of successful and 
unsuccessful studies and implications for experimental design. Journal of Insect Physiology 57, 
231–245. 

Then, C. & Bauer-Panskus A., 2018. Testbiotech comment on ‘Assessment of genetically modified 
maize MON 87411 for food and feed uses, import and processing, under Regulation (EC) No 
1829/2003 (application EFSA-GMO-NL-2015-124) of company Monsanto’. Testbiotech 
Background, http://www.testbiotech.org/en/node/2257

United Nations Biosafety Clearing House 2015. MON-87411-9 - maize modified for herbicide 
tolerance and insect resistance. United Nations Convention on Biological Diversity Reference 
Record no. 108881. http://bch.cbd.int/database/record.shtml?documentid=108881

46

http://bch.cbd.int/database/record.shtml?documentid=108881
http://www.testbiotech.org/en/node/2257
https://www.cbd.int/ts/cbd-ts-82-en.pdf


United Nations Convention on Biological Diversity, 2003. Text of the Cartagena Protocol on 
Biosafety. Article 3 Use of Terms. http://bch.cbd.int/protocol/text/

United Nations Convention on Biological Diversity 2018. Decision adopted by the Conference of 
the Parties to the Convention on Biological Diversity: 14/19 synthetic biology. 
CBD/COP/DEC/14/19. https://www.cbd.int/doc/decisions/cop-14/cop-14-dec-19-en.pdf 

United States Environmental Protection Agency, 2014. RNAi Technology: Problem Formulation for
Human and Ecological Risk Assessment. SAP minutes No. 2014-02, 
http://wssa.net/wp-content/uploads/RNAi-report_EPA-May-2014.pdf

Urnov, F.D., 2017. Cas9 in action: no more known unknowns? Nature Methods 14, 563–564.

Usher, S., Han, L., Haslam, R.P., Michaelson, L.V., Sturtevant, D., Aziz, M., Chapman, K.D., 
Sayanova, O., Napier, J.A., 2017. Tailoring seed oil composition in the real world: optimising 
omega-3 long chain polyunsaturated fatty acid accumulation in transgenic Camelina sativa. 
Scientific Reports 7, 6570. 

van Dijk, J.P., de Mello, C.S., Voorhuijzen, M.M., Hutten, R.C.B., Arisi, A.C.M., Jansen, J.J., 
Buydens, L.M.C., van der Voet, H., Kok, E.J., 2014. Safety assessment of plant varieties using 
transcriptomics profiling and a one-class classifier. Regulatory Toxicology and Pharmacology 70, 
297–303. 

Voytas, D.F., Gao, C., 2014. Precision genome engineering and agriculture: opportunities and 
regulatory challenges. PLoS Biology 12, e1001877. 

Wang, H., La Russa, M., Qi, L.S. 2016. CRISPR/Cas9 in genome editing and beyond. Annual 
Review of Biochemistry 85, 227-264. 

Wang, K., Li, H., Yuan, Y., Etheridge, A., Zhou, Y., Huang, D., Wilmes, P., Galas, D., 2012. The 
complex exogenous RNA spectra in human plasma: an interface with human gut biota? PloS One, 
7, e51009. 

Wang, L., Yang, L., Guo, Y., Du, W., Yin, Y., Zhang, T., Lu, H., 2017. Enhancing targeted genomic 
DNA editing in chicken cells using the CRISPR/Cas9 system. PloS One 12, e0169768. 

Wang, G., Du, M., Wang, J., Zhu, T.F., 2018. Genetic variation may confound analysis of CRISPR-
Cas9 off-target mutations. Cell Discovery 4, 18. 

Weeks, D.P., 2017. Gene editing in polyploid crops: wheat, camelina, canola, potato, cotton, peanut,
sugar cane, and citrus. In: Weeks, D.P, Yang, B. (eds.) Progress in Molecular Biology and 
Translational Science. Elsevier, 148, Ch. 4, 65–80. 

West, J., Gill, W.W., 2016. Genome editing in large animals. Journal of Equine Veterinary Science 
41, 1–6. 

Wickson, F., Binimelis, R., Herrero, A., 2016. Should organic agriculture maintain its opposition to 
GM? New techniques writing the same old story. Sustainability 8, 1105.

Williams, M.R., Stedtfeld, R.D., Tiedje, J.M. Hashsham, S.A., 2017. MicroRNAs-based inter-
domain communication between the host and members of the gut microbiome. Frontiers in 
Microbiology 8, 1896. 

Wilson, A.K., Latham. J.R., Steinbrecher, R.A. 2006. Transformation-induced mutations in 
transgenic plants: analysis and biosafety implications. Biotechnology and Genetic Engineering 
Reviews 23, 209-237.

Wilson, R. C., & Doudna, J. A. (2013). Molecular mechanisms of RNA interference. Annual 
Review of Biophysics, 42, 217-239. 

47

http://wssa.net/wp-content/uploads/RNAi-report_EPA-May-2014.pdf
https://www.cbd.int/doc/decisions/cop-14/cop-14-dec-19-en.pdf
http://bch.cbd.int/protocol/text/


Witwer, K.W., McAlexander, M.A., Queen, S.E., Adams, R.J., 2013. Real-time quantitative PCR 
and droplet digital PCR for plant miRNAs in mammalian blood provide little evidence for general 
uptake of dietary miRNAs: limited evidence for general uptake of dietary plant xenomiRs. RNA 
Biology 10, 1080-6.

Witwer, K.W., Zhang, C-Y., 2017. Diet-derived microRNAs: unicorn or silver bullet? Genes & 
Nutrition 12, 15. 

Wolt, J.D., Wang, K., Sashital, D., Lawrence-Dill, C.J., 2016. Achieving plant CRISPR targeting 
that limits off-target effects. The Plant Genome 9, doi: 10.3835/plantgenome2016.05.004. 

Woo, J.W., Kim, J., Kwon, S.I., Corvalán, C., Cho, S.W., Kim, H., Kim, S.-G., Kim, S.-T., Choe, S.,
Kim, J.-S., 2015. DNA-free genome editing in plants with preassembled CRISPR-Cas9 
ribonucleoproteins. Nature Biotechnology 33, 1162–1164. 

Yang, J., Farmer, L., M., Agyekum, A.A.A., Hirschi, K.D., 2015. Detection of dietary plant-based 
small RNAs in animals. Cell Research 25, 517–520. 

Yang, J., Primo, C., Elbaz-Younes, I., Hirschi, K.D., 2017. Bioavailability of transgenic microRNAs
in genetically modified plants. Genes & Nutrition 12, 17. 

Yin, K., Gao, C., Qiu, J.-L., 2017. Progress and prospects in plant genome editing. Nature Plants 3, 
17107. 

Zetsche, B., Heidenreich, M., Mohanraju, P., Fedorova, I., Kneppers, J., DeGennaro, E.M., 
Winblad, N., Choudhury, S.R., Abudayyeh, O.O., Gootenberg, J.S., Wu, W.Y., Scott, D.A., 
Severinov, K., van der Oost, J., Zhang, F., 2017. Multiplex gene editing by CRISPR-Cpf1 using a 
single crRNA array. Nature Biotechnology 35, 31–34.

Zhang, G. 2016. Bird sequencing project takes off. Nature (correspondence) 522, 34.

Zhang, L., Hou, D., Chen, X., Li, D., Zhu, L., Zhang, Y., Li, J., Bian, Z., Liang, X., Cai, X., Yin, Y., 
Wang, C., Zhang, T., Zhu, D., Zhang, D., Xu, J., Chen, Qu., Ba, Y., Liu, J., Wang, Q., Chen, J., 
Wang, J., Wang, M., Zhang, Q., Zhang, J., Zen, K., Zhang, C-Y., 2012. Exogenous plant MIR168a 
specifically targets mammalian LDLRAP1: evidence of cross-kingdom regulation by microRNA. 
Cell Research 22, 107-126. 

Zhang, J., Khan, S.A., Heckel, D.G., Bock, R., 2017a. Next-generation insect-resistant plants: rnai-
mediated crop protection. Trends in Biotechnology 35, 871–882.

Zhang, Y., Qin, W., Lu, X., Xu, J., Huang, H., Bai, H., Li, S., Lin, S., 2017b. Programmable base 
editing of zebrafish genome using a modified CRISPR-Cas9 system. Nature Communications 8, 
118. 

Zhao, Y., Cong, L., Lukiw, W.J. 2018. Plant and animal microRNAs (miRNAs) and their potential 
for inter-kingdom communication. Cellular and Molecular Neurobiology 38, 133-140.

Zhou, Z., Li, X., Liu, J., Dong, L., Chen, Q., Liu, J., Kong, H., Zhang, Q., Qi, X., Hou, D., Zhang, 
L., Zhang, G., Liu, Y., Zhang, Y., Li, J., Wang, J., Chen, X., Wang, H., Zhang, J., Chen, H., Zen, K, 
Zhang, C.Y., 2015. Honeysuckle-encoded atypical microRNA2911 directly targets influenza A 
viruses. Cell Research, 25, 39–49. 

Zhu, C., Bortesi, L., Baysal, C., Twyman, R.M., Fischer, R., Capell, T., Schillberg, S., Christou, P., 
2017. Characteristics of genome editing mutations in cereal crops. Trends in Plant Science 22, 38–
52. 

Zischewski, J., Fischer, R., Bortesi, L., 2017. Detection of on-target and off-target mutations 
generated by CRISPR/Cas9 and other sequence-specific nucleases. Biotechnology Advances 35, 
95–104. 

48



Zong, Y., Wang, Y., Li, C., Zhang, R., Chen, K., Ran, Y., Qiu, J.-L., Wang, D., Gao, C., 2017. 
Precise base editing in rice, wheat and maize with a Cas9-cytidine deaminase fusion. Nature 
Biotechnology 35, 438–440. 

Zuo, E., Sun, Y., Wei, W., Yuan, T., Ying, W., Sun, H., Yang, H., 2019. Cytosine base editor 
generates substantial off-target single-nucleotide variants in mouse embryos. Science 364, 289-292.

49


	Summary
	1 Introduction
	2. Principal concerns regarding genetic modification of living organisms
	3. Novel types of GMOs
	3.1 RNAi-based GM crops
	3.2 Synthetic Genomics
	3.3 Cisgenesis and Intragenesis
	3.4 Infrequent commercial applications of GMOs
	Trans-grafting onto GM rootstocks
	Agro-infiltration
	Reverse Breeding


	4. New genetic engineering techniques
	4.1 RNA-directed DNA methylation (RdDM)
	4.2 Genome editing techniques
	Oligonucleotide-directed mutagenesis (ODM)
	CRISPR/Cas, ZFN, TALEN and Meganucleases
	Delivery of the nuclease complex
	Other genome editing applications using CRISPR



	5. Unintended effects of genome editing
	5.1 Off-target effects
	5.2 Unintended on-target effects
	5.3 Detection of off-target and unintended on-target effects at the genomic level
	5.4 Unexpected effects at the organismal level
	5.5 Genome-edited farm animals

	6. Gene drives
	6.1 Potential applications of gene drives and current status
	6.2 Risks of gene drives

	7. Risk assessment for organisms developed through genome editing techniques
	7.1 Risk assessment related to the genome editing process
	7.2 Unexpected effects arising from the insertion of genes, even if subsequently removed
	7.3 Risk assessment related to the trait
	7.4 Broadening the risk assessment
	7.4 Detectability of GMOs developed with new techniques

	8. Conclusions
	References

