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Acronyms and abbreviations 

DGAL: French Directorate General for Food  

DNA: Deoxyribonucleic acid 

EURL: European Union Reference Laboratory 

GEVES: Study Group for the Control of Varieties and Seeds 

GMO: Genetically modified organism 

HCB: French High Council for Biotechnologies 

NRL: National Reference Laboratory 

NBT: New breeding technique 

NGS: Next-generation sequencing 

NPBT: New plant breeding technique  

PCR: Polymerase chain reaction 

RNA: Ribonucleic acid 

SCL: Joint Laboratory Service 

SDN: Site-directed nuclease 

SNP: Single-nucleotide polymorphism 

Definitions 

In accordance with the request issued by the DGAL, this document directly relies on the opinion of 
the Scientific Committee of the French High Council for Biotechnologies published on 2 November 
2017 and includes the definitions of the terms used therein. 

However, certain terms have specific definitions in the context of this document: 

 Detection: ability to detect traces of a modification event in a simple or complex product 

(e.g. batch of seeds, flour, foodstuff, etc.) 

 Identification: ability to identify a modification event in a sample from only one individual 
(leaf fragments, individual seed, etc.) 
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1 Background, purpose and terms of 

implementation of the work 

This document was written by the ANSES National Reference Laboratory (NRL) (Plant Health 
Laboratory), in collaboration with the two other NRLs mandated to undertake official analyses for 
the detection of GMOs (GEVES: BioGEVES Molecular Biology and Biochemistry Laboratory; SCL: 
Strasbourg Laboratory). It followed a request for scientific and technical support submitted by the 
Directorate General for Food (DGAL) of the Ministry of Agriculture, received by ANSES on 10 April 
2018.  

Based on the various situations examined by the Scientific Committee of the High Council for 
Biotechnologies (HCB) in its opinion on new breeding techniques (NBTs, or NPBTs for new plant 
breeding techniques) published on 2 November 2017 [1], the DGAL asked the NRLs to: 

i) identify the techniques currently available for the detection, identification and quantification of 
NPBT products,  

ii) take into account requirements in terms of the accreditation and performance of analytical 
methods as well as constraints such as analysis costs and times,  

iii) indicate possibilities and prospects for the development of suitable methods and, where 
relevant, development or research needs. 
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2 Situations examined in the opinion of the HCB 

Scientific Committee 

This document does not describe qualified NPBT technologies but focuses exclusively on 
analytical methods that can be used to detect, identify and/or quantify products derived from these 
technologies. In its opinion, the HCB Scientific Committee examined various situations described 
below. 

2.1 Targeted genome modifications 

There are various technologies for obtaining an organism whose genome has been modified at a 
specific pre-defined point via directed nucleases. The HCB opinion distinguishes between products 
derived from three main types of modifications. 

An SDN-1 (site-directed nuclease 1) modification is an insertion, deletion or substitution of one or 
more nucleotides at a specific location within a genome. 

An SDN-2 modification is an allelic conversion that involves modifying all or part of a gene 
sequence in a plant. The location and copy number of the gene are not modified. 

An SDN-3 modification is a targeted integration of a DNA sequence regardless of its origin and 
length. 

2.2 Epigenetics 

The term “epigenetics” was used by Waddington in 1942 [2] to describe phenotype modifications 
that can be transmitted during cell division without any genotype changes. Epigenetic mutations 
can be classified into three types depending on their genotype dependency [3]. “Pure” epialleles 
are completely independent from the genome, “facilitated” epialleles are related to or even caused 
by a genome variation (but can persist after it disappears by excision or segregation), and 
“obligate” epialleles are directly related to a genome variation and co-segregate with it. 

In eukaryotic cells, the DNA in the nucleus is arranged in the form of a compact and organised 
structure called chromatin. It is wound around protein complexes called histones. This organisation 
is extremely dynamic: the DNA/histone complexes can be assembled, stabilised, destabilised, 
disassembled, etc. These chromatin dynamics regulate DNA accessibility and are responsible for 
the regulation of gene expression during the lifetime of a cell or an individual. This regulation can 
also be transmitted during cell division or to offspring in which case it falls within the definition of 
epigenetics. The accessibility of the genetic information in chromatin relies on various 
mechanisms, the two most important being DNA methylation and covalent histone modifications 
[for review, see: 4, 5]. 

2.3 Integration of vectors and effectors 

Vectorisation is the act of introducing and/or enabling the expression of one or more 
macromolecules (DNA, RNA, proteins) in a cell. These macromolecules can be transferred through 
physical methods (electroporation, biolistics, whiskers, etc.) or via a viral or bacterial vector 
(Agrobacterium tumefaciens, for example). The use of biological vectors can cause small DNA 
fragments, with lengths of only a few to around 100 base pairs, to be integrated into the genome of 
the target cell [6].  
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Effectors are proteins or nucleic acids (DNA or RNA) whose action within a cell leads to the 
occurrence of the expected modification. Directed nuclease techniques enabling specific genome 
sites to be modified repeatedly use a limited number of effectors. This frequent use can enable 
detection with tools that target preserved areas. 

The presence of vectors and effectors in an organism is assumed to be temporary and unless a 
sequence has been intentionally integrated, no sequences derived from the vector or effector 
should persist in the transformed organism. If such a sequence is integrated, its detection can 
provide evidence of the technique used, although some of these sequences can also be naturally 
integrated in plant genomes [7]. 
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3 Current methods for the detection, identification 

and quantification of SDN-3 GMOs 

Currently, real-time PCR is the most widespread technique for the detection of genetically modified 
plants. A pair of oligonucleotides (primers) is used to amplify a specific region of the genome. The 
primer sequence is chosen to be specific to a region that is present in the genome of a genetically 
modified plant but absent from non-modified varieties. During PCR, amplification of the target DNA 
is monitored in each amplification cycle via a fluorescence signal. The amplification kinetics of 
samples of known and unknown concentrations are compared to determine both the status of the 
unknown sample (presence/absence of the target) and its concentration (amount of target DNA 
introduced into the reaction medium). A hydrolysis probe (TaqMan) can be used as needed to 
improve specificity.  

The strategy recommended by the European Union Reference Laboratory (EURL), which is 
commonly implemented by the laboratories, starts with a step involving the detection of genetic 
elements common to several events (promoters, terminators, etc.). This step enables the sample's 
status to be determined (whether or not it contains a genetically modified organism (GMO)). It can 
also help guide the analyses to be undertaken to identify the GMO. Identification occurs through a 
battery of tests, each of which is specific to one or more GMOs. In parallel, the laboratories carry 
out a quantification analysis targeting a common region of all varieties of the target species as well 
as a quantification analysis specific to the identified GMO. The relationship between the two results 
is used to establish the level of the identified GMO within the species. This strategy is implemented 
for all types of matrices (seeds, processed products, etc.) and makes it possible to detect, identify 
and quantify GMOs in complex samples (mixtures of species, low level of GMOs, etc.). 

Performance: The limit of detection for real-time PCR as currently used is around three to five 
copies of target DNA per well. It is commonly acknowledged that the minimum relative limit of 
detection reached is 0.01% per plant species. However, this constraint is primarily due to sample 
heterogeneity and the ability to collect a test sample representative of the entire sample, not to the 
performance of PCR itself. The absolute quantification range is between 20 and more than 
100,000 copies, i.e. an order of magnitude of 105. In order to position samples in relation to the 
regulatory thresholds (0.1% and 0.9%), most of the methods that have been published have been 
validated between 0.1 and 5 to 10%, although it is technically possible to exceed this maximum 
threshold. 

Accreditation: Real-time PCR has been a proven technique for more than 10 years. ISO standards 
are available [8-11], as are an implementation guide published by AFNOR [12] and several 
reference documents published by the EURL. The three NRLs routinely use the methods validated 
and published by the EURL and have been accredited for their implementation. A guidance 
document on flexible scope accreditation published by the EURL is also available [13]. Flexible 
scopes reduce accreditation costs in view of the rate of authorisation of genetically modified plants 
and the publication of detection and quantification methods. 

Cost: Like any molecular biology method, real-time PCR requires suitable facilities enabling the 
risk of contamination to be controlled. This technology requires the acquisition of a compatible 
thermocycler, whose price ranges from €20,000 to €40,000 depending on the model and 
manufacturer. For information, the cost of consumables for the analysis of a negative maize 
sample is around €75 (extraction and detection PCR). 

Duration: The analysis of a sample is broken down into several stages. Sample preparation can 
take one to two hours, depending on the nature of the sample and the quantity to be analysed. 
Most EU laboratories process runs of around eight samples in parallel. The extraction of a run lasts 
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between half a day and a whole day. In order to reduce handling times, automated extraction 
machines are available on the market (€60,000 to €75,000 depending on the type of machine), and 
some European laboratories are equipped with such machines. Identification and quantification 
PCR techniques can be pooled for several samples. In accordance with the requirements defined 
in the ISO standards, PCR in a 96-well plate can enable the simultaneous analysis of 23 samples 
for identification and eight samples for quantification. Preparation can take 30 minutes to one hour, 
while analysis lasts between 90 minutes and two hours. Several weeks can thus be required for 
the analysis of complex samples containing several species that may be genetically modified. For 
example, the SCL, whose mandate encompasses all plant species, is likely to detect up to 52 
different GMOs in a sample containing soya, maize and rapeseed. 

Limitations: The use of real-time PCR requires prior knowledge of the sequence or polymorphism 
to be detected. The validation of a real-time PCR method requires relatively pure positive material. 
Without knowledge of the sequences or material, it is not possible to develop or validate a method. 

PCR quantification requires the use of positive controls, extracted from certified reference 
materials, if possible at several concentrations, in order to generate a series of standards and 
verify the accuracy of the measurements. Such controls are available for genetically modified 
plants that have been covered by a marketing authorisation application in the EU. It is more 
complicated to obtain reference materials for unauthorised plants. 

One of the limitations of real-time PCR is the use of a specific method for each target. Indeed, the 
rise in the number of GMOs to be detected has led to an increase in the number of methods to be 
implemented. Given the throughput of the platforms used, this increasing number of methods is 
already problematic. 

Development: According to Directive 2001/18/EC, applicants must submit an application for 
authorisation to use a genetically modified plant. This application must be accompanied by a 
detection, identification and quantification method that has been developed by the applicant and 
whose minimum performance criteria have been established by the EURL and the network of 
European NRLs [14]. The method must be submitted to the EURL, which validates it and makes it 
available to the NRLs. Therefore, the NRLs are not currently responsible for developing methods 
for GMOs covered by an authorisation application. 

If the presence of an unknown GMO is suspected, a sequencing step is essential in order to 
develop a specific method. Sequencing methodologies have been published by laboratories 
working on this theme [15]. 
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4 Current analytical capacities of the NRLs based 

on real-time PCR 

The NRLs currently detect, identify and quantify transformation events using real-time PCR 
methods targeting known sequences with lengths of around 70-80 base pairs. These analytical 
procedures are the same as those to be used for the detection, identification and quantification of 
SDN-3 products with knowledge of the targets to be detected. 

The platforms used by the NRLs also enable the specific detection, identification and quantification 
of DNA with a known polymorphism in a single nucleotide (single nucleotide polymorphism), 
corresponding to the cases of SDN-1 and SDN-2. Indeed, real-time PCR techniques can be used 
with hydrolysis probes specific to one nucleotide (e.g. TaqMan-MGB probes). This approach is 
suitable for the detection of a small number of SNPs and may be used to detect the adventitious 
presence of a few dozen SNP modifications with the same model as that currently used for 
monitoring the adventitious presence of GMOs, using the same real-time PCR equipment. If a 
large number (hundreds or thousands) of SNPs needed to be monitored, the use of real-time PCR 
equipment would no longer be competitive in relation to the technological alternatives described in 
Section 5.2, “SNP genotyping”. 

Real-time PCR can also be used to detect residual vector or effector sequences. 

Performance: Real-time PCR enables the detection, identification and quantification of products 
obtained by SDN-1, SDN-2 or SDN-3 as well as vector or effector sequences. For SDN-3, and for 
vector and effector sequences, the expected level of performance is that currently obtained with 
the analysis of transformation events. The expected limit of detection of SNP assays for the 
analysis of SDN-1 or -2 products remains extremely low (around 20 copies of target DNA per 
reaction [16]). However, as the specificity of the reaction lies only in a base, the background noise 
obtained in the presence of non-mutant DNA will prevent mutant DNA under the 1% threshold from 
being detected in non-mutant DNA [17]. 

Accreditation: These methods are no different from those commonly used by the NRLs and can be 
accredited on the basis of existing quality systems. 

Cost: The necessary equipment (real-time thermocycler) costs between €20,000 and €40,000. It is 
already in place in the laboratories. The number of targets that can be analysed with this type of 
technology is limited. However, it can be increased considerably through the use of automated 
preparation platforms (€60,000 to €75,000). 

The unit cost of SDN-1, -2, -3, effector or vector detection by real-time PCR corresponds to the 
current cost of detecting a transformation event. If multiple SNPs are detected in the same sample, 
a reaction is necessary for each SNP tested. 

Duration: These methods are no different from those commonly used by the NRLs and the analysis 
times are similar (except if there is a sharp increase in the number of SNPs to be tested). 

Limitations: These techniques cannot be used without prior information about the sequence or 
polymorphism to be detected. Moreover, for modifications likely to occur naturally, the technology 
will not provide information regarding the conditions in which this polymorphism occurred or was 
obtained. The analysis of samples containing non-mutant versions mixed with the target raises the 
relative limit of detection for the target. Lastly, real-time PCR platforms require the preparation of a 
reaction mixture for each target and are not suitable when multiple targets are to be tested for each 
sample. 
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Research and development: Although performance data for real-time PCR tools targeting SNPs 
are available in the literature, the GMO NRLs do not have access to such data in their work 
environments. The implementation of specific validation procedures with suitable equipment would 
enable the laboratories to prepare for the possibility of such analyses. 

The analysis of commonly used vector and effector sequences should enable the definition of one 
or more real-time PCR methods capable of ensuring that these genetic elements are not contained 
in the analysed product. Such a method will not be able to determine whether portions of these 
genetic elements have been introduced into the genome. 
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5 Medium-term possibilities for technical analyses 

There are various technologies that are routinely used and may be implemented by the NRLs if 
necessary to carry out analyses: 

5.1 Real-time PCR via a microfluidic platform 

As mentioned above, the detection of SDN-1 and SDN-2 corresponds to the analysis of single 
mutations (SNPs). Real-time PCR is entirely suitable for the detection, identification and 
quantification of such genome modifications, provided that there are not too many targets. There 
are platforms, such as microfluidic chips, which are more suitable than conventional real-time PCR 
devices for the implementation of several hundred TaqMan-MGB genotyping tests. For example, 
the Fluidigm® microfluidic chips support up to 4608 simultaneous reactions for the genotyping of 
192 SNPs in 24 samples.  

Accreditation: The reaction is still a real-time PCR reaction and can therefore be accredited with no 
major changes to the quality system in place in the laboratories. 

Cost: Microfluidic platforms are significant investments. For example, the Biomark Fluidigm® 
platform costs around €200,000. Each reaction occurs within a chip enabling the simultaneous 
analysis of 48 targets in 48 samples, 96 targets in 96 samples, or 192 targets in 24 samples. The 
cost of this chip ranges from €500 to €1000. As for the reagents, they are the same as those 
currently used; however, since the reactions take place in very small volumes, the reagent costs 
are much lower than the current costs. 

Duration: The duration of the reaction is the same as with conventional real-time PCR. It takes 
much longer to prepare a chip than to prepare a conventional plate. However, a microfluidic plate 
enables the equivalent of 96 conventional plates to be processed in just one reaction. 

Limitations: Aside from the opportunity to reduce the number of reactions and thus reduce analysis 
times, the limitations are the same as for conventional real-time PCR. Indeed, this technique 
requires prior knowledge of the sequence or polymorphism to be detected. During SNP detection, 
it does not provide any information regarding the conditions in which this polymorphism occurred or 
was obtained. 

Research and development: Transferring a real-time PCR method from a conventional platform to 
a microfluidic platform is not expected to pose any technical problems. Such a platform is available 
in an ANSES laboratory and may be used for preliminary testing if necessary without any major 
investments. 

5.2 SNP genotyping 

Other technologies are already used for the genotyping of individuals via the analysis of numerous 
pre-identified SNPs. Genotyping technologies using fluorescent primers (KASP™), for example, 
enable several hundred SNPs to be analysed in the same sample. There are also Affymetrix® 
hybridisation chips enabling tens of thousands of SNPs to be genotyped.  

Performance: These technologies are suitable for genotyping and enable a sample or individual to 
be identified based on a very large number of SNPs analysed simultaneously. However, the 
modified target must make up at least 50% of the sample, which means that these technologies 
are not suitable for detecting the adventitious presence of an SNP occurring at a low level. These 
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techniques may be used to determine the presence or absence of a target sequence (SDN-3, 
vectors, effectors). However, they do not enable a target to be quantified. 

Accreditation: Genotyping with KASPTM fluorescent primers is not significantly different from real-
time PCR. Undertaking such analyses under accreditation is feasible subject to adaptation of the 
quality system and validation of all of the amplifications required for SNP analysis. Genotyping via 
chips is used for medical diagnoses by laboratories complying with quality commitments. However, 
the quality management associated with this type of platform is very different from that currently in 
place in the laboratories. 

Cost: KASPTM genotyping can be performed using equipment dedicated to real-time PCR. 
However, in order to make the most of the technology and increase the number of targets, it is 
necessary to invest in equipment achieving higher throughput such as an automated plate-
preparation machine (€75,000), a hydrocycler (€50,000) and a fluorescence reader combined with 
dedicated genotyping software (€100,000). The consumables associated with KASPTM genotyping 
are PCR consumables. Furthermore, since it is not necessary to have a fluorescent probe 
produced for each target, costs are reduced. The genotyping of 380 SNPs in a sample costs 
around €50 (extraction, assay, normalisation, PCR and analysis). 

To analyse the chips, it is necessary to invest in dedicated hybridisation and reading devices. The 
cost of these platforms varies significantly depending on the level of automation, the throughput 
and the related applications (GeneAtlas™: around €350,000; GeneChip®: around €1,800,000; and 
GeneTitan®: around €3,000,000). The cost associated with the use of chips is mainly related to 
their development: for each new SNP to be tested, a probe has to be custom-created and tested in 
order to undergo quality checks performed by the supplier. For information, excluding equipment 
and development costs, a genotyping programme for 70,000 SNPs in 200 samples using chips 
available in the supplier's catalogue costs €20,000 (reagents and analysis). 

Duration: If all SNPs are tested simultaneously, an analysis with fluorescent primers can be 
undertaken by simple PCR. For an analysis using hybridisation chips, the entire protocol (nucleic-
acid preparation, hybridisation and scanning) lasts around three days. 

Limitations: Although they can be used for the identification of SDN-3 products and vector or 
effector sequences, these technologies are particularly recommended for the identification of SDN-
1 and SDN-2 products. In all cases, the polymorphisms must have been identified beforehand and 
the supplied samples must be pure. With KASPTM genotyping, it is necessary to simultaneously 
analyse a minimum of 24 samples or controls to reliably predict the identity of the SNPs. 

The use of chips requires expertise that is not currently available in the laboratories. Moreover, 
aside from the cost of development, the optimisation of chip-production costs requires batch 
manufacturing, which reduces the flexibility of the targets that can be analysed. To read the chips, 
it is also necessary to invest in dedicated hybridisation and reading devices. 

Research and development: The shift to genotyping technologies is feasible but will require 
extensive methodological work before any routine implementation. A dedicated platform must first 
be created. Then, for each SNP, a PCR method or hybridisation probe must be developed and 
validated. Lastly, the analysis of results requires appropriate bio-computing and statistical tools. 
GEVES already uses genotyping by fluorescent primers as part of its missions for the 
characterisation and monitoring of plant varieties. 

5.3 Sequencing of fragments of interest 

From a nucleic-acid extract, it is possible to isolate a fragment of interest by amplification or 
capture and sequence it. In the event of genetic modifications, differences may be identified 
between the sequence of the fragment of interest in the modified plant and the expected sequence.  
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Depending on the number of sequences of interest, the necessary sequence length or the number 
of samples to be analysed, Sanger sequencing or high-throughput sequencing (next-generation 
sequencing, NGS) may be used. For each target sequence, Sanger sequencing will give a 
consensus sequence for each sample while NGS will produce numerous sequences for each 
sample. In addition, high-throughput sequencing enables numerous samples to be multiplexed 
(analysed simultaneously) by identifying each sample with a barcode (tagging). 

Performance: Sequencing is a highly effective technique enabling the exact sequence of a 
fragment of interest to be determined. This technique is able to highlight single mutations (SNPs) 
(SDN-1 or -2) or more significant modifications for several bases (SDN-2 or -3). The generation of 
a chromatogram with Sanger sequencing and the monitoring of NGS data with FastQC software 
are useful for ensuring the quality of the data obtained. Sanger sequencing can only be used for 
identification whereas NGS can be used for detection. The performance level of this detection 
depends on the sequencing depth, which is related to the technology used, the number of 
multiplexed samples, and therefore the cost of sequencing. For information, analyses have been 
undertaken with a relative limit of detection of 1%. 

The size of the fragments of interest to be sequenced also varies depending on the sequencer 
used and can range from a few dozen bases (Sanger, Illumina) to 100,000 bases (MinIonTM). 

Accreditation: The accreditation of these approaches is feasible provided that the quality of the 
sequencing steps is controlled (by a service provider or the laboratory). In light of the development 
and deployment of small MinIonTM laboratory sequencers, the laboratory may be able to carry out 
and control the whole analysis in the medium term. 

Cost: For outsourced sequencing, the cost depends on the technology used. It is around €5 per 
targeted sequence and per sample for Sanger sequencing. For NGS, the high cost of a 
sequencing reaction is offset by the ability to multiplex a large number of samples and targets. This 
multiplexing lowers the cost to around €20 per target and per sample. To simultaneously detect 
polymorphisms in several genome regions, it is necessary to perform multiple rounds of 
sequencing or increase the use of multiplexing. 

Sequencing by the laboratory will require the acquisition of a suitable sequencer (for example, 
Illumina MiniSeqTM, which costs around €50,000). The cost per sample will also be higher due to 
the lower analysis throughput. 

Duration: When sequencing is performed by private providers or on platforms, the minimum 
analysis time is around one week for Sanger sequencing. It can reach several months for certain 
platforms. These analysis times will be considerably reduced if the full analysis can be controlled 
within the laboratory. 

Limitations: This approach requires prior knowledge of the region to be sequenced in order to be 
able to amplify or capture the fragment of interest using PCR. The amplification of each fragment is 
relatively easy to develop but in terms of handling, it requires a reaction for each fragment. 
Conversely, capture PCR is still technically uncertain (lack of specificity) but should, in the long 
run, enable a large number of sequences of interest to be selected simultaneously. Another 
limitation of this approach is the rate of errors introduced during the PCR step and during 
sequencing. However, techniques using barcodes (tagging) enable true mutations to be 
distinguished from those related to PCR and sequencing errors [18]. Depending on the type of 
technology used, the analysis of results requires appropriate bio-computing and statistical tools. 

Research and development: The shift to technologies for the routine sequencing of fragments of 
interest will require some degree of methodological work, depending on the approach considered 
both for the selection of sequences of interest and for sequencing itself.  

As mentioned earlier, the use of PCR does not particularly require any adjustments but will rapidly 
become limiting. The system for capturing sequences of interest would enable a large number of 
targets to be selected and then sequenced. However, the tests undertaken by ANSES lack 
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specificity and do not allow the extract to be sufficiently enriched with target DNA. ANSES would 
like to sustain research efforts focusing on this sample-preparation method. 

Regarding the sequencing step, Sanger technology can only be used after a PCR reaction that has 
been developed and validated for each genome portion to be tested. In this case, the analysis of 
results requires relatively accessible bio-computing tools. The use of outsourced NGS requires 
expertise in terms of sample preparation and the bio-computing tools to be used are also more 
complex. Lastly, the management of the entire analysis requires the acquisition and control of a 
sequencing platform as well as proficiency in the appropriate bio-computing and statistical tools. 
ANSES currently has IonProtonTM and MinIonTM NGS platforms as well as a dedicated bio-
computing department. The ANSES GMO NRL has a MinIonTM platform, is experimenting with its 
use for the identification of transformation events, and would like to sustain research efforts 
focusing on this sample-analysis method. 

5.4 DNA methylation analysis 

DNA methylation involves the covalent addition of methyl groups to certain DNA nucleotides 
(primarily cytosines). Modification of DNA methylation is associated with gene regulation in 
eukaryotes [for review, see: 19].  

The main technology used to study DNA methylation is bisulphite conversion combined with 
sequencing. During this treatment, unmethylated cytosines are converted into uracils. The 
converted DNA can then be amplified and sequenced. If there are cytosines in the obtained 
sequence, this means they contain methyl groups. Data are analysed to determine the methylation 
of a site as well as the methylation level of an analysed genome region. 

Bisulphite treatment does not pose any major technical difficulties and can be incorporated into a 
traditional analysis scheme with amplification and/or sequencing. 

Performance: Bisulphite conversion is a method of DNA preparation. The level of performance 
depends on the subsequent technology. For the detection of an epigenetic mutant identified at a 
set position, real-time PCR can be used to detect this mutant with a limit of detection of 0.01%. 
Conversely, unless a complex and expensive strategy is used, the sequencing of the converted 
DNA will not enable the detection of mixed individuals but simply the identification of separate 
individuals. 

Accreditation: The accreditation of such a protocol seems feasible under the same conditions as 
for the subsequent technologies (PCR, sequencing, etc.). 

Cost: The cost of DNA conversion is very low (around €2 per extract), while the cost of analysis 
depends on the technology applied to the converted DNA. 

Duration: The duration of bisulphite treatment is not limiting in the activity framework of the NRLs. 

Limitations: As indicated above, bisulphite treatment is merely a method for preparing DNA. 
Combined with real-time PCR, it easily enables the specific detection of a given sequence with a 
given methylation level. Combined with sequencing, it easily enables the methylation levels of 
targeted sequences to be compared. The limitations are the same as for conventional analyses: 
knowledge of the potentially modified site and its expected status is a prerequisite for any analysis. 
Without prior knowledge, only whole-genome sequencing can be implemented. The data analysis 
could reveal major anomalies in the methylation profile of a genome. A more in-depth analysis 
would require a reference epigenome that is not currently available.  

Research and development: This approach is commonly used for research purposes. The 
development of partnerships between analytical and research laboratories should enable skills to 
be transferred. The acquisition of data regarding the methylation levels of genomes for species of 
interest is a prerequisite for any whole-genome analysis. 
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6 Long-term possibilities for technical analyses 

6.1 Whole-genome sequencing and analysis of exogenous genetic 
elements 

The insertion of a sequence whose nature and position have not been identified cannot be 
detected via the targeted approaches currently used. In order to identify this type of modification, it 
is necessary to analyse the full genetic information of the individual or test sample. New high-
throughput sequencing technologies (NGS) enable the acquisition of a full sequence for an 
individual or a large portion of the genetic information contained in a sample. Using bio-computing 
tools, these sequences can then be compared with databases of available sequence data for 
various organisms. 

Performance: By analysing a whole genome, it is possible to verify the presence of SDN-1, -2 or -3 
modifications at pre-determined locations. However, this approach is excessive for this type of 
operation. This approach can also enable exogenous sequences to be identified without any prior 
information and is therefore applicable to SDN-3 products and the detection of vector and effector 
sequences. Its performance level directly depends on the sequencing depth and analytical 
procedures. In the context of identification, the full coverage of a large plant genome such as that 
of maize requires extensive and expensive sequencing. In the context of detection in a complex 
sample, the required sequencing depth is too large for it to be feasible to date. 

The analysis of results also influences the performance level of this approach. The simplest and 
most effective strategy involves creating a database of the sequences potentially used for 
transformation and comparing each raw sequence (read) from the sequencing with those listed in 
this database. However, this approach only enables the identification of a sample containing one of 
the pre-identified sequences included in the database. Another approach would be to compare 
each read with all of the known data. However, this would require computing power that is not 
readily accessible. 

Accreditation: As mentioned above, the accreditation of this approach requires quality control for 
the sequencing steps. In light of the development and deployment of small laboratory sequencers, 
the laboratory may be able to control the whole analysis in the medium term. 

Cost: The systems likely to offer an appropriate sequencing depth for this type of approach (for 
example, Illumina NextSeqTM and HiSeqTM) can be accessed from certain sequencing platforms. 
Many companies also offer sequencing services using this type of equipment. For information, the 
purchase cost of an Illumina NextSeqTM is around €250,000, while that of an Illumina HiSeqTM is 
around €650,000. 

An Illumina HiSeqTM sequencing service providing sufficient coverage for a whole maize genome 
currently costs around €4000. 

Duration: Depending on the system used and the desired sequencing depth, sequencing lasts 
between 10 hours and six days.  

Limitations: Equipment availability, the cost of the analyses and expertise in the techniques are 
some of the barriers to implementation of this type of approach. Moreover, this strategy relies on 
the identification of a sequence from the genome of a different organism via the creation of an 
appropriate database. It does not enable modifications in the sequence to be detected without prior 
knowledge. Lastly, this approach requires technical expertise and bio-computing skills that the 
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laboratories do not necessarily have. With lower sequencing costs and the possible acquisition of 
sequencers by the laboratories, this type of approach should become feasible. 

Research and development: As indicated above, the use of NGS requires expertise in terms of 
sample preparation, sequencing operations and data processing. These approaches are widely 
deployed in various fields of research and are starting to be used for analyses. However, their 
transfer requires that the laboratories acquire new skills. 

The use of a specific database of the sequence data potentially used in the event of SDN-1, -2 or -
3 modifications (vectors, effectors, promoters, genes of interest, terminators, etc.) requires prior 
compilation and validation work. Such a database then needs to be regularly updated with data 
from the scientific literature, patents, etc. Such a database is maintained by the EURL based on 
the sequence data submitted by applicants with authorisation applications. However, this database 
cannot be made available to the NRLs for data-ownership reasons. 

6.2 Whole-genome sequencing and statistical approaches 

On the basis of whole-genome sequencing results, it is possible to consider an approach that does 
not seek to compare sequences from a sample with sequences from the genomes of other 
organisms but rather seeks to identify anomalies in a sequence via statistical approaches. These 
anomalies can be attributed to the insertion of an exogenous sequence.  

Performance: This would be the only approach enabling certain SDN-3 modifications to be 
identified without prior information and without the introduced sequence coming from a known 
organism. The performance level of this type of approach for the identification of SDN-3 
modifications has not yet been assessed. However, with a such a tool being based on a statistical 
difference between the gene pool and the introduced sequence, it is understood that it would not 
be capable of detecting all SDN-3 modifications. 

Accreditation: This is a prospective approach and is not intended for routine use in the short term. 
Moreover, given the type of result obtained (probability of having a positive sample), the 
accreditation of such an approach is not currently feasible. 

Cost: The sequencing costs are those given in Section 6.1, “Whole-genome sequencing and 
analysis of exogenous genetic elements”.  

Duration: The sequencing duration is that given in Section 6.1, “Whole-genome sequencing and 
analysis of exogenous genetic elements”. 

Limitations: Such a tool should enable certain genome portions to be identified as likely to have 
been introduced. This result would not be evidence of the origin of this sequence or of the method 
used to introduce it into the sequenced organism. 

Research and development: This approach is currently being developed at ANSES as part of a 
thesis project on bio-computing undertaken jointly by the GMO NRL and the bio-computing 
platform. A first tool will be made available at the end of 2019. Depending on the results obtained, 
this approach may be developed much more broadly. 

6.3 Chromatin conformation 

Histone proteins associated with DNA in chromatin can undergo various modifications when acetyl 
or methyl groups or small peptides are added to their N-terminal tails. All of these modifications 
impact the three-dimensional conformation of chromatin. 

Specific antibodies against certain protein epitopes can be used to immuno-precipitate protein-
bound DNA in the desired conformation. However, instead of directly studying histone 
modifications, some technologies such as ATAC-seq [20] and Hi-C [21] are based on sequencing 
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and propose to directly study the 3D structure of chromatin. The most accessible of these seems to 
be ATAC-seq based on the accessibility of certain chromatin sites with transposases, which will 
insert adapters into accessible sites and enable sequencing to be carried out from these regions of 
the genome. 

Performance: This technology enables open chromatin regions to be mapped for an individual at a 
given time. 

Accreditation: At this point in time, ATAC-seq and other similar technologies are fundamental 
research tools and are hardly compatible with the constraints associated with accreditation. The 
main obstacle will be the availability of known reference material with known and controlled 
conformation DNA. 

Cost: The main cost of the technique involves the use of high-throughput sequencing platforms. 
Depending on the desired resolution, it is possible to multiplex samples and reduce the cost to 
around €100 per sample. 

Duration: Large structures for epigenetic research are capable of processing up to 60 samples per 
day with ATAC-seq. However, the bio-computing resources required for data processing should 
not be neglected. 

Limitations: Three-dimensional chromatin conformation analysis requires intact cells. It can thus 
only be used with fresh tissues and never with processed material. Moreover, the physiological 
status of the plant and its development stage heavily influence the three-dimensional structure of 
chromatin. Lastly, given the plasticity of the dominant non-coding regions of genomes, the 
structure changes significantly from one variety to the next. The use of this type of technology to 
undertake analyses would thus require cultivating the variety suspected of having been modified in 
parallel with this same variety known as not having been modified. The implementation of such 
analyses is hardly feasible for the time being. 

Research and development: Approaches enabling open chromatin to be described have mainly 
been used for medical research thus far. The resources required for their implementation are not 
yet compatible with analyses for the detection or identification of SDN plants. 
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