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SCIENTIFIC COMMITTEE
SCIENTIFIC OPINION
In response to the referral of 2 July 2020
concerning the draft decree
amending Article D.531-2 of the French Environment Code1
Paris, 29 June 2020

On 2 July 2020 the High Council for Biotechnology (HCB) was asked jointly by the Minister for the
Ecological and Inclusive Transition, the Minister for Agriculture and Food and the Minister for Higher
Education, Research and Innovation to provide an opinion on the draft decree amending the list of
genetic modification techniques having conventionally been used without proven harm to public
health or the environment.
In response to this referral, the HCB Scientific Committee2 set up a working group3 of experts selected
for their expertise in the subjects required.
This opinion was prepared on the basis of the preparatory work by these experts. It was discussed
and adopted at a face-to-face and videoconference meeting on 29 June 2020 under the chairmanship
of Jean-Christophe Pagès, and sent to the competent authorities on 7 July 2020.4
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The referral is contained in Appendix 1.
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The composition of the HCB Scientific Committee and the procedure for preparing the opinion are given in Appendix 2.
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The composition of the Scientific Committee working group and its working methods are given in Appendix 3.
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ABBREVIATIONS
ALS: Acetolactate synthase
Anses: French Agency for Food, Environmental and Occupational Health and Safety
BER: Base excision repair
Cas9: CRISPR-associated protein 9
CRISPR: Clustered, regularly interspaced, short palindromic repeats
EESC: HCB Economic, Ethical and Social Committee
EFSA: European Food Safety Authority
EMS: Ethyl methanesulfonate
ENU: Ethyl nitrosourea
FAO: Food and Agriculture Organization of the United Nations
GMO: Genetically modified organism
HCB: High Council for Biotechnology
HR: Homologous recombination
IAEA: International Atomic Energy Agency
MMR: Mismatch repair
MNU: Methyl nitrosourea
NER: Nucleotide excision repair
NHEJ: Non-homologous end joining
ROS: Reactive oxygen species
SA: Sodium azide
SNP: Single-nucleotide polymorphism
TILLING: Targeting Induced Local Lesions IN genomes
WG: Working group
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GLOSSARY
Callus: A mass of undifferentiated cells.
Doubled haploid: Haploid (defined below, see Ploidy) whose chromosomes have doubled in number
spontaneously or after treatment with inductive substances such as colchicine.
Genetically modified organism: An organism, with the exception of human beings, in which the
genetic material has been altered in a way that does not occur naturally by mating and/or natural
recombination (from the definition in Directive 2001/18/EC.5 The definition is accompanied by a nonexhaustive list of techniques of genetic modification, an exhaustive list of techniques not considered
to result in genetic modification, and an exhaustive list of techniques of genetic modification yielding
organisms to be excluded from the directive).
Genotype: The genotype of a cell or individual refers to its DNA sequence. It reflects the allelic
composition of all the cell’s or individual’s genome sequences or the sequence of a genome
fragment.
Genotyping: Determining the genotype.
Imidazolinones: A herbicide family inhibiting acetolactate synthase (ALS), an enzyme needed to
synthesise valine, leucine and isoleucine.
Induced mutagenesis / Spontaneous mutagenesis: Induced mutagenesis results from use of a
mutagen or mutagenesis method. Spontaneous mutagenesis does not depend on addition of an
agent and occurs naturally owing to the characteristics of living organisms (living organisms are
characterised by their innate ability to mutate).
Microspore: Haploid cell produced by meiosis, yielding a male gametophyte.
Mutagen, mutagenic agent: A physical, chemical or biological agent that induces a molecular change
in DNA, which could result in a mutation.
Mutagenesis: Process of mutation formation.
Mutagenise: Treat a cell or individual with a mutagen.
Phenotype: Visible characteristics (morphology, ability to survive in a particular environment, etc.)
and biological characteristics (resistance to a molecule or pathogen, specific metabolism, etc.) of a
cell or individual. A variety’s agronomic characteristics are part of its phenotype. The phenotype is
the result of the expression of the genotype in a given environment.
Phenotyping: Determining the phenotype.
Ploidy, haploidy, diploidy, polyploidy, aneuploidy: Ploidy is the number of complete chromosome
sets in a given cell or individual, irrespective of the number of chromosomes in the species. For a
species with a set of n chromosomes, a haploid cell or individual has a single set of chromosomes, n
(1n), a diploid cell or individual has 2n and a polyploid cell or individual xn. An individual or cell is
aneuploid if its chromosomal content is abnormal, because one of its chromosome sets is
incomplete, because one or more additional chromosomes are present or due to translocation
(exchange of chromosome segments).
Polymorphism: Sequence polymorphism arises from a mutation event or events and manifests as
variation between individuals or within an organism after somatic mutation. It is represented by a
value between 0 (none) and 0.99 for each sequence (1 would mean that there was no reference
sequence). A polymorphism is defined by its position in the genome and its sequence. The fact that a
5 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.
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32001L0018:EN:HTML
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sequence is polymorphic does not presuppose that each of the different molecular forms is
associated with differences in phenotype.
Positive selection, purifying selection: Once a mutation appears, it can be subject to selection,
particularly if it is associated with a phenotype variation. Such selection depends on environmental
conditions and the effect of the mutation. Selection is called purifying if it leads to removal of the
mutation and positive if it gives an advantage to its bearer, which tends to increase the rate of
polymorphism.
Protoplast: Wall-less plant cell, obtained by digestion of the pectocellulosic wall.
Random mutagenesis / Targeted mutagenesis: Mutation formation can be either random (not sitespecific at the molecular scale) or targeted (specific to a given target sequence).
Regeneration: In plant biology, regeneration denotes development of a complete plant from a cell
(or group of cells) by successive cell divisions.
Somaclonal variation: Any genetic or epigenetic variation produced by growing tissues or cells in
vitro.
Totipotency: Capacity of an undifferentiated or incompletely differentiated cell to retain all its
potential and produce every type of cell constituting an individual.
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SUMMARY6
Following the government referral asking HCB to provide an opinion on the draft decree amending
the French Environment Code,7 the HCB Board put the following question to its Scientific Committee:
‘In biological terms, how does in vitro random mutagenesis as defined by the decree differ from
other plant breeding techniques?’ According to the draft decree, in vitro random mutagenesis
consists in ‘subjecting plant cells cultivated in vitro to chemical or physical mutagenic agents’. To
answer this question, the Scientific Committee has specifically i) evaluated how in vitro random
mutagenesis as defined by the draft decree might constitute a technique in its own right, which, for a
specific reason, would warrant being treated differently from other applications of random
mutagenesis and other applications of in vitro culture deemed to be conventional methods of plant
breeding, and ii) studied to what extent and for how long in vitro random mutagenesis has been used
in plant breeding.
The Board set up a working group (WG) of three Scientific Committee members, which was
responsible for the preliminary analysis prior to the committee’s work. The WG examined the
literature and called upon outside scientific expertise from recognised researchers in fields relating
to the question asked, particularly cell biology.
The Scientific Committee notes that the term ‘plant cells’ is ambiguous and open to interpretation.
On the basis of the working group’s work, the Scientific Committee decided in its opinion to restrict
the term ‘plant cells’ to single cells, excluding multicellular entities.
To identify possible differences, the assessment has covered four groups of plant breeding
techniques: in vivo mutagenesis, in vitro culture without mutagens, in vitro mutagenesis of
multicellular entities and in vitro mutagenesis of single plant cells. For each technique, the WG
collected data detailing the type of material used, the specific features of application, its history, the
mutagens used, the genetic variability induced, the molecular mechanisms involved and the
phenotypes generated.
Key points
Induced mutagenesis, applied to many species (over 3,300 mutants cited in the non-exhaustive IAEA
database in 2020) using physical mutagens (from the early 20th century) and chemical mutagens
(latter half of the 20th century), is intended to increase mutation frequency in comparison with
spontaneous mutations. The object is to reduce the number of individuals that have to be
phenotyped/genotyped to find mutants of agronomic interest. Induced mutagenesis is easy to use
and is mainly employed to modify traits that are determined by one or just a few major genes.
In vitro mutagenesis of multicellular entities was developed in the 1960s and 1970s mainly for
physical treatment under aseptic conditions to take advantage of the ability of some species to
regenerate whole plants.
Mutagenesis followed by in vitro selection of plant cells, introduced for tobacco in 1974, is still
relatively little used, since it presupposes expression of the desired trait in the cell colony derived
from the cell subjected to mutagenesis. The easiest selection screen to use is resistance to a toxic
molecule (herbicides, parasite toxins, etc.). This in vitro approach has the advantage of allowing
selection from a very large number of entities (several billion cells) and thus increasing the chances
of selecting a rare event.
6

This summary is not a substitute for the full analysis contained in this opinion.

Draft decree amending the list of techniques for obtaining genetically modified organisms that have conventionally been used without
proven harm for public health or the environment.
7
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Various in vitro culture techniques have been developed and used in plant breeding, including
production of doubled haploids by microspore culture for oilseed rape, which has made it possible to
create varieties marketed on a large scale, starting with Goéland in 1992; according to a French
Academy of Agriculture survey in 2017, the great majority of oilseed rape varieties grown in France
are produced from microspore culture. This technique makes it possible to generate homozygous
populations of plants carrying dominant or recessive mutations that can then be phenotyped directly
in field conditions for trait selection.
In biochemical terms, induced mutagenesis, whether applied in vivo or in vitro, increases the
frequency of DNA modifications in comparison with the frequency of spontaneous mutations.
Because of the special environmental conditions associated with in vitro culture (culture media,
oxygenation, climatic environment of growth chambers, etc.), cell or tissue culture – especially over a
long period and in an undifferentiated state – induces the same type of mutations, but at a lower
rate. It should be noted that these conditions can also lead to epigenetic adaptation mechanisms.
The DNA repair mechanisms activated by the damage caused by a mutagen and/or culture conditions
are the same whether cells are grown in vitro or in vivo. It follows that the mutations observed are
biochemically identical. However, their type, frequency, and therefore the frequency with which
each gene may show a mutation depend not only on the mutagen used but also its dosage, the
genotype and the culture conditions.
Regarding phenotypes
Because the biochemical mechanisms resulting in mutations are the same for spontaneous
mutations, for induced mutagenesis (both in vivo and in vitro) and for in vitro culture (somaclonal
variations) – since each mutagen tends to cause one of the forms of spontaneous mutagenesis – the
same types of genetic and phenotypic variant may be expected, whatever the approach. The choice
of approach will depend on the expected rate of induced mutations, the regenerative ability of the
material used in vitro and, above all, the conditions/stages and ease of selection of the desired
phenotype.
For example, mutations in the acetolactate synthase gene, which confers tolerance to some
herbicides, have been obtained in oilseed rape by in vitro random mutagenesis of microspores with a
mutagen but also from protoplast culture without a mutagen, as well as spontaneously in the field.
The Scientific Committee regrets that the draft decree has focused on a set of techniques deemed
potentially harmful with no scientific basis, and without addressing the environmental impact, or
even the potential social, ethical and economic consequences8 of the traits generated, however
produced.
The Scientific Committee notes that, in the absence of molecular differences and given the current
state of monitoring methods based on molecular biology techniques, it would be very complicated to
trace and attribute mutations to a particular breeding technique.
In conclusion, the HCB Scientific Committee has found no biochemical differences between
mutations, whether obtained spontaneously or by in vitro or in vivo random mutagenesis, in single
cells or multicellular entities. Nor are there any differences between the phenotypes resulting from
these techniques. It is only the ease of selection and the likelihood of producing these mutations
that vary.

8

These are the province of the Economic, Ethical and Social Committee.
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1.

Introduction
1.1.

Background

This referral follows on from a question raised in a letter to the Prime Minister in late 2014
concerning regulation of herbicide-tolerant varieties. Since the government’s failure to reply
amounted to an implied rejection, the organisations behind the letter requested a ruling from the
Conseil d’État. In its decision of 3 October 2016, the latter referred four questions to the Court of
Justice of the European Union (CJEU) for a preliminary ruling and stayed the proceedings pending a
reply to its questions.
Following the CJEU judgment of 25 July 2018 delivered under the preliminary ruling procedure and
clarifying the scope of Directive 2001/18/EC, the Conseil d’État, in its ruling of 7 February 2020,
ordered the Prime Minister to amend Article D.531-2 of the French Environment Code within six
months by laying down by decree an exhaustive list of mutagenesis techniques or methods
conventionally used in a number of applications and having a long safety record.
On 30 April 2020 the French authorities notified the European Commission of a draft decree
amending the list of techniques yielding GMOs that have conventionally been used without proven
harm to public health or the environment. Amongst other things, the draft decree provides that ‘in
vitro random mutagenesis consisting in subjection of plant cells cultivated in vitro to chemical or
physical mutagens’ shall be excepted from the exemption of mutagenesis from the scope of GMO
regulation.
1.2.

Referral of 2 July 2020

Under Article L.531-2, the list of techniques generating organisms exempt from the scope of GMO
regulation must be laid down by decree after HCB has been consulted.
Given that an HCB opinion was due to be sent to the competent authorities no later than 7 July 2020
to allow for a month-long public consultation prior to adoption of the decree, which itself was
supposed to happen by 7 August 2020 in order to comply with the Conseil d’État ruling of 7 February
2020, the HCB President expressed concern to the competent authorities regarding the referral that
he was supposed to receive.
For want of a signed referral, the HCB President obtained the approved text of the referral to HCB on
9 June 2020. The finalised referral, dated 2 July 2020 – and received electronically on 3 July – is
contained in Appendix 1.
In this referral, after briefly outlining the background, the Minister for the Ecological and Inclusive
Transition, the Minister for Agriculture and Food and the Minister for Higher Education, Research
and Innovation jointly asked HCB to provide an opinion on the draft decree amending the list of
genetic modification techniques having conventionally been used without proven harm to public
health or the environment, and on the two draft orders relating to the decree, without asking a
specific question. They also drew attention to the fact that an HCB opinion consisted of an opinion
from the Scientific Committee and recommendations from the Economic, Ethical and Social
Committee (Appendix 1).
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1.3.

HCB process

Once the definitive text of the referral had been received on 9 June 2020, the HCB Board met to
determine the process for addressing it.
Given the time constraints, the Board decided, for each committee, to (1) determine an issue to
address, (2) set up a working group,9 and (3) hold an additional meeting, so that an HCB opinion,
consisting of a Scientific Committee opinion and EESC recommendations, could be delivered to the
competent authorities by the first week of July.
Two joint videoconferences were held by the two working groups, one to initiate work on the
referral on 10 June and the other for an update and discussion between the two groups on 18 June.
In addition to these joint meetings, each working group met as often as necessary to fulfil its remit
and as often as possible in the time available.10
The HCB annual plenary meeting scheduled for 24 June was an opportunity for each of the working
groups to present its work and hear the initial impressions and contributions of HCB members.
Each working group then finalised its own work before submitting it to its respective committee on
26 June in the form of a draft opinion for the Scientific Committee and draft recommendations for
the EESC, the former being considered at a Scientific Committee meeting on 29 June and the latter at
an EESC meeting on 1 July.
1.4.

Question for the Scientific Committee

Given the first article of the draft decree, the Board put the following question to the Scientific
Committee: ‘In biological terms, how does in vitro random mutagenesis as defined by the decree
differ from other plant breeding techniques?’
According to the draft decree, in vitro random mutagenesis consists in ‘subjecting plant cells
cultivated in vitro to chemical or physical mutagenic agents’.
The working group took note of the Board’s question and the definition in the draft decree, whilst
finding the need (1) to clarify the various terms used, since they did not have their usual meanings in
the field of research and plant breeding, and (2) to translate the question into more practical terms.
1.5.

Defining terms and translating the question

The term ‘in vitro random mutagenesis’ does not denote a particular technique commonly serving as
a point of reference for researchers and breeders but covers a set of mutagenesis techniques applied
in a number of ways under in vitro culture conditions. Moreover, its definition in the draft decree
(‘subjecting plant cells cultivated in vitro to chemical or physical mutagenic agents’) is neither selfevident nor unambiguous and calls for clarification of the question being asked. The brief definitions
and descriptions given in this introduction will be expanded and elaborated in the course of this
opinion.
Mutagenesis is the process whereby mutations, or modifications, are generated in the DNA
sequences that make up the genetic material of a cell or individual. It may be spontaneous, caused
by natural agents (exogenous or endogenous), or induced, caused by mutagens (chemical, physical or
biotechnological), which are used in plant breeding to increase genetic variability in plants in order to
select for new traits and, subsequently, varieties of agronomic interest.

9

The composition of the Scientific Committee working group is given in Appendix 3.

The procedure for preparing the Scientific Committee opinion, including the dates of the Scientific Committee working group meetings, is
given in Appendix 3.
10
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For almost a century, induced mutagenesis, caused by physical or chemical mutagens, was purely
random, as is spontaneous mutagenesis. It is only since the development of targeted mutagenesis
techniques employing site-directed nucleases, such as those used in the CRISPR-Cas9 system, making
it possible to target mutations in the genome, that non-directed mutagenesis has been described as
random.
Lastly, mutagenesis techniques can be applied in different contexts and to different materials. They
were originally used in vivo, but with the development of in vitro methods the inherent benefits of
changing to the latter have been exploited in many processes, including mutagenesis. The following
sections will shed light on the specific conditions in which it is worth applying in vitro mutagenesis
techniques to certain plant materials of certain species. Here, mutagenesis techniques can be applied
to a wide range of in vitro plant materials varying in differentiation and structure, covering not only
single cells but also whole plants, as well as calli, tissues and organs.
Thus the draft decree’s expression ‘plant cells cultivated in vitro’ is ambiguous. It is not clear which
plant cells are concerned. To clarify the scope of this expression, the working group suggested that
the definition be restricted to single cells (e.g. cell suspensions, protoplasts (cells without their
pectocellulosic walls) and microspores (the only naturally isolated cells in the plant)). The working
group’s interpretation distinguishing single cells from other types of plant material is also based on a
shared property specific to single cells exposed to mutagens: absence of chimaerism in regenerated
tissues. However, single cells in culture are in a transient state, which disappears when they first
divide and form more or less compact masses of undifferentiated cells, known as calli, or embryos.
The term ‘plant cells’ in the draft decree is therefore hard to define unambiguously. A clearer
definition might have been expected from the draft decree.
‘Plant breeding’ means the whole range of processes used to improve the genetic potential of plants.
Creation of genetic variability, using mutagenesis for example, is one of these processes, as are
selection stages. The working group was of the opinion that the most relevant plant breeding
techniques for comparison with the techniques covered by the decree were the other techniques of
random mutagenesis and in vitro culture.
Thus the working group translated the Board’s question into the implicit question: ‘Is in vitro random
mutagenesis as defined by the draft decree a technique in its own right, which, for a specific reason,
would warrant being treated differently from other applications of random mutagenesis and other
applications of in vitro culture deemed to be conventional methods of plant breeding?’
A further question, considered important for addressing the referral, is: ‘To what extent and for how
long has in vitro random mutagenesis been used in plant breeding?’ The working group set out to
provide information on the history of in vitro application of random mutagenesis techniques,
particularly for plant cells within the meaning ascribed to the draft decree.
1.6.

Working methods

To identify any specific features of random mutagenesis techniques applied to plant cells in vitro, the
working group used a number of criteria to compare the following:
-

Random mutagenesis techniques applied to plant cells in vitro,
Random mutagenesis techniques applied to other plant materials in vitro,
Random mutagenesis techniques applied in vivo,
Applications of in vitro culture (without agents intended to induce mutations),

with additional reference to spontaneous mutations.
A related objective was to consider whether there was any possible interaction between in vitro
culture and random mutagenesis and to find any information enabling such a hypothesis to be
tested.
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To make its assessment more pertinent and improve the effectiveness of its work in the time
available, the working group called on recognised researchers,11 selected for their expertise in fields
relating to the question asked, particularly cell biology.
The investigation was given structure by a comparison chart, intended mainly to clarify definitions of
different techniques and plant materials and to establish and then refine the proposed criteria for
comparison by relevance in order to highlight any differences between or common features of in
vitro random mutagenesis of plant cells and the other techniques proposed. Two main criteria for
comparison were chosen: induced genetic and epigenetic variability and induced phenotypes.

2.

Mutagenesis in plant breeding
2.1.

Different sources of genetic variability in plant breeding

Genetic improvement of a trait depends on the effectiveness of selection schemes in accumulating
favourable alleles through recombination, the quality of phenotyping or even genotyping, and above
all on the genetic variability available. Increasingly sophisticated selection concepts, methods and
tools have gradually been developed to increase the cost-effectiveness of using genetic diversity to
breed traits of agronomic interest; they include Mendelian genetics, quantitative genetics,
mutagenesis, in vitro culture, transgenesis, genomics, and phenotyping technologies, which have
evolved considerably in recent years.
Mutations contribute to creating this genetic diversity through point or structural changes to the
nuclear or cytoplasmic DNA sequence. These mutations affect both somatic cells and germ cells.
Spontaneous mutations (roughly one mutation in every 100 million base pairs in each generation
whatever the living organism12 (Huang et al., 2016; Krasovec et al., 2019; Ossowski et al., 2010;
Rahbari et al., 2016) are caused by DNA copying errors13 during cell division, by irradiation (ultraviolet, cosmic radiation), by chemical or physical stress, or even by parasite attacks (Cui et al., 2017;
Lucht et al., 2002). These mutations have made a significant contribution to the lengthy processes of
evolution, speciation, domestication and adaptation of crop species to their environments and to
farming methods. These mutations have been selected either naturally or under selection pressure
exercised by human beings according to the objectives pursued. The genome of a variety, even a
variety said to be stable, is thus not fixed but evolves slowly over time.
Genetic diversity in a bred species is thus the result of a lengthy process of evolution and prior
selection within the species. A breeder has partial access to this genetic diversity through
international genetic resource centres, which have accessions of both cultivars and wild ecotypes. A
breeder may also seek to introduce genetic diversity from sexually compatible related species by
interspecific hybridisation.
2.2.

Mutations caused by random mutagenesis

In some cases, when there is insufficient genetic diversity available in a species or its relatives to
select for a given trait, such diversity can be produced through mutagenesis, the object being to
increase significantly the rate of mutations controlling trait expression in relation to the frequency of

11

The researchers who agreed to answer our enquiries within the given timeframe are named in Appendix 3.

12

Mean frequency for eukaryotes; bacteria have lower mutation rates.

In the course of replication a nucleotide that is not complementary to the model may be incorporated in the synthesised sequence
during synthesis of the second strand; the nucleotide incorporated will be complementary to this nucleotide and not identical to the
source.
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spontaneous mutations (by approximately 1,000 to 10,000 times), thus facilitating selection of the
desired traits by considerably reducing the number of entities to be used.
Mutations are usually recessive, that is, they do not confer a particular phenotype on a cell or
individual carrying them in a heterozygous state. Most are also silent, since, even if homozygous,
they do not result in phenotypic modification. It should be noted that mutagenesis is efficient for
traits determined by a single gene. It is less relevant for polygenic traits. Once selected, the mutant
can be used directly or crossed with elite material to transfer the new trait to agronomically valuable
commercial varieties.
2.3.

History of mutagenesis in plant breeding

The first experimental work on physical mutagenesis took place with radium rays on Oenothera
biennis in 1906 then on Datura in 1921 (Gager and Blakeslee, 1927). X-ray mutagenesis was
subsequently used for maize and barley in 1928 (Stadler, 1928). After 1945, physical mutagenesis
was further developed with the use of nuclear particles (alpha rays, gamma rays with cobalt-60,
protons, etc.) (Gaul, 1961).
The first work on chemical mutagenesis began shortly before 1935 with mustard gas and its
derivatives (Auerbach, 1949). In the late 1950s, H. Heslot and R. Ferrary (Heslot, 1961) discovered
the mutagenic properties of certain chemicals such as ethyl methanesulfonate (EMS), which has
since been widely used for induced mutagenesis and which has a gentler action.
Mutagenesis techniques have been used across the world. In 2020, the International Atomic Energy
Agency listed over 3,300 varieties produced by mutagenic treatment (FAO/IAEA mutant variety
database14 (FAO/IAEA, 2018)). These varieties have been released on the market in the case of at
least 175 species (Ahloowalia et al., 2004). Among the many examples, mention may be made of:
-

Long-grain rice
Short-straw barley
Low-linolenic flax
High-oleic sunflower
Dwarf lettuce
Pigmented potato
Disease-resistant tomato
Seedless grapefruit
Apple for growth habit
Self-fertile cherry
Peach for fruit colour
Early apricot
Ornamental plants (forsythia, weigela, Caryopteris, rose, chrysanthemum, azalea, lily, etc.)
for plant architecture and flower colour.

Since 2000 (McCallum et al., 2000), the technique of TILLING (Targeting Induced Local Lesions IN
Genomes) has enabled a desired mutation in a gene controlling expression of a trait of interest to be
quickly selected from a DNA bank containing progeny of a mutagen-treated genotype, simply by
using the gene sequence. This genotypic selection is followed by phenotyping of the mutants
identified.
Since then, new technologies such as CRISPR-Cas9 have been developed to modify the sequence of
one or more genes in a site-directed manner. These technologies make it possible to modify the

14

Mutant variety database (MVD), resulting from a joint FAO and IAEA programme: https://mvd.iaea.org/, accessed on 26 June 2020.
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genome of elite varieties for simple traits whose genetic determinants are known, without changing
the genetic background and therefore the agronomic value of these plants, thus lessening the need
for backcrossing in comparison with random mutagenesis techniques.
These new techniques significantly reduce the number of plants that have to be phenotyped. For
random mutagenesis of seed, several thousand plants must be examined: in TILLING, prior genotypic
selection of plants obtained by random mutagenesis reduces the number of plants that have to be
phenotyped to just those with mutations in the sequence of interest; in CRISPR-Cas9, the plants to be
phenotyped are fewer in number owing to the extremely high frequency of mutants expected in the
target sequence.

3.

In vitro culture in plant breeding
3.1.

In vitro culture techniques

In vitro culture of plants encompasses all the techniques for growing organs, tissues, masses of
undifferentiated cells (calli), single cells, and cells without their pectocellulosic walls (protoplasts)
under axenic (sterile) conditions. These explants are grown in vessels (Petri dishes, tubes, flasks, etc.)
containing an agar- or water-based artificial culture medium, mineral salts, metabolisable or nonmetabolisable sugars and the plant hormones needed for cell proliferation, in growth chambers
where the environmental conditions, including light levels, day-length period, temperature and
humidity, are controlled.
There now exists a wide range of in vitro culture techniques, outlined in Appendix 4:
micropropagation, meristem culture, somatic embryogenesis, embryo rescue, protoplasts and
double-haploid methods. They all result in whole-plant regeneration from plant organs, tissues or
cells.
3.2.

Benefits for plant breeding

In vitro culture of some organs and tissues can be used to propagate some plant species in limited
spaces (growth chambers) regardless of season, with a greater yield, quality and efficiency than in
greenhouses or nurseries, especially for species such as fruit trees that are not very efficient at
vegetative reproduction in nurseries. This method of propagation is used for many species in
horticulture and arboriculture in particular.
In vitro culture of single cells from different tissues can be used to apply to plants the microbiology
techniques developed for unicellular organisms (bacteria, yeasts, algae). For some species it is
possible to multiply these cells by clonal cell division and guide the organogenesis of the resulting
colonies to regenerate whole plants, all of whose cells are derived from the source cell. While little
use has been made of in vitro culture of single cells per se (particularly protoplasts) for plant breeding
(other than for protoplast fusion and genetic transformation), androgenesis and gynogenesis are
widely employed. In fact, for a large number of crop species (rice, wheat, barley, maize, oilseed rape,
melon, carrot, etc. (https://www.gnis-pedagogie.org/sujet/biotechnologies-fixer-rapidementnouveaux-caracteres/)), it is possible to obtain embryos and then haploid plants from in vitro culture
of anthers, microspores, ovaries or ovules, thus enabling the genetic material to be stabilised very
quickly in the homozygous state after chromosome doubling (which often occurs spontaneously).
Most oilseed rape varieties grown at present have been produced by this technique.
Embryo rescue can be used to transfer agronomic traits of interest from wild to cultivated species.
Protoplast fusion is used to cross two distantly related species. It also allows exchange of maternally
inherited cytoplasmic genomes (mitochondria and chloroplasts).
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3.3.

Development history and examples of application in plant breeding

The history of in vitro culture is marked by various scientific advances (Thorpe, 2012), some of which
may briefly be mentioned here. In 1902, Haberlandt investigated the concept of cellular totipotency,
that is, the ability of undifferentiated or incompletely differentiated plant cells to regenerate a whole
individual identical to the parent plant (Haberlandt, 1902). Initial experiments with in vitro culture of
plant cells made progress by using auxin, a substance whose nature had just been discovered, to
stimulate proliferation of carrot plant cells (Gautheret, 1939; White, 1939). Work was restricted to
production of unorganised calli until 1959, when Reinert highlighted the possibilities of somatic
embryogenesis, an in vitro process for regenerating, from a somatic cell, an organised structure
morphologically comparable to a zygotic embryo (Reinert, 1959). In 1957, Skoog and Miller revealed
the effects of new plant growth regulators – cytokinins – whose addition to a tobacco-tissue culture
medium made it possible to regenerate meristems in vitro, and therefore buds and subsequently
plants (Skoog and Miller, 1957). In vitro culture techniques have been applied not only to field crops,
vegetable crops, ornamental plants and fodder crops but also fruit trees and vines (Augé et al.,
1989).
One of the first applications of in vitro culture was meristem culture, developed in the early 1950s.
Whilst producing a plant identical to the source plant, it had the major benefit of regenerating virusfree plants and in particular ensuring the absence of pathogenic viruses reported to be in circulation.
First applied to plants infected by a number of viruses, for the purpose of removing them (Morel and
Martin, 1952), this technique has been in wide use, especially for plants propagated vegetatively
such as potato (Mellor and Stace-Smith, 1977) and strawberry (Torres, 1989). It is particularly useful
in tropical zones where crops are often affected by viruses; meristem culture is thus a key technique
for maintaining healthy crops of sugar cane, cassava, yam and banana.
Embryo culture is an old technique developed by Hannig in 1904 (Hannig, 1904). It is very useful for
sunflower, in which seed dormancy is particularly strong, to accelerate growth cycles (Alissa et al.,
1986). It enables four or five successive generations to be bred each year instead of only one in
normal cultivation, since the growth cycle is reduced to 80 days. Embryo rescue has been used for
cultivated tomato, Solanum lycopersicon. Because it is autogamous, tomato has low genetic
variability. Wild tomatoes, by contrast, carry many disease resistance genes. Incompatibility with the
wild species genetically most distant from the cultivated tomato can be circumvented by the embryo
rescue technique (Kharkongar et al., 2013). Embryo rescue has been employed for other plants such
as lettuce or courgette to improve resistance to viruses and pathogenic fungi.
When chromosomal instability is found in interspecific embryos, protoplast fusion can be used to
cross two distantly related species. Protoplasts were first isolated by cutting plasmolysed tissues
((Von Klercker, 1892) cited by (Willison and Klein, 1982)) and then by enzymatic digestion of the
pectocellulosic wall (Cocking, 1960). It was not until the 1970s, when plant cell biology techniques
had developed far enough, that the first plants regenerated from protoplasts were obtained (Takebe
et al., 1971). In 1972, the first hybrid of Nicotiana glauca and Nicotiana langsdorfii was produced by
protoplast fusion (Carlson et al., 1972). This technique has been applied to the cultivated potato,
Solanum tuberosum, enabling pathogen resistance genes to be introduced from wild potato species
originating in South America (Austin et al., 1985; Austin et al., 1988).
Protoplast fusion has also been used to transfer to oilseed rape a male sterility trait carried in the
mitochondrial genome and discovered in radish (Pelletier et al., 1983).
Doubled haploids generated from microspore culture have been widely used by oilseed rape
breeders to produce line varieties (Goéland, registered with the Catalogue15 in 1992, then Pollen,

15 The Official French Catalogue of Species and Varieties of Cultivated Crops, overseen by the French Ministry of Agriculture, which
publishes the various decisions on registration and withdrawal of varieties in the Official Journal of the French Republic on the basis of
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etc.) and F1 hybrid parents. In 2015, according to a French Academy of Agriculture survey, 97% of
oilseed rape hybrids were produced from doubled haploids obtained from in vitro microspore culture
(Ricroch et al., 2018).

4.

In vitro application of random mutagenesis techniques
4.1.

What benefit for plant breeding?

Like induced mutagenesis in planta on apices or seed, in vitro mutagenesis is intended to create
additional genetic variability in the individuals resulting from it. It makes it possible to mutagenise
(that is, treat with mutagenic agents), in a limited space, any type of explant that would be
impossible to treat and propagate in vivo (organ fragments, for example).
The main advantage – for species from which it is possible to isolate cells, grow them after
mutagenesis and regenerate the resulting colonies as whole plants – is to prevent chimaerism in the
plant cells. Every cell of a mutagenised seed, for example, has different mutations in its genome. The
plant produced from this seed will therefore be a patchwork of cells carrying these various
mutations. It is only in the next generation that its progeny will be composed of cells carrying the
same mutations (although differing among the offspring), since each will be produced from a single
egg cell. In the case of buds, mutagenesis also leads to chimaeras, since mutation may affect a cell
either in the surface layers of the apex or further inside. How the mutation is expressed in the plant
will therefore depend on the cell layer to which the mutated cell belongs. For in vitro culture of
mutagenised single cells, each plant, regenerated from a single cell, will consist of cells all carrying
the same mutations.
In the special case of somatic embryogenesis of microspores, the diploid plants obtained after
chromosome doubling all carry homozygous mutations, which are extremely useful for recessive
mutations.
4.2.

Development history and examples of application in plant breeding

Induced in vitro mutagenesis developed in the 1960s and 1970s once in vitro culture of certain plant
species started to be readily available. It is mainly the saving in terms of time and space needed to
handle a large number of individuals (cells and multicellular entities) that underlies this type of
approach. It can be used for every type of tissue or organ, and the FAO/IAEA database, which
contains over 3,300 varieties produced by mutagenesis and belonging to a large number of different
species, lists a hundred or so varieties originating from individuals produced by in vitro mutagenesis.
It may be added that over half of them were bred prior to 2001.16
This type of approach also makes it easier to find a dominant or semi-dominant mutation that
confers an easily selectable trait on the cell carrying it. For example, current varieties of
imidazolinone-tolerant oilseed rape are derived from plants obtained by Swanson et al. after
microspore mutagenesis (Swanson et al., 1989). These microspores were initially treated with a
mutagen (ethyl nitrosourea, or ENU) and then cultured to induce embryogenesis, with subsequent
addition of an imidazolinone to select embryos and then plantlets tolerant to this herbicide.

proposals from the Technical Committee for Plant Breeding (CTPS). The Catalogue currently contains over 9,000 varieties covering
190 species.
16 The FAO/IAEA mutant database is not exhaustive, but the fraction of in vitro mutants in comparison with all the other database mutants
is worth noting. A more detailed analysis of the mutants available in this database is to be found in Appendix 5.

17
Haut Conseil des biotechnologies - 244, boulevard Saint-Germain 75007 Paris - www.hautconseildesbiotechnologies.fr

In vitro microspore mutagenesis of Brassica
Culture of the haploid microspores of some species of the Brassica genus is ideal for mutagenesis
because millions of microspores can be isolated and then cultured in Petri dishes with a very high
regeneration rate. Viable microspores after mutagenic treatment can be regenerated directly into
plants and then selected for traits of interest. After chromosome doubling (spontaneous or using
colchicine), the entire plant will be homozygous for any DNA modification, thus facilitating
identification of mutations, whether recessive or dominant. It should be noted that lethal mutations
cannot occur with this method, since the microspores are haploid. Various mutagens have been used
on Brassica microspores with success: EMS, ENU (ethyl nitrosourea) MNU (methyl nitrosourea),
NaN3 (sodium azide), gamma rays, X rays and ultraviolet radiation (see (Szarejko and Forster, 2007)
for a review).
There are numerous papers on creation of modified Brassica lines for agronomic traits or fatty acid
profile. To give an example, various protocols for in vitro microspore mutagenesis with EMS have
been applied to oilseed rape (Brassica napus), turnip rape (B. rapa) and brown mustard (B. juncea) by
(Ferrie et al., 2008). Over 80,000 haploid or doubled haploid Brassica plants were produced for this
study. Analysis of the fatty acid composition of doubled haploid seeds has revealed differences in
oleic, linolenic and saturated fatty acid levels between lines of these three species. Daurova et al.
have also isolated mutants with higher oleic acid content after EMS treatment of B. rapa microspores
(Daurova et al., 2020). Following ultraviolet treatment of microspores, doubled haploid seed from
oilseed rape plants showed changes in saturated fatty acid levels (Beaith et al., 2005). Similarly,
changes in erucic acid and glucosinolate contents in Ethiopian mustard seeds (B. carinata) were
produced by UV or EMS treatment (Barro et al., 2001, 2002).
Lu Y et al. have treated the flower buds of Chinese cabbage (B. rapa L. ssp. pekinensis) with EMS in
planta to induce mutations prior to microspore culture (Lu et al., 2016). In total, 142 mutants were
found showing variations in leaf shape, leaf and flower colour, corolla size, bolting time and downy
mildew resistance out of 475 doubled haploids.
For oilseed rape, in vitro screening combined with UV treatment has been used to identify
microspore-derived mutants that are more cold-resistant. Following field trials and experiments
under controlled conditions for cold resistance, a more resistant line was selected by (McClinchey
and Kott, 2008). Similarly, Janska et al. have obtained frost-tolerant plants by selecting for tolerance
to trans-4-hydroxy-L-proline in vitro (Janska et al., 2010). Twelve doubled haploids were regenerated,
three of which had higher freezing tolerance. Oilseed rape lines with improved resistance to
Sclerotinia sclerotiorum have been produced using a special protocol combining EMS treatment with
in vitro selection (Liu et al., 2005). In this protocol, haploid seedlings derived from microspore
cultures were used to produce calli. These calli were treated with EMS and then screened for
resistance to oxalic acid, a toxin produced by the pathogen. Two regenerated lines of resistant calli
were selected for improved resistance following field and glasshouse tests.
In vitro selection (without mutagens) on its own or combined with induced mutagenesis has also
been used for herbicide tolerance (Beversdorf and Kott, 1987; Swanson et al., 1988; Swanson et al.,
1989; Zhang and Takahata, 1999).
It should be noted that selection for erucic acid content (Albrecht et al., 1995) or oleic acid content
(Möllers et al., 2000) has been carried out on segregating populations of microspore-derived
embryos applied to weak x strong F1 hybrids.
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5.

How does ‘in vitro random mutagenesis’ as defined by the draft
decree differ from other plant breeding techniques in biological
terms?
5.1.

Comparison regarding induced genetic variability

5.1.1. Spontaneous mutations
Prior to any molecular descriptions of induced genetic variability, it should be emphasised that
mutation is taken to mean any transmissible change17 in a genomic DNA sequence, whether or not it
results in a change of phenotype. A mutation is the outcome of introduction of a difference between
a parent sequence and a daughter sequence. Once introduced, mutations are subject to selection.
If a mutation persists throughout a population, the differences observed are called polymorphisms.
The frequency and number of differences between individuals across the whole genome reflect a
species’ genetic variability. Mutations are not errors, inasmuch as they are consubstantial with living
beings.
Mutations can occur at any time in the life of a cell, through the processes explained below.
Mutations appearing in germ cells (which give rise to gametes) are transmitted to progeny.
Mutations occurring in non-germ cells are known as somatic mutations. In some cases, germinal
mutations have been shown to be less frequent than somatic mutations; specific mechanisms for
control of virus and transposon expression have been selected in germ cells in the course of
evolution (Parrilla-Doblas et al., 2019). In plants, cellular totipotency means that somatic mutations
may be transmitted to plants regenerated from somatic tissue, which will in turn be able to transmit
them to their progeny.
Three steps are necessary for occurrence of a mutation:
1) A mutation may be initiated by different mechanisms: (1) by modification of a base, of the bond
between a base and its sugar or of the bond between two nucleotides (base + sugar), (2) by
insertion of a sequence or (3) by rearrangement of a sequence within or between chromosomes.
These modifications vary in type depending on the mutagens responsible.
So-called exogenous agents come from the environment. Ionising radiation (X rays, gamma rays,
etc.) tends to introduce breaks between nucleotides on one or two strands. Ultraviolet rays
introduce thymine dimers. Some viruses, when integrated in cell genomes, introduce new
sequences (Takahashi et al., 2019).
So-called endogenous agents are generated by the cell’s biological activity. The main source of
mutations consists in nucleotide insertion errors during replication, which results in mismatches.
Although DNA copy enzymes18 have high specificity, a non-complementary nucleotide may be
inserted. These changes are responsible for single nucleotide variations, which are point
mutations that give rise to single nucleotide polymorphisms (SNPs). Furthermore, recombination
events frequently occur during meiosis and more rarely during mitosis. They may result in
deletions, insertions, translocations, inversions, etc. Lastly, genomes contain several families of
repeated elements found in high copy numbers, and many of them are mobile (transposons,

17 Transmission: from one generation to the next by reproduction, or from one cell to another in cell division during cell culture or in the
non-gametic tissues of an individual throughout its life; this distinguishes germinal mutations from somatic mutations.
18 The DNA of plant and animal cells consists of two strands linked to one another by specific bonds with matching bases: C to G, A to T.
During cell division, each of the strands serves as a model for formation of two double-stranded molecules from just one. Formation of A-G
or C-T pairs, for example, instead of C-G or A-T pairs results in mismatches.
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retrotransposons). If the latter move as a result of various factors, whether biotic or abiotic, this
may lead to mutations through insertion.19
2) The modifications described above can be detected by specialised cell proteins that activate
repair systems. A particular type of repair tends to be activated for each type of exogenous or
endogenous modification.
Thus DNA modifications caused by ionising radiation are repaired by non-homologous end
joining (NHEJ) or homologous recombination (HR). If, during NHEJ, sequences are lost or added
or the bonded strands do not come from the same chromosome, a mutation appears.
Homologous recombination may also produce mutations; the mechanisms involved are more
complex. DNA modifications caused by reactive oxygen species (ROS), which may be generated
by the cell metabolism, are repaired by specific systems. There are two types of system:
nucleotide excision repair (NER) and base excision repair (BER). Each involves a substantial
number of genes. After these systems have been activated, mutations can occur if the ‘repaired’
base or nucleotide fails to match the nucleotide on the anti-sense strand: during replication, the
mutation will be fixed when this new nucleotide is copied. Thymine dimers are repaired by BER.
Alterations caused by integrative viruses have no short-term repair system and are retained and
subject to natural selection.
For changes introduced by endogenous pathways, replication errors activate the mismatch repair
system (MMR). This system can fail to function properly. In this case, a new pair of nucleotides
replaces the original pair, thus introducing a mutation. For recombination events, in general,
there is no system that repairs such modifications. The functional consequences of these events
determine whether they persist. If a cell is highly disrupted, it is removed by cell death. If the
damage is less extensive, it will persist. The same applies to movement of endogenous sequences
(transposons, retrotransposons).
3) Once one of the above forms of modification has been introduced, if there is no return to the
initial sequence in the repair phase, it is called a mutation, which means that the change,
whatever its nature, has been stabilised. This stabilisation corresponds to the mutated cell’s
ability to transmit the change to its daughter cells.
Depending on a cell’s environment, its metabolic activity, its type and the growth stage of the
individual carrying it, each of the methods of DNA modification and repair has a different
quantitative and functional importance. Thus somaclonal variation (see below) is mainly the
consequence of mutations and epigenetic variations arising through endogenous agents, the culture
media changing cell metabolism (increased ROS).
Lastly, natural selection may take place in organisms carrying these mutations, the latter being
maintained or eliminated. For example, cells that have acquired many mutations may activate
programmed cell death. Once introduced and established, mutations may or may not undergo
selection. Such selection depends on both the environment and the characteristics of the mutations.
Selection models have shown that most mutations are neutral or have a negative impact (Schultz et
al., 1999); their effects may become apparent in conditions where there is a high degree of
inbreeding – at the extreme end of the spectrum, after a doubled haploid cycle. It is this selection
that, by maintaining or failing to maintain each mutation, determines the resulting population’s
genetic variability, or its degree of genetic polymorphism.
It should be noted that speciation is a phenomenon that takes place over a long period and entails
genetic and environmental factors. The combination of a large number of mutations facilitates such

19 Like some viruses (see above), to which some of these families are related. It should further be noted that these repeated sequences are
also involved in recombination.
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transformation. In mutations that are significant for evolution, change in the structure of
chromosomes (number, molecular organisation) is a critical step.
5.1.2. Mutations induced by random mutagenesis
Mutations caused by random mutagenesis result from application of physical or chemical mutagens.
Of the physical mutagens, X and gamma rays, fast neutrons and ions are the most widely used (in
some 90% of cases for rice (Viana et al., 2019)). X and gamma rays are high-energy photons. Gamma
rays tend to cause small deletions and insertions by double strand breaks in DNA (Viana et al., 2019).
They can also generate larger deletions, inversions, breaks and chromosome rearrangements (Viana
et al., 2019). X rays cause ROS formation and therefore result in mutations through base
modification, thus mostly point mutations (Tan et al., 2019). Fast neutrons tend to cause breaks in
DNA and result in substitutions (point mutations), duplications, insertions and deletions (Lemay et
al., 2019). Ion beam radiation (IBR) produces high energy carbon ions and protons that cause mainly
large deletions but also point variations (Viana et al., 2019; Yang et al., 2019). For example, the
frequencies recorded for physical mutagens vary according to the energy used: approximately
10 mutations per Mb for X and gamma rays (Viana et al., 2019), 30-80 per rice genome for fast
neutrons (Viana et al., 2019), and little data for IBR.
The three main chemical mutagens are ethyl methanesulfonate (EMS), methyl nitrosourea (MNU)
and sodium azide (SA). These molecules give rise to nucleotide base modifications, which will be
associated with introduction of point mutations during a replication cycle (Serrat et al., 2014;
Shirasawa et al., 2016; Viana et al., 2019). The number of mutations that can be obtained depends
on dosage and time of exposure (Viana et al., 2019). Similarly, for most mutagens, the mutations
found vary according to sequence context and DNA methylation (Henry et al., 2014; Kim, 2019). Thus
cell culture, by altering the chromatin context, can change the frequency of some of the profiles
obtained. Generally speaking, protocols are adapted to combine mutagenic effectiveness with less
toxicity to be able to select more mutants. These mutagens can also give rise to chromosome
rearrangements, at lower rates. For example, the frequency of mutations found in rice is, depending
on the agent: 2 to 10 per Mb for EMS (Mb: 106 bp); 1 per 135 kb for MNU (kb: 103 bp) and 1.4 to 2.9
per Mb for SA (Viana et al., 2019).
Use may also be made, less frequently and depending on the species, of other mutagens
(diepoxybutane, ethyl nitrosourea (ENU), etc.).
These different mutagens can be employed in combination: gamma rays and EMS, for example. Use
of T-DNA insertion and transposon systems has also been reported. Lastly, it should be noted that
the CRISPR/Cas system, known for its ability to induce targeted mutations, can also cause random
mutations in localised regions when a special protocol is used, allowing allelic variability to be
created for a given gene (Li et al., 2020).
Since different mutagens have different molecular targets, the mutation profiles are different, with
some overlap nevertheless, enabling different phenotypes to be obtained (Belfield et al., 2012;
Shirasawa et al., 2016; Viana et al., 2019).
While specific features have been found (ionising mutagens are associated with more chromosome
breaks, for example), the changes recorded could also have occurred in field conditions. It has been
noted that since environmental conditions (biotic or abiotic stress) alter chromatin organisation, the
rates at which particular genes may be modified can vary.
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5.1.3. Somaclonal variation in in vitro culture
The existence of morphological variants of sugarcane plants produced in vitro was reported for the
first time in 1971 (Heinz and Mee, 1971). The term ‘somaclonal variation’ was chosen by Larkin and
Scowcroft in 1981 to describe the variants found in cell and tissue cultures. It thus denotes the
genetic and epigenetic variations resulting from the impact of in vitro culture on plant material. The
occurrence of somaclonal variation may be a problem if the aim is to produce individuals that are
genetically consistent with a source individual. When somaclonal variation is inherited stably by
progeny (in the case of mutations and, less frequently, epigenetic changes) it may also be a source of
variability that complements natural or mutagenesis-induced variability, thus increasing the
likelihood of producing agronomic traits of interest.
The regeneration of plants in vitro, particularly after cell or callus culture, has produced a wide range
of somaclonal variations such as changes in architecture, pathogen resistance, abiotic stress
tolerance, and yield (Augé et al., 1989; Bairu et al., 2011; Krishna et al., 2016). While variants occur
spontaneously, in vitro selection is sometimes possible at an early stage of culture, for example by
using media containing (fungal or bacterial) pathogen filtrates, herbicides or high salt or metal
concentrations, and by employing specific pH levels. Particular thermal regimes – hot, cold or sudden
temperature alternation – may also be used in in vitro culture. Sometimes the phenotypic alterations
observed in in vitro culture will not be maintained at the crop stage.
A number of factors will affect the frequency of somaclonal variation, the first of these being the
plant species concerned. In the Solanaceae, for example, a wide range of somaclonal variations has
been recorded in potato and tomato. The nature of the source explant grown in vitro is also a major
factor in occurrence of somaclonal variations (Bairu et al., 2011; Krishna et al., 2016). They will be
more frequent in highly differentiated tissues such as roots, leaves and stems than with explants
having pre-existing meristems such as axillary buds and shoot tips. It should further be noted that
somaclonal variations have been found after in vitro culture of both somatic tissue and gametophytic
tissue (San and Dattée, 1985). Other factors such as tissue or explant age, direct regeneration or
indirect regeneration after a callus phase, and length and number of cycles of in vitro culture of plant
material will also affect the frequency of somaclonal variants (Bairu et al., 2011).
While some papers have provided numbers for the somaclonal variation rate, these must be
approached with caution, since data are often based on observation of phenotypic and physiological
changes rather than close analysis of genome modifications. The data nevertheless show that the
frequency of somaclonal variations is generally higher than that of spontaneous mutations, especially
for plants regenerated from cell cultures.
While in vitro culture is an efficient method of propagating plant material, it gives rise to metabolic
changes and stress on cells and tissues. The specific trophic conditions (light levels insufficient for
photosynthesis, requiring energy supply in the form of sugars; presence of growth regulators –
mineral salts, hormones – in concentrations not specifically adapted to the physiology of tissues
being cultured) and environmental conditions (saturating humidity, hermetic containers, etc.)
associated with in vitro culture activate plants’ natural mechanisms for adjusting to their
environment. We now know that these mechanisms can cause a range of changes to regulation of
genome operation, both genetic (transposon and retrotransposon activation, aneuploidy or
polyploidy) and epigenetic (histone acetylation, methylation or demethylation, or methylation of
some DNA bases) (Hsu et al., 2018; Kaeppler et al., 2000; Miguel and Marum, 2011; Smulders and de
Klerk, 2011; Stelpflug et al., 2014; Stroud et al., 2013).
Somaclonal variation is therefore the result of genetic and epigenetic modifications whose rate of
occurrence is increased by in vitro culture. In biochemical terms, they arise from changes that are
similar in nature to spontaneous mutations and mutations induced in vivo or in vitro.
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5.1.4. Does genetic variability resulting from in vitro random mutagenesis have specific
features in comparison with that resulting from in vivo random mutagenesis or from
in vitro culture?
Whether used in vitro or in vivo, induced mutagenesis increases the frequency of DNA lesions in
comparison with the frequency of lesions induced in natural conditions, thus increasing the rate of
mutation as compared with that occurring spontaneously. Cell or tissue culture – especially over a
long period, in an undifferentiated state and in the special conditions of in vitro culture – can lead to
an accumulation of spontaneous mutations and entail epigenetic adaptation mechanisms. But the
lesion repair mechanisms that give rise to the mutations found are the same whether the cells are
grown in vitro or in vivo. For a given mutagen, types of modification are the same, but the frequency
of each type can vary according to the conditions.
5.1.5. Does genetic variability resulting from in vitro mutagenesis of plant cells have specific
features in comparison with that resulting from in vitro mutagenesis of other plant
materials?
Induced mutagenesis of fully isolated plant cells has been very little used. In the great majority of
cases, tissues and organs are subjected to the mutagen before their cells are isolated primarily to
prevent genetic chimaerism in the plants. Depending on the tissue source and the method used to
isolate the cells, they are whole cells, protoplasts (of mesophyll, for instance) or microspores (from
anthers). The state of ‘single cells’ is very short-lived, since, once cultured, they quickly divide to form
colonies (calli) and then buds or embryos that can regenerate into whole plants. If the desired
phenotype is selectable at an early stage (in microcolonies, for example), it is not difficult to subject a
substantial number (millions) of individuals to such screening in a limited space, which makes it
easier to select rare events.
In the few cases in which single cells are directly targeted by the mutagen, it is likely that the
treatment will be more effective since the cells are less protected than in a tissue, but here again it is
the frequency of mutations that will be higher; their nature will remain the same.
5.2.

Comparison regarding induced phenotypes

5.2.1. Specific features of different mutagenesis techniques in phenotype induction
The specific nature of mutagenesis techniques in phenotype induction arises primarily from the
screening/selection conditions of mutation events rather than from the types of phenotype that
could be generated. How easily mutants are selected will depend on the number of individuals
(plants, cell colonies, cells) that can be examined and on the method of screening/selection that can
be used: whether simple, such as resistance to a natural or synthetic substance (easier to use in vitro)
or a visual characteristic such as size or colour, or complex, such as increased yield or quantitative
disease resistance (requiring more sophisticated in vivo phenotyping). Treatment methods also affect
how easy it is to detect the desired phenotypes: existence of chimaeras (in vivo mutagenesis or in
vitro mutagenesis of tissues and organs) or absence of chimaeras (microspore or protoplast cultures),
mutations in a heterozygous state (in vivo or in vitro on diploid organs or tissues) or a homozygous
state (in vitro on (haploid) microspores followed by chromosome doubling and regeneration).
The working group sought to carry out a statistical analysis of phenotypes induced by the different
mutagenesis techniques, but it was unable to find any appropriate resources. A few key data show
that the FAO/IAEA mutant variety database, which is maintained on a voluntary basis, is neither
exhaustive nor representative and particularly unsuitable for an analysis relating to herbicide
tolerance phenotypes (only 4 mutants with the herbicide tolerance trait out of the 3,332 mutants in
the database). The analysis is to be found in Appendix 5. Although the database cannot be used for
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statistical purposes, it is nevertheless useful as a resource for identifying examples of mutants in the
different categories.
A few examples
-

Genes for dwarfism

The green revolution from the 1960s onwards was based on use of the semi-dwarfing genes present
spontaneously in wheat and sorghum but induced by seed mutagenesis of barley, rice and oilseed
rape. This trait had a substantial economic impact for wheat (yields quadrupled in India between
1966 and 1986) and rice (doubling of yields in Indonesia between 1969 and 1989). Dwarf oilseed
rape varieties produced through EMS seed mutagenesis have been registered with the Official
French Catalogue of Species and Varieties of Cultivated Crops since 1999. Since this growth trait
cannot be selected in vitro, in vitro mutagenesis was not specifically considered.
-

Genes involved in fatty acid composition of oilseeds

To meet demands from nutritionists, oilseed breeders have had to modify the fatty acid composition
of some oils. Low erucic acid varieties of oilseed rape have thus been created from a spontaneous
erucic acid-free mutant, while the varieties grown in France up to 1972 were producing an oil
containing roughly 50% of this fatty acid (a trait controlled by two genes). However, because of the
lack of diversity in the species, in order to produce oilseed rape oils better suited to frying, two cycles
of seed mutagenesis were used in succession to obtain first a low level of linolenic acid and then a
high oleic acid content (over 75% as opposed to 60%). Mutant screening was performed by analysing
the fatty acid composition of several thousand M2 offspring. As in the case of dwarfism, since this
seed growth trait cannot be selected in vitro, in vitro mutagenesis was not specifically considered,
apart from the work of Albrecht et al. on erucic acid (Albrecht et al., 1995) and Möllers et al. on oleic
acid (Möllers et al., 2000), who have studied the fatty acid composition of one of the two cotyledons
of an embryo taken in vitro, prior to regeneration of the plant.
-

Genes involved in growth traits of ornamental plants

In vivo mutagenesis has very often been used for a number of ornamental species (chrysanthemum,
carnation, petunia, rose, gladiolus, hibiscus, etc.). However, the asepsis requirements for application
of physical mutagen treatments in hospitals20 and the high regenerative capacity of tissues of certain
species have encouraged breeders to apply in vitro mutagenesis to various ornamental species
(chrysanthemum, dahlia, Caryopteris, honeysuckle, etc.). The tissues concerned are never single cells
but always tissues or calli amenable to regeneration: buds, stems, petals and embryogenic callus
lines (from somatic embryos not derived by fertilisation). Both the in vivo and the in vitro approach
have been applied without distinction, in so far as selection is performed in planta rather than in
vitro, to modify:
-

Floral traits (flower colour, size and morphology, scent);

-

Plant architecture or growth habit (compactness, branching);

-

Foliage (variegation, for example);

-

Physiological traits (biotic or abiotic stress, days to flowering).

In 2012, the FAO/IAEA database contained 719 ornamental plants obtained by random mutagenesis.
It should be noted that in some genera, such as Rosa, the axillary buds have a particular propensity
to mutate, giving rise to mutated branches. This characteristic is widely used in plant breeding.

20

In France, the only radioactivity sources available to research laboratories are in radiotherapy and blood transfusion units.
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-

Genes involved in growth traits of fruit trees

Fruit species are usually perennials that reproduce clonally by vegetative propagation. The majority
are also allogamous and have a high rate of heterozygosity. Here, mutagenesis is much valued as a
plant breeding method, since it can be used to correct a local defect in a commercially valuable
variety without adversely affecting all its agronomic traits. For that matter, nurserymen frequently
identify spontaneous mutants through a visual phenotype (fruit colour, maturity date, tree growth
habit), and there are a large number of applications for registration of such varieties with the Official
French Catalogue.
In 2017 the IAEA database, which is restricted to varieties produced by induced mutagenesis, had
over 80 varieties of 27 different fruit species derived by induced mutagenesis since 1963. In almost
every case it was the direct mutant that was registered in order to preserve the agronomic attributes
of the source variety. Only four cases of crossing exist, for apple and cherry. The overwhelming
majority of these varieties were produced by gamma irradiation of buds in vivo (whether dormant or
not), followed by several grafting stages with a view to eliminating chimaeric tissues. X rays or fast
neutrons were used in some cases. Little use has been made of chemical mutagens, since they have
difficulty penetrating dormant buds. There are also a few examples of varieties produced by
mutagenic treatment of seed or pollen. Apple, cherry and citrus have the largest number of varieties
derived by induced mutagenesis. The improved agronomic traits of these varieties vary widely: fruit
size and colour, maturity date, tree growth habit (particularly compact or dwarf), parthenocarpy,
self-fertilisation and, in a few cases, disease resistance.
In vitro mutagenesis of fruit species has been the subject of numerous research papers since the
1980s. The ability to regenerate buds by neoformation or somatic embryogenesis from a small
number of cells has made it possible to do without the laborious stages of elimination of chimaeric
tissues that are needed to be able to register a stable variety. The possibility of applying selection
pressure for biotic or abiotic stress tolerance in in vitro culture has also been tested. Since fruit
species are not amenable to regeneration from single cells or protoplasts, the tissues treated are
generally leaves or internodes of plants in vitro. All these papers notwithstanding, only four varieties
produced by in vitro mutagenesis have been registered (banana and cherry). The registration should
also be noted of five somaclonal variants of strawberry, derived from various stages of in vitro
culture (meristems, anther culture, calli, etc.) without any mutagenic treatment.
-

Imidazolinone resistance genes

To improve weed control for some field crop species, varieties tolerant to broad-spectrum, postemergence herbicides have been bred from mutants. In the literature, there are numerous examples
of resistance being obtained spontaneously in the field or induced by mutagenesis. In the case of
imidazolinone resistance, two spontaneous mutants have been found in the field in sunflower and
one in oilseed rape (Hu et al., 2015); an oilseed rape mutant has been isolated from a protoplast
culture without a mutagen (therefore not covered by the draft decree), as have a beet mutant and a
chicory mutant from cell cultures and a maize mutant from calli (idem). Mutagenesis of seeds
(multicellular entities, not covered by the draft decree) has been used to create tolerant varieties of
sunflower, rice and wheat, mutagenesis of pollen (a multicellular entity, not covered by the draft
decree) tolerant varieties of maize, and in vitro mutagenesis of microspores (covered by the draft
decree) tolerant varieties of oilseed rape (two recessive mutations). Unlike the phenotypes
mentioned earlier, it was possible to select for herbicide tolerance in vitro, which is why this
technique was chosen, inasmuch as regeneration of adult plants could be controlled. In vitro culture
had the advantage that mutants could be selected from a large number of cells (1 billion) in a limited
space.
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5.2.2. Are there specific phenotypes resulting from in vitro random mutagenesis in
comparison with phenotypes resulting from in vivo random mutagenesis or a
selection process involving in vitro culture?
Since the biochemical mechanisms underlying the induction of mutations are the same for
spontaneous mutations, for (in vivo and in vitro) mutagenesis and for in vitro culture (somaclonal
variations), the same types of genetic, and therefore phenotypic, variant can be expected, whatever
the approach. The decision to use mutagenesis is basically determined by the diversity present and
spontaneously available in a species and its relatives. The existence, in gene banks, of an established
mutant for a trait of interest will be no incentive to engage in the costly process of looking for
induced mutants unless there is a benefit in broadening the genetic base. The decision to use in vitro
mutagenesis will depend, amongst other things, on i) the desired trait and the possibility, in some
cases, of selecting it in vitro, ii) the species and its ability to regenerate from explants, calli or single
cells, and iii) the operating environment for radiation sources in the case of physical mutagenesis
(hospitals). It should be pointed out that it is possible to use in vitro mutagenesis without in vitro
screening: whole plants are regenerated after application of the mutagen in vitro and mutants are
selected subsequently (particularly for ornamental plants).
5.2.3. Are there specific phenotypes resulting from in vitro random mutagenesis of plant
cells in comparison with phenotypes resulting from in vitro random mutagenesis of
other plant materials?
In vitro random mutagenesis of plant cells has been studied in tobacco since 1974 (Mondeil, 1974).
Haploid plants regenerated from microspores (anther culture) treated with gamma rays showed
mutations for morphological and flower colour traits. As mentioned above, this technique has been
used to screen imidazolinone tolerant mutants in oilseed rape after mutagenic treatment. It should
also be noted that such mutations have been obtained spontaneously in oilseed rape from protoplast
cultures and in beet from cell cultures. In vitro mutagenesis of isolated plant cells has the merit of
not producing chimaeras. Application of this technique to microspores has the advantage of making
it possible to directly select plants that are homozygous for not only dominant but also recessive
mutations.
The imidazolinone-tolerant Clearfield oilseed rape (Swanson et al., 1988; Swanson et al., 1989) grown
in Canada since 1995 accounted for about 20% of the crop area, i.e. 1 million hectares, in 2000 and
200121 (Tan et al., 2005). In France, the Clearfield oilseed rape varieties introduced more recently
cover less than 3% of the oilseed rape area, i.e. under 30,000 hectares. By comparison,
imidazolinone-tolerant sunflower varieties account for some 25% of the sunflower-growing area,
namely 150,000 hectares. The Clearfield oilseed rape varieties grown in France are registered in the
EU Catalogue. There are no varieties of this type registered in France in List A of the Official French
Catalogue (national list of varieties registered for seed production and marketing in France and by
extension the European Union). Use of these varieties is recommended mainly to control moderate
infestations of broomrape or for post-emergence weed control (heavy pressure on geraniums and
crucifers).

21 The area grown with Clearfield oilseed rape in Canada has since fallen significantly, while the area grown with GM oilseed rape varieties
tolerant to glyphosate or glufosinate has increased.
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Resistance to acetolactate synthase inhibiting herbicides (sulfonylureas, imidazolinones)
Acetolactate synthase (ALS) is a plant enzyme that allows synthesis of branched-chain amino acids
(leucine, isoleucine and valine). Any mutations in the gene encoding this enzyme that lead to change
in a single amino acid are enough to make the plant resistant to ALS-inhibiting herbicides whilst the
protein retains its function. A proline (CCT) to serine (TCT) mutation at position 197 of Arabidopsis
ALS (changing only one base pair) is sufficient to confer resistance to chlorsulfuron (Haughn et al.,
1988; Jander et al., 2003). In conditions of strong and continuous selection pressure, mutant weeds
are therefore likely to spontaneously evolve resistance to these herbicides in the field. That is why
this type of herbicides should not be used repeatedly (every year) on large crop areas.
It should be noted that the target mutations obtained by mutagenesis cause the same amino acid
changes as the mutations that occur spontaneously and are selected in weeds (see the list and
resistance
profiles
on
the
weedscience.org
reference
website,
http://www.weedscience.org/Pages/MutationDisplayAll.aspx).
Following the same logic as above, since the biochemical mechanisms underlying mutation induction
by in vitro random mutagenesis of plant cells are the same for spontaneous mutations, in vivo or in
vitro mutagenesis of multicellular entities, and in vitro culture (somaclonal variations), the same
genetic, and therefore phenotypic, diversity should be expected, whatever the approach.
5.3.

Is there interaction between random mutagenesis and in vitro culture?

Given that the molecular mechanisms involved are the same for in vitro and in vivo mutagenesis, the
same types of mutation may be expected to occur. The phenotypes that can be selected by in vitro
mutagenesis of plant cells by comparison with spontaneous mutagenesis and other mutagenesis
techniques are therefore identical. By contrast, the rates at which a gene may be modified vary
according to technique (mutagen, exposure time, culturing). Depending on the desired phenotypes,
it will be easier to identify variation in phenotype expression by in vitro culture rather than in vivo
mutagenesis, especially if the variation can be screened during the in vitro culture phase by applying
selection pressure to the large number of entities being treated. However, this applies only to rare
traits, expressed during culture and sensitive to a screening agent. In vitro culture thus simply
facilitates detection and stabilisation of phenotypes from cells subjected to physical and chemical
mutagenesis without any particular interaction between induced mutagenesis and the in vitro status
of the cell. The additional effect of somaclonal variation is hard to determine. The mutations will be
entirely comparable in nature to those produced by mutagenesis in vivo.

6.

Additional comments

The HCB Scientific Committee notes that it would have been possible to broaden the question to
investigate whether the mutants covered by the draft decree have a particular environmental
impact.
The environmental impacts are linked to the traits expressed. While in vitro random mutagenesis of
plant cells has the potential to generate a wide range of phenotypes (see 5.2), the products of this
technique currently being grown in France are all, to the best of our knowledge, varieties of
Clearfield oilseed rape. The latter accounts for all the varieties of herbicide-tolerant oilseed rape
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grown in France today.22 They are tolerant to acetolactate synthase (ALS) inhibiting herbicides. The
environmental impact of this herbicide tolerance trait might therefore be explored.
In fact, this trait is also present in other crops but is generated by different techniques. Thus all
varieties of herbicide-tolerant sunflower grown in France also have tolerance to ALS inhibitors.23 They
have been produced either by spontaneous mutation or by in vivo mutagenesis of seed (see 5.2),
which are techniques not covered by the draft decree.
The environmental impact of mutants covered by the draft decree and currently grown in France is
therefore specific not to the technique described in the decree but to this herbicide tolerance trait,
which can be produced by various techniques.
Moreover, in addition to their use on tolerant varieties, ALS inhibiting herbicides are the herbicides
most widely used in France in terms of area sprayed, for all crops combined, and their repeated use
has already led to selection of resistant weeds. Their impact therefore goes beyond use specific to
tolerant varieties, which goes beyond use associated with in vitro random mutagenesis of plant cells.
Conversely, we should be mindful of the fact that regulation of this technique is likely to affect other
applications apart from breeding of herbicide-tolerant varieties. The environmental impact of each of
these phenotypes will have to be considered, above and beyond the breeding method.
Over and above the question of technique, the categorisation of a product as a GMO coming under
all the provisions of Directive 2001/18/EC includes the issue of traceability. The HCB Scientific
Committee has not found any reference document dealing directly with this question for ‘in vitro
random mutagenesis consisting in subjecting plant cells cultivated in vitro to chemical or physical
mutagenic agents’. The work of ENGL (European Network of GMO Laboratories) (ENGL, 2019) and
the HCB Scientific Committee opinion on NPBTs (HCB, 2017) set out existing tools, and their
limitations, for identifying genetic variations for the purposes of detection and traceability. The
Scientific Committee notes that, in the absence of molecular differences and given the current state
of monitoring methods based on molecular biology techniques, it would be very complicated to trace
and attribute mutations to a particular breeding technique.
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[Translation]
GOVERNMENT
Liberty
Equality
Fraternity

Ref. D20007589

Paris, 2 July 2020

Minister for the Ecological and Inclusive Transition
Minister for Agriculture and Food
Minister for Higher Education, Research and Innovation
to
The President, High Council for Biotechnology
244, boulevard Saint-Germain
75007 Paris
Re: Referral to the High Council for Biotechnology concerning amendment of Article D.531-2 of the
French Environment Code to lay down by decree an exhaustive list of mutagenesis techniques or
methods conventionally used in a number of applications and having a long safety record.
Dear Sir,
In late 2014 nine organisations sent a letter to the Prime Minister requesting, firstly, repeal of
Article D.531-2 of the French Environment Code because it exempted herbicide-tolerant varieties
(HTVs) from GMO regulation, and, secondly, a moratorium on these HTVs. In the absence of a reply,
this group requested a ruling from the Conseil d’État.
In this connection, the Conseil d’État referred a number of questions to the Court of Justice of the
European Union (CJEU) for a preliminary ruling. The judgment delivered by the CJEU on 25 July 2018
has, amongst other things, clarified the scope of Directive 2001/18/EC by specifying that any product
of a genetic modification is a GMO and that only products of ‘techniques conventionally used in a
number of applications and having a long safety record’ are exempted from the assessment
procedure.
In its ruling delivered on 7 February 2020, the Conseil d’État gave effect to the CJEU judgment and
ordered the Prime Minister to amend Article D.531-2 of the French Environment Code within six
months by laying down by decree an exhaustive list of mutagenesis techniques or methods
conventionally used in a number of applications and having a long safety record.
As provided for by the French Environment Code, and specifically Article L.531-2, this decree shall be
enacted after consultation of the High Council for Biotechnology.
We are therefore asking HCB to provide an opinion concerning this draft decree and the two draft
orders relating to the latter.
Yours faithfully,
Élisabeth Borne

Frédéric Vidal

Didier Guillaume
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Appendix 2: HCB Scientific Committee and preparation of the opinion
This opinion was prepared by the HCB Scientific Committee on the basis of the preparatory work by
the expert working group (see Appendix 3). It was discussed and adopted at a face-to-face and
videoconference meeting on 29 June 202024 under the chairmanship of Dr Jean-Christophe Pagès,
with Dr Pascal Boireau and Dr Claudine Franche as vice-chairs.
The HCB Scientific Committee is a multidisciplinary committee consisting of scientific figures
appointed for their expertise in relation to HCB missions. In alphabetical order of surname, the HCB
Scientific Committee comprises:
Frédérique Angevin, Claude Bagnis, Avner Bar-Hen, Marie-Anne Barny, Pascal Boireau, Thierry
Brévault, Bruno Chauvel, Cécile Collonnier, Denis Couvet, Elie Dassa, Barbara Demeneix (outgoing)25,
Claudine Franche, Philippe Guerche, Joël Guillemain, Guillermina Hernandez-Raquet, Jamal Khalife,
Bernard Klonjkowski, Marc Lavielle, Valérie Le Corre, François Lefèvre, Olivier Lemaire, Didier
Lereclus, Rémi Maximilien, Eliane Meurs, Nadia Naffakh, Didier Nègre, Jean-Louis Noyer (outgoing)26,
Sergio Ochatt, Jean-Christophe Pagès, Xavier Raynaud, Catherine Regnault-Roger, Michel Renard,
Tristan Renault, Patrick Saindrenan, Pascal Simonet, Marie-Bérengère Troadec, Bernard Vaissière,
Hubert de Verneuil and Jean-Luc Vilotte.27
All members of the HCB Scientific Committee complete a public declaration of interests every year.
They are also asked to disclose any interests prior to consideration of each referral. No members of
the Scientific Committee declared conflicts of interest that might have affected preparation of this
opinion.

24 Scientific Committee members present in person or by video link during the discussion of this opinion at the meeting of 29 June 2020:
Frédérique Angevin, Claude Bagnis, Marie-Anne Barny, Pascal Boireau, Bruno Chauvel, Cécile Collonnier, Denis Couvet, Elie Dassa, Claudine
Franche, Philippe Guerche, Joël Guillemain, Guillermina Hernandez-Raquet, Valérie Le Corre, François Lefèvre, Olivier Lemaire, Didier
Lereclus, Rémi Maximilien, Eliane Meurs, Sergio Ochatt, Jean-Christophe Pagès, Xavier Raynaud, Catherine Regnault-Roger, Michel Renard,
Patrick Saindrenan, Pascal Simonet, Marie-Bérengère Troadec, Bernard Vaissière, Hubert de Verneuil and Jean-Luc Vilotte.
25 Note added on 15 July 2020 at 9 pm. Barbara Demeneix resigned on 3 December 2018. Since she has not been replaced to date, she still
appears here as a member of the Scientific Committee.
26 Note added on 15 July 2020 at 9 pm. Jean-Louis Noyer resigned on 3 December 2018. Since he has not been replaced to date, he still
appears here as a member of the Scientific Committee.
27 Current Scientific Committee composition further to the decree of 30 December 2014 appointing HCB members, the law of 2 December
2015 and the order of 10 April 2017 appointing HCB members.
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Appendix 3: Scientific Committee working group and preparatory work for
the opinion
By the Board’s decision, the Scientific Committee working group consisted of three members of the
Scientific Committee – Claudine Franche, Philippe Guerche and Michel Renard – chosen for their
expertise in plant cell and molecular biology, genetics and plant breeding. Its work was supervised by
Jean-Christophe Pagès, Chair of the Scientific Committee and Acting President of HCB, and
coordinated by Catherine Golstein, HCB Senior Scientific and European Affairs Officer.
The working group consulted the following additional experts to supplement its expertise in fields
connected with the referral:
Carole Caranta, Research Director, INRAE (genetics and plant biology)
Mathilde Causse, Research Director, INRAE (genetics and fruit and vegetable breeding)
Élisabeth Chevreau, Research Director, INRAE (fruit tree biotechnology)
Yves Chupeau, Honorary Research Director, INRAE (plant cell biology)
Jacques David, Professor, Montpellier SupAgro, INRAE, CIRAD (genetics and crop evolution)
André Gallais, Honorary Professor, AgroParisTech (genetics and plant breeding)
Emmanuel Guiderdoni, researcher, CIRAD (molecular and cellular biology)
Laurence Hibrand Saint-Oyant, Senior Research Engineer, INRAE (biotechnology and genetics of
ornamental plants)
Jean-Louis Noyer, Deputy Director, Biological Systems Department, CIRAD (tropical species)
Georges Pelletier, Honorary Research Director, INRAE (physiological genetics and plant
biotechnology)
Jean-Christophe Pagès was also called upon by members of the working group for his expertise in
molecular genetics.
Outside experts provided expertise when requested by the working group but took no part in
drafting this opinion, for which the HCB Scientific Committee is responsible.
The working group met by videoconference on 10, 12, 16, 17, 18, 23, 26 and 28 June 2020. It
conferred by video link with Jean-Louis Noyer on 17 June and Carole Caranta on 23 June.
Joint meetings with the EESC working group were held by videoconference on 10 June (start of work
on the referral) and 18 June (presentations on the issues concerned, working methods, and
discussion between members of both working groups).
The working group presented its work (the question for investigation and the methodology used) at
the HCB plenary meeting on 24 June and received initial contributions from HCB members on that
occasion.
Following the plenary meeting, the working group finalised its report, which was submitted as a draft
opinion of the Scientific Committee for consideration at the Scientific Committee meeting on 29 June
2020.
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Appendix 4: In vitro culture techniques
The main in vitro culture techniques are the following:
• Micropropagation
Micropropagation or in vitro vegetative propagation consists in taking an organ or organ fragment
(bud, leaf or root fragment, etc.) from a plant to grow it under aseptic conditions on selected media
that will allow either development of pre-existing buds or neoformation of buds or somatic embryos
that can produce plants identical to the parent plant.
• Meristem culture
Meristems consist of undifferentiated or incompletely differentiated cells with considerable mitotic
activity, which can, by propagating, develop into all the tissues of a plant. Meristems are situated at
tips of stems and shoots, in axillary buds in leaf axils, in internodes and at root tips.
• Somatic embryogenesis
This technique refers to production of an embryo from non-germ cells taken from explants derived
from a plant’s vegetative organs or from somatic plant cells grown in vitro. Growth regulator
treatment is used for cell multiplication and then progressive differentiation of the cultured
embryos.
• Embryo rescue
Embryo rescue consists in taking an embryo a few days after fertilisation and growing it in vitro,
either to accelerate growth cycles or because it could not develop in maternal tissues, for example
when it is derived from interspecific hybridisation.
• Protoplasts
Protoplasts are plant cells from which the pectocellulosic wall has been removed by enzyme
treatment. Although protoplasts are often isolated from leaves, they can also be obtained from calli,
cell suspensions or plant organs such as stems, roots and flowers. With physical or chemical
treatment, it is possible to introduce into these cells a range of molecules such as nucleic acids,
organelles such as mitochondria and chloroplasts, and even nuclei.
• Doubled haploid methods
Doubled haploid methods consist in producing doubled haploid individuals from male reproductive
cells (androgenesis) or female reproductive cells (gynogenesis). These germ cells contain a single
copy of the genome (haploid cells) instead of the two present in somatic cells (diploid cells). During
plant growth, the haploid genome can be doubled identically by applying a chemical compound,
colchicine. This technique is also used to double the chromosome stock of hybrids derived by
crossing incompatible species in order to obtain seed. Such is the case for the triticales, for example,
which are artificial hybrids created by crossing wheat with rye and whose chromosome stock is
doubled by use of colchicine (Cauderon and Cauderon, 1993).
Cauderon Y. and Cauderon A. (1993). Le Triticale : première céréale créée par l'homme. NaturesSciences-Sociétés, 1(2).
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Appendix 5: Analysis of FAO/IAEA mutant variety database
The mutant variety database, resulting from a joint FAO and IAEA programme, contains 3,332 plant
varieties (https://mvd.iaea.org/, accessed on 26 June 2020). Since it is maintained on a voluntary
basis, the FAO/IAEA database does not claim to be exhaustive.
The primary purpose of this analysis has been to obtain a data set for application of random
mutagenesis under in vitro conditions that is as comprehensive as possible. A keyword search for ‘in
vitro’ retrieved 44 entries. Because these entries were not standardised or systematic, the search
field was widened with additional keywords associated with in vitro culture, such as ‘callus’,
‘somaclonal’, ‘meristem’ and ‘protoplast’. All these searches made it possible to broaden the data set
to 96 unique entries by cross-checking entries retrieved with these five keywords.
For the referral, with regard to the draft decree and the draft orders relating to the draft decree, a
search was made for Clearfield oilseed rape varieties, which proved to be unrepresented in the
database. Moreover, no entries were found with the keyword ‘microspores’ and only four with the
keyword ‘herbicide’. It was concluded that the database was not suitable for carrying out statistical
analysis of the in vitro mutants covered by the draft decree.
However, the data that actually were in the database have been analysed purely for information
purposes.
-

Plant families

The data set for in vitro random mutagenesis contains 95 plant varieties and one fungus.
Of the 95 plant varieties, the great majority are ornamental plants (‘decorative trees’, ‘flowers’,
‘grasses’), followed by field crops (‘cereals’, ‘edible oil plants’, ‘root and tuber crops’). Fruit plants
(‘berries’) and vegetable crops (‘food vegetables’) together account for only seven entries (Figure 1).

Figure 1. Plant family distribution of mutants generated in vitro
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-

Change in number of registrations over time

A national registration date (or else a regional registration date) is given for each entry. These dates
show an upward trend in registration of plant varieties generated by in vitro mutagenesis from the
late 1980s as against the overall trend for mutant varieties registration in the FAO/IAEA database.

Figure 2. Change in number of mutant variety registrations in FAO/IAEA database over time

The proportion of each plant subfamily for in vitro varieties registered over time in the FAO/IAEA
database is shown in Figure 3.

Figure 3. Stacked bar chart showing change over time in the number of varieties produced by in vitro mutagenesis
registered in FAO/IAEA database by plant subfamily
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-

Phenotypes

The phenotypic traits selected are various (84 single traits for 95 mutant varieties generated in vitro,
Table 1).
Table 1. Selected phenotypic traits by plant family

Phenotypic trait
Extremely short plant and altered flower colour: pale yellow; brown, deep
purple pink
Extremely short plant and flower colour: pinkish white, brown reddish
purple
Improved flower colour, outer standard ground colour: rainbow; outer wing
colour: deep reddish brown
Brown outer keel colour and wide keel
Dwarfness and altered flower colour: yellow and deep red
Resistance to Fusarium oxysporum and changed flower colour to uncoloured
cherry-red
Improved agronomic and botanical characteristics
Very compact growth and long flowering period
Altered flower colour (intense pink)
Smaller number of flowers per flower stalk
Vivid red flower colour
Deep orange red surface of flower
Vivid red flower colour, suspended flower and large flower
Altered flower colour and petal shape
Bright red flower colour
Erect flower petal and bright yellow petal colour
Erect flower petal and more transparent petal
Deep orange red flower colour
Deep purple pink flower colour
White flower colour
Shorter stem
Bicolour outside pink inside white flower colour
Reddish purple stem colour and petal colour
Irregulate petal colour: pale greenish yellow
Less anthocyanin in leaf stem
More ligulose flowers and deep flower colour
Pale orange yellow petal colour
Vivid red monotone flower colour
Bright reddish purple sepal colour
Bright purple sepal colour and less number of floral stalks
Vivid yellowish green petal colour
Pinkish white sepal colour
Spot on the leaf and no luster on the leaf
More wax on the leaf surface and top of the petal V-shape
Improved petal colour and shape
Improved flower colour
Shorter plant and shorter inflorescence
Short plant and marginal stripe ion leaves
Complex with light pink and bright orange yellow
Complex with light yellow and pink
Altered flower colour (light orange on adaxial, dark yellow orange on abaxial
side)

Subfamily
Decorative trees

Family

Decorative trees
Decorative trees
Decorative trees
Decorative trees
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers
Flowers

Ornamental
plants
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Mild orange flower colour
Bright yellow flower colour
Light pinkish white flower colour
More long stems, higher weight of total long stems
Taller plants
Better spring vigour, earlier green colour of leaf and no browning in winter
High yield, early maturity and scab resistance
High grain yield and improved plant structure
Good quality and high grain yield
High grain yield, good grain quality, short growth duration and photoperiod
insensitivity, tolerance to lodging and environmental stresses, and resistance
to pests and diseases
Short stem
Shorter stem
Hairless leaves
Short stem and lower 1000-kernel weight
High tolerance to lodging
Reduced amylose content
Shorter stem (10%), but slightly smaller grain
Short stem and late maturity
Low amylose content
High yield (17.3% higher), tolerance to salinity and tolerance to drought
High yield, resistance to bacterial diseases and wide adaptability
Early maturity, high yield, disease resistance and high protein content
Tolerance to salinity and good quality
Early maturity
Short culm
Low amylose content and good taste
Low amylose content, good eating quality and high tolerance to low
temperatures
Tolerance to salinity
Resistant to Steneotarsonesmus spinki
Drought tolerance
Cycle
Salinity tolerance
High oil content and large number of seeds per head
White skin tubers in contrast to red skinned parent Desiree, the rest of the
genotype is unchanged
High yield and good quality
Tuber tolerant to browning
Suitable for brewing
Longer stem, less anthocyanin at leaf stem, light colour at root stem and
stronger bitterness
Less pithy tissue
Thicker branch, round flower petal and larger leaf
Earlier harvest type and high yield
Resistance to black leaf spot disease (Alternaria alternata)
Early maturity
Bright red fruit skin and light red flesh colour
Resistance to phytophthora rot (Phytophthora nicotinae)
Resistance to leaf diseases

Flowers
Flowers
Flowers
Grasses
Grasses
Grasses
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals
Cereals

Crop plants

Cereals
Cereals

Edible oil plants
Root and tuber crops
Root and tuber crops
Root and tuber crops
Root and tuber crops
Root and tuber crops
Root and tuber crops
Berries
Berries
Berries
Berries
Berries
Berries
Food vegetables

Fruit plants

Vegetable crops
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