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Biosécurité et Biotechnologie

Advice of the Biosafety and Biotechnology Unit (SBB)
concerning genome editing in plants using the CRISPR/Cas9 system

Summary

e The SBB is of the opinion that the genetic modifications achieved in the plants to be released in the
field as described in the present request are similar in type and extent to those that can be obtained
via natural or induced (using chemical or physical agents) mutagenesis. Genome editing in plants
using the CRISPR/Cas9 system as described in the present request can thus be considered as a
form of mutagenesis.

e The SBB is of the opinion that genome editing in plants using the described CRISPR/Cas9 system
does not raise additional safety concerns as compared to the conventional mutagenesis
techniques.

e The SBB is of the opinion that the intermediate plants containing an exogenous T-DNA cassette
encoding the components of the CRISPR/Cas9 system have been developed using a recombinant
nucleic acid technique. They should therefore be considered as GMOs according to the Belgian
Royal Decree on GMOs of 21 February 2005.

e When the T-DNA cassette encoding the components of the CRISPR/Cas9 system has been
effectively segregated away, the SBB is of the opinion that the resulting plants should not be
considered as GMOs in the meaning of the GMO regulatory framework.

e The SBB considers that the mutagenesis induced by the transient presence of the CRISPR/Cas9
system as described in the present request is a technique of genetic modification that does not
involve the use of recombinant nucleic acid molecules or genetically modified organisms in the
meaning of the chapeau of Annex | B of the Belgian Royal Decree on GMOs of 21 February 2005
(Annex | B of Directive 2001/18/EC).

e Provided that the exogenous DNA used in the intermediate step (T-DNA cassette encoding
the components of the CRISPR/Cas9 system) has been effectively removed by segregation,
the SBB concludes that the genetically modified plants to be released in the field as
described in the present request should be considered for exclusion from the scope of the
Belgian Royal Decree on GMOs of 21 February 2005, according to Annex | B of this Decree
(Annex | B of Directive 2001/18/EC).

e This conclusion applies to the field trial under consideration and to all cases where the
CRISPR/Cas9 system is used according to the so-called SDN-1 approach, i.e. to generate site-
specific mutations (small nucleotide deletions and/or insertions - indels — at one target site, or
deletions, duplications or inversions of DNA sequences between two target sites) without the
simultaneous delivery of exogenous DNA (DNA template or full gene).

e This conclusion applies only to the above-mentioned applications of the CRISPR/Cas9 technology
in plants.

e This advice is delivered without prejudice to any further legal interpretation of the terms and
provisions of the EU GMO directives (2001/18/EC and 2009/41/EC) adopted at Belgian or EU level.
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Background

On 16 June 2016 the Biosafety and Biotechnology Unit (SBB) received a request to advise the Federal
Competent Authority (Federal Public Service (FPS) Health, Food Chain Safety and Environment) about
the GMO status within the meaning of the Belgian Royal Decree of 21 February 2005 (AR-KB, 2005) of
certain plants genetically modified using the CRISPR/Cas9 technique.

This request was made following a question from a Belgian research institute whether or not the GMO
regulatory framework should be applied for field trials with certain CRISPR/Cas9-modified plants.

To substantiate the request a short description of the plants to be tested in the field was provided by the
Belgian research institute. The plants described were transformed using disarmed Agrobacterium
tumefaciens with CRISPR/Cas9 containing T-DNA constructs. As a result of the cell's natural DNA-
repair process at the double strand breaks induced by the CRISPR/Cas9 system (and without the use
of exogenous homologous DNA template) point mutations or short deletions were created at target loci
in the plant genome. Once the targeted genomic changes have been achieved, the introduced T-DNA
constructs containing the components of the CRISPR/Cas9 system were removed by segregation to
generate plants (those to be tested in the field) that do not contain exogenous DNA anymore.

To prepare its advice the SBB has taken into consideration the information provided by the Belgian
research institute, as well as the scientific literature and other relevant information dealing with genome-
editing techniques (summarized in the introduction below).

Introduction
Plant breeding: From natural mutations to conventional mutagenesis

Genetic variation is common in plant species as a result of several factors including retrotransposons
(“jumping genes”), single base pair polymorphisms (SNPs), horizontal gene transfer and mutations.
This extensive genetic variation served as a basis to select new plant varieties.

Mutations occur naturally and sometimes result in the development of new beneficial traits. However,
the frequency of such mutations (e.g. not more than 10°to 10°® per gene or locus in one plant
generation) is too low to rely on for accelerated plant breeding (EFSA, 2012).

Since World War 11, the application of mutation techniques (mutagenesis) has generated a vast amount
of genetic variability and is playing a significant role in plant breeding. Mutation breeding is particularly
valuable in those crops with restricted genetic variability or where introgression of genes from wild
relatives is difficult and time-consuming. The widespread use of mutation techniques in plant breeding
programmes throughout the world has generated more than 3200 officially released mutant varieties
from 214 different plant species (FAO/IAEA Mutant Variety Database, https://mvd.iaea.org/).

Conventional mutagenesis techniques are based on the fact that chemicals (such as ethyl methane
sulphonate — EMS) or irradiation (non-ionising - e.g. UV - or ionising radiation - e.g. X-rays, gamma
rays) induce damage to DNA, including double-strand breaks (DSBs), that is not always faithfully
repaired. Two mechanisms of DSB repair can be used by the cell, the non-homologous end joining
(NHEJ) pathway or homologous recombination (HR)-based repair. In eukaryotic somatic cells, including
plant cells, the NHEJ pathway is generally preferred (EFSA, 2012). The NHEJ repair simply re-joins the
broken DNA ends without the use of a homologous template. This can result in unfaithful repair,
creating nucleotide insertions and/or deletions (indels). HR plays a major role during meiosis. During
HR, nucleotide sequences are exchanged between two very similar or identical DNA molecules.

Although conventional mutagenesis has been widely applied, there are two serious limitations to the
use of induced physical and chemical mutagenesis (EFSA, 2012): (i) the deleterious effects associated
with most newly introduced mutations and (ii) the untargeted and unspecific character of the processes.
From a large mutagenized population, extensive selection and backcrossing is subsequently required to
identify desirable phenotypes and eliminate the undesirable ones.
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Genome-editing techniques

During the past decade, genome-editing (or gene-editing) techniques have been developed that allow
the direct modification of the plant genome at specific locations. They generally use nucleases that
cleave DNA at specific sites and trigger the plant’s own repair mechanisms. These so-called “site-
directed nuclease” (SDN) techniques are evolving continuously and rapidly, both in terms of their
applications and the types of nucleases used. The later include zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENS), meganucleases (MN) and the clustered
regularly interspaced short palindromic repeat (CRISPR/Cas9) system.

Applications of the SDN techniques are generally grouped in three categories (figure 1):

- In SDN-1 applications, only the SDNs are introduced (stably or transiently), generating site-specific
point mutations, short insertions/deletions (indels) or excision by NHEJ.

- In SDN-2 applications, a homologous repair DNA template (donor DNA) is introduced together with
the SDN complex to induce specific nucleotide sequence changes by HR. This approach can result in
minor or more substantial changes to the nucleotide sequences of the target gene.

- In SDN-3 applications, a large stretch of exogenous donor DNA (up to several kilobases) is introduced
together with the SDN complex to target DNA insertion into a predefined genomic locus. The insertion
can take place either by HR or by NHEJ.

SDN complex at target site
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? = == T BT —
t ' 1 d ' i
random repair gene modification DNA insertion
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Figure 1: Applications of site-directed nuclease (SDN) techniques (Source: EFSA, 2012)

The components of the SDN system (nuclease and possibly guide RNA) can be delivered into the plant
cells in different ways. A commonly used approach involves the stable integration and constitutive
expression of the SDN-encoding gene(s) into the host genome. Once the SDN-mediated targeted
mutation of the plant genome has been achieved, the introduced SDN gene(s) can be removed by
segregation.

To circumvent the integration of SDN encoding sequences as foreign DNA, transient delivery can be
achieved using for example non-integrative DNA-based expression plasmids, some viral vectors or
nuclease encoding mRNAs. In some cases, the components of the SDN system themselves can be
delivered (see e.g. Woo et al., 2015 and Subburaj et al., 2016 for CRISPR/Cas9).

The CRISPR/Cas9 system
CRISPR is an acronym for “clustered regularly interspaced short palindromic repeats” and Cas9 is a

nuclease associated with CRISPR. The CRISPR/Cas9 system is derived from the adaptive immune
system of some bacteria and represents the most recent generation of genome editing techniques. Site-
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specific modification is achieved by a single guide RNA (sgRNA, usually about 20 nucleotides) that is
complementary to a target gene or locus and is anchored by a protospacer adjacent motif (PAM). Cas9
nuclease then cleaves the targeted DNA to generate double-strand breaks, eliciting a response from
the cells’ DNA repair machinery.

In plants, the use of the CRISPR/Cas9 system is recent but the number of applications of this system
as a genome engineering tool is increasing rapidly (see e.g. reviews by Bortesi and Fischer, 2015; Luo
et al., 2016; Song et al., 2016).

Plant genome editing and off-target mutations

Specificity is an important endeavour for all genome editing technologies, including CRISPR/Cas9
(Marx, 2014). Sequence-specificity of SDN is not absolute and cleavage can occur at sites similar to but
different from the target site. Since this could possibly result in unintended mutations or translocations,
efforts have been done to predict and reduce such off-target activity (COGEM, 2014; Pauwels et al.,
2014). In relation to the CRISPR/Cas9 system such efforts focus on the sgRNA and the PAM motif that
were shown to predominantly confer target specificity of the system. Off-target effects associated with
the CRISPR/Cas9 system can also be minimised by selecting target sequences that have reduced
numbers of off-target homologues in the genome (bioinformatics tools can be used for that purpose).
Novel types of Cas9 proteins have also been discovered that could contribute to reduce ‘off-site’
targeting (Belhaj et al., 2013; Song et al., 2016).

In plants, the few studies published so far reported low to negligible off-target activity compared to
animal systems (Belhaj et al., 2015, Weeks et al., 2016). In any case, the frequency of off-target
mutations caused by the SDN-1 approach is considered to be well below the frequency of unwanted
mutations resulting from chemical or physical mutagenesis agents, for example, one mutation per 150
kbp can be effected by EMS treatment in Arabidospsis (EFSA, 2012; Green et al., 2003; Podevin et al.,
2012). Furthermore, as in conventional breeding, unintended mutations can be segregated away during
the selection and breeding process.

Regulatory considerations

Under the GMO legislation, a genetically modified organism is “an organism [...] in which the genetic
material has been altered in a way that does not occur naturally by mating and/or natural
recombination” (AR-KB, 2005; EU, 2001). This definition is intrinsically linked to:

- A non-exhaustive list of techniques of genetic modification leading to a GMO (Annex | A, Part 1 of AR-
KB, 2005). It includes recombinant nucleic acid techniques, techniques in which genetic material
prepared outside the organism is introduced directly into the organism (for example by microinjection),
and cell fusion or hybridisation techniques where live cells with new combinations of heritable genetic
material are formed,

- A list of techniques/methods of genetic modification yielding organisms to be excluded from the
Directive (Annex | B of AR-KB, 2005), which includes mutagenesis. The exclusion of these
techniques/methods is possible only on the condition that they do not involve the use of recombinant
nucleic acid molecules or GMOs.

Plants genetically modified by conventional mutagenesis techniques are therefore exempted from the
EU GMO legislation. The main argument underlying this exemption is that these techniques have
conventionally been used in a number of applications and have a long safety record (recital 17 of
Directive 2001/18/CE).

The regulatory status of genome-edited organisms is a matter of intense discussion by regulators and
the scientific community (see e.g. Podevin et al., 2012; Wolt et al., 2016). In relation to the SDN-1
approach the question is whether applications of the system fall under the definition of genetic
modification (and therefore under the GMO legislation) or whether they could be exempted from the
GMO legislation by analogy to conventional mutagenesis.

From a science-based perspective, there are arguments supporting the view that the SDN-1 approach
can be considered a form of mutagenesis (ACRE, 2013; EFSA, 2015; Lusser and Davies, 2013;
NTWG, 2012) and that the resulting organisms are not likely to differ from products obtained by
conventional breeding or conventional mutagenesis in terms of risks posed to human health or
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environment, especially if the transgenes for the machinery used for genome editing are absent from
the final product (Podevin et al., 2013). It was also pointed out that in many cases such organisms
cannot be distinguished from non-modified organisms, raising questions about the enforceability of the
GMO regulations (COGEM, 2014, Lusser et al., 2012; Lusser and Davies, 2013). These arguments, in
addition to others linked to the interpretation of the GMO legislation, led several EU member states to
conclude that organisms obtained by the SDN-1 approach should be considered for exclusion from the
GMO legislation (ACRE, 2013; BVL, 2015; HCB, 2016; Schaart and Visser, 2009; SWE, 2015). For
others a precautionary approach should be adopted, taking into account the uncertainties and limited
knowledge on the mode of action of certain types of modifications (Eckerstorfer et al., 2014).

Scientific assessment
Concerning the genetically modified plants to be released in the field

The SBB is of the opinion that the applications of the CRISPR/Cas9 system to develop the plants to be
released in the field as described in the present request fall within the SDN-1 approach, i.e. an
approach used to generate site-specific mutations (small nucleotide deletions and/or insertions -

Indels - at one target site, or deletions, duplications or inversions of DNA sequences between two target
sites) via the transient presence of the CRISPR/Cas9 components.

The alterations of the genetic material (mutations) in the plants to be released in the field do not make
use of an exogenous DNA template and occur via non-homologous end joining (NHEJ), which is a cell’'s
own error-prone process that frequently results in small sequence insertions or deletions (indels).

The type of genetic modifications obtained is not similar to the type of genetic modifications that are
usually obtained using recombinant nucleic acid techniques, direct introduction of heritable material
prepared outside the organism, or cell fusion or hybridisation techniques.

The type and extent of genetic modifications obtained is similar to what can be obtained by chemical
mutagenesis, by irradiation or by spontaneous natural mutations, and are not distinguishable from
them. The genetic modifications are a result of the cellular DNA repair mechanisms of the host and can
occur naturally.

Off-target changes induced by applications of the CRISPR/Cas9 system as described in the present
request are of the same type as those changes produced by conventional breeding techniques,
therefore not raising additional safety concerns. Moreover, unintended mutations can be segregated
away during the selection and breeding process.

Applications of the CRISPR/Cas9 system as described in the present request can be considered a
refinement of the conventional mutagenesis (using chemicals or ionizing radiation) with an increased
specificity and fewer unintended effects. According to the GMO legislation conventional mutagenesis
encompasses techniques of genetic modification that have conventionally been used in a number of
applications and have a long safety record.

Concerning the intermediate genetically modified plants containing the T-DNA

At an early and intermediate step in the development of the plants to be released in the field a T-DNA
cassette encoding the components of the CRISPR/Cas9 system is stably introduced into the plant
genome. The SBB is of the opinion that the corresponding intermediate plants have been developed
using a recombinant nucleic acid technique. They should therefore be considered as GMOs and their
potential risks for human health and the environment assessed accordingly.

When the T-DNA cassette encoding the components of the CRISPR/Cas9 system has been effectively
segregated away, the SBB is of the opinion that the resulting plants should not be considered as GMOs
in the meaning of the GMO regulatory framework.

It is the responsibility of the user to ensure that these resulting plants are effectively free of exogenous
DNA.
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The SBB considers that the development of the GM plants containing the T-DNA cassette on the one
hand, and the mutagenesis induced by the transient presence of the CRISPR/Cas9 system on the other
hand, are two distinct technical processes. The mutagenesis does not involve per se the use of
recombinant nucleic acid molecules or genetically modified organisms (the components of the
CRISPR/Cas9 system can be delivered by other means into the plant cells).

Conclusions

In the light of the above-mentioned considerations the SBB is of the opinion that:

e From a science-based perspective, the applications of the CRISPR/Cas9 system using the SDN-1
approach as described in the present request are a form of mutagenesis and do not raise additional
safety concerns as compared to conventional mutagenesis techniques.

e The mutagenesis induced by the transient presence of the CRISPR/Cas9 system as described in
the present request is a technique of genetic modification that does not involve the use of
recombinant nucleic acid molecules or genetically modified organisms in the meaning of the
chapeau of Annex | B of the Belgian Royal Decree on GMOs of 21 February 2005 (Annex | B of
Directive 2001/18/EC).

The SBB therefore concludes that provided that the exogenous DNA (T-DNA cassette encoding the
components of the CRISPR/Cas9 system) used in the intermediate step has been effectively removed
by segregation, the genetically modified plants to be released in the field as described in the present
request should be considered for exclusion from the scope of the Belgian Royal Decree on GMOs of 21
February 2005, according to Annex | B of this Decree (Annex | B of Directive 2001/18/EC).

This conclusion applies also to all cases where the CRISPR/Cas9 system is used in plants according to
the SDN-1 approach.

This opinion is delivered without prejudice to any further legal interpretation of the terms and provisions
of the EU GMO directives (2001/18/EC and 2009/41/EC) adopted at Belgian or EU level.
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