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Abstract: The comprehensive EU regulatory framework regarding GMOs aims at preventing damage
to human and animal health and the environment, and foresees labelling and traceability. Genome-
edited plants and products fall under these EU GMO regulations, which have to be implemented in
enforcement control activities. GMO detection methods currently used by enforcement laboratories
are based on real-time PCR, where specificity and sensitivity are important performance parameters.
Genome editing allows the targeted modification of nucleotide sequences in organisms, including
plants, and often produces single nucleotide variants (SNVs), which are the most challenging class
of genome edits to detect. The test method must therefore meet advanced requirements regarding
specificity, which can be increased by modifying a PCR method. Digital PCR systems achieve a very
high sensitivity and have advantages in quantitative measurement. Sequencing methods may also be
used to detect DNA modifications caused by genome editing. Whereas most PCR methods can be
carried out in an enforcement laboratory with existing technical equipment and staff, the processing
of the sequencing data requires additional resources and the appropriate bioinformatic expertise.
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1. Introduction

In the EU, when placing on the market genetically modified (GM) crops and derived
food and feed, a rigorous regulatory framework that is based on the precautionary principle
aims at protecting consumers and the environment [1]. Regardless of safety aspects, the pos-
sibility to choose between products with and without genetic modification techniques in
the production process is important to consumers, as well as farmers and food manufac-
turers. GMO-free production is also essential for products that are declared as GM-free or
produced under organic farming concepts. EU policy on GMOs is comprehensive. It deals
in detail with the whole agro-food chain, encompassing all stages of production, from the
development of GMOs, their release and cultivation, marketing, labelling, and monitor-
ing up to the point where these products are consumed by humans and animals [2–5].
Enforcement encompasses protection of the market from the presence of unauthorized
GMOs and general requirements on labelling. Labelling and traceability requirements
are specified in regulations (EC) 1829/2003, (EC) 1830/2003, and (EU) 619/2011 [3,4,6].
A labelling threshold of 0.9% for the adventitious or technically unavoidable presence of
GMOs in products is set in the European legislation framework (labelling threshold, Regu-
lation (EC) 1829/2003, implementation of Regulation (EC) 1830/2003 [3,4]). Additionally,
a quantitative determination of GMOs in amounts as low as 0.1% should be possible for
the adventitious presence of a GMO, for which an authorization procedure is pending or
the authorization of which has expired [6]. For unauthorized GMOs without a pending
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application, zero tolerance applies (Regulation (EU) 619/2011). The reliability of test re-
sults is crucial in enforcement control, as they are usually associated with corresponding
measures. According to Regulation (EC) 625/2017, uniform control measures are required
in the EU member states [7]. All EU member states have to designate one or more national
reference and official control laboratories to carry out enforcement and official controls.
Their competent authorities have appointed enforcement “national reference laboratories”
(NRLs) and official laboratories to perform analyses for the presence of authorized and
unauthorized GMOs in food, feed, and seed products [8]. These laboratories have the
expertise, equipment, infrastructure, and staff to perform analyses during official controls.
In the EU, enforcement laboratories apply PCR-based methods to detect DNA sequences.

On 25 July 2018, the European Court of Justice (ECJ) ruled “that organisms obtained
by means of techniques/methods of mutagenesis constitute GMOs” within the meaning
of Article 2(2) of Directive 2001/18/EC [9]. According to this ruling, market releases of
organisms developed using new mutagenesis techniques, which have appeared or have
been mostly developed since Directive 2001/18/EC was adopted, need to comply with its
legal obligations. In light of the ECJ judgment, the Council of the EU has requested the
Commission to submit a study regarding the status of Novel Genomic Techniques (NGTs)
under Union law [10]. NGT is a collective term for techniques capable of changing the
genetic material of an organism, and that have emerged or have been developed since 2001.
Among these, techniques commonly known as genome editing (e.g., the widely known
CRISPR/Cas system) have received the most attention globally in recent years. They allow
the targeted and precise modification of the nucleotide sequence of the genome of diverse
organisms, including plants. According to the current state of knowledge, NGTs and in
particular genome editing represent a significant improvement in precision and efficiency
compared to previous gene modification and gene transfer procedures. In particular,
genome editing allows defined site specificity when altering plant genomes [11].

Generally, the detection of GMOs may be accomplished by different analytical ap-
proaches of increasing specificity: species/taxon-specific, element-specific, construct-
specific, and event-specific methods [12,13]. Construct- and event-specific detection meth-
ods commonly lead to the identification of a specific GMO. The availability of suitable
detection methods is the pivotal element to enable enforcement of the EU regulatory frame-
work for GMOs. Classic GM plants are characterized by the random insertion of foreign
DNA segments, and detection makes use of this characteristic. In contrast, a DNA sequence
altered by genome editing can be detected, but this does not necessarily include the decision
upon the technical background of a modification or the underlying process, e.g., using a
genome editing technique. Furthermore, it cannot be excluded that the DNA modification
occurred spontaneously or was generated by random mutagenesis. This article examines
which existing and upcoming detection methods are suitable to detect typical NGT-related
modifications and are potentially fit for the purpose of meeting the regulatory require-
ments. PCR and sequencing methods were analyzed for their potential regarding practical
application in official enforcement control. The analysis is complemented by pointing out
the specific needs of enforcement laboratories, and whether the selected methods could be
integrated in existing testing strategies in the near future.

2. Standards and Requirements in Enforcement Control

The most common method applied to detect GMOs is PCR, which is routinely used
for various applications, including allergen analysis or the determination of pathogens.
To date, methods based on the principle of quantitative real-time PCR (qPCR) have been
the gold standard for the detection of GMOs. The technical equipment to perform qPCR
requires the availability of a real-time PCR device. Such devices, as well as the correspond-
ing qualification of the personnel, are available in many official enforcement laboratories.
Consequently, to date, all reference methods of the EURL-GMFF make use of this methodol-
ogy [14]. Accordingly, reference methods are collected in a database (GMOMETHODS; [15])
that is hosted by the European Union Reference Laboratory for Genetically Modified Food
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and Feed (EURL-GMFF) at the Joint Research Centre (JRC) of the European Commission.
Typical genetic elements found in classic GMOs are detected in the so-called matrix-based
screening approach [16,17], the implementation of which is supported by the JRC GMO-
Matrix web application [14]. Accordingly, reference methods are collected in a database
(GMOMETHODS; [15]) that is hosted by the European Union Reference Laboratory for
Genetically Modified Food and Feed (EURL-GMFF) at the Joint Research Centre (JRC)
of the European Commission. Sequence elements commonly found in GMO constructs,
however, are not expected to be present in plants modified by certain NGTs pursuing a
transgene-free strategy [18]. Similar to classic GMOs lacking these elements, such plants
and products cannot be tracked down by screening approaches [12].

For classic GMOs, event-specific methods may be developed based on the unique
combination of inserted DNA and the recipient genome [14]. The development of suitable
detection methods for plants produced using NGTs can be much more challenging, in par-
ticular with regard to genome-edited plants and products [19]. As genome editing may
result in a single base pair alteration, the development of a detection method becomes even
more challenging. Nonetheless, Chhalliyil et al. (2020) recently showed that it is feasible to
develop a detection method for a known single base pair edit [20].

Enforcement laboratories as well as official control laboratories should be accredited
for the use of suitable methods according to the standard EN ISO/IEC 17025, “General
requirements for the competence of testing and calibration laboratories” [21], to allow
them to produce reliable analytical data [7]. In addition, in many cases, EU legislation
(e.g., Regulation (EU) 625/2017 [7]) asks for accreditation of enforcement laboratories for
the respective method according to international standards.

Method validation is necessary before a method is ready to be implemented in enforce-
ment laboratories [13]. As an essential part of the process that regulates the introduction of
new GMOs as food and/or feed on the market, the validation of an analytical method fol-
lows internationally accepted protocols. Upon validation, they assure reliable, reproducible,
sensitive, and accurate determination of GMOs [13]. EURL-GMFF is legally mandated to
assess the validation procedure [15], and is assisted by the European Network of GMO
Laboratories (ENGL; [8]). The latter has issued a guidance document on minimum perfor-
mance requirements (MPR; [22]). Validation comprises an examination of method-specific
characteristics, including specificity, limits for detection, and quantification [12]. The actual
implementation of specific performance requirements differs depending on the purpose of
the analysis. Criteria for the validation of methods to detect NGTs have not been published
so far.

Reference material is needed for diverse purposes [12,23]. Sufficiently characterized
reference material is required as a positive control to confirm the result of a detection
reaction. In addition, the validation of quantitative methods requires the measurement to
be traced back to a unit of the international system of units (e.g., to percentages by weight of
a certified reference material). Finally, certified reference material with defined proportions
of sequences to be detected is required for quantification. To this end, the reference material
serves as a calibrant when a standard qPCR approach is used (see, e.g., [17]).

3. Detection Methods Fit-for-Purpose

Method-specific properties like specificity and sensitivity are important performance
parameters of any method applied in an enforcement control laboratory. It is important
that the detection method is specific enough to detect modifications introduced by genome
editing in a highly reliable manner. Additionally, a suitable method needs to detect
specifically the sequence of interest, even in complex samples of different components
(e.g., food or compound feed), and should not show any interference with other genomic
sequences present.

Genome editing techniques can be designed to target only a single nucleotide produc-
ing a single nucleotide variant (SNV), which is the most challenging class of genome edits
to detect [19,20]. In order to differentiate between a modified and an unmodified sequence,
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the specificity of a detection system for the sequence of interest is of critical importance.
Methods particularly suitable for detecting an SNV must meet advanced specifications
regarding the performance of the assay. The aim is to increase the specificity of the detection
system in order to reliably detect even minimal differences in the nucleotide sequence,
such as SNVs.

Probe-based qPCR technologies like Taqman have some limitations regarding the
reliable detection of SNVs. Analysis of genome-edited plants shows that, in many cases,
sequence insertions or deletions (InDels) of several base pairs may result from the genome
editing process. For these types of modification, this robust and well-established technology
is suitable to test for specific NGT modifications.

One possibility to increase the specificity of primers and probes in a PCR is the use
of base analogs that increase the stability of the base pairing. For qPCR, locked nucleic
acids (LNAs) are commonly used for this purpose, where the increased stability of the
base pairing is mediated by a modified structure in the ribose unit. By using these LNA
analogs at the position of the NGT-modified base, the specificity of the primers or probes
can be increased to such an extent that efficient amplification is only possible with the
modified target sequence [24–27]. Recently, an LNA-based detection system for SNVs
present in SU (sulfonylurea and imidazolinone herbicide) tolerant canola variants has been
developed [20]. It allows a sensitive detection of the tested genome-edited canola.

Another promising PCR technology, which has the potential to significantly increase
the specificity of a test system, is RNaseH-dependent real-time PCR [28]. A comparison of
established PCR methods [29,30] for SNV differentiation with RNaseH-dependent real-time
PCR shows that RNaseH-dependent real-time PCR has a much better specificity for the
desired modification, and the tested SNVs can be separated more effectively.

With digital droplet PCR (ddPCR), a higher specificity can be achieved compared to
the qPCR, since PCR inhibitors, as well as the competition between background DNA and
target molecules, hardly play a role [31–33].

In the EU authorization and control context, it is also required that analytical methods
reach a desired level of sensitivity. Real-time PCR systems generally achieve a detection
limit of 5–10 copies of the target sequence. Data from the literature show that the sensitivity
and detection limits of a PCR using LNA primers and RNaseH-dependent real-time PCR
approaches are comparable to those of conventional PCR or qPCR [20,34]. Due to the high
number of individual reactions that can be evaluated separately when using ddPCR, it is
possible to achieve a very high sensitivity of the method.

Given a sufficient specificity and sensitivity of the test method, PCR methods like
RNaseH-dependent real-time PCR or LNA-PCR have the potential to provide quantitative
results of required quality, even for target sequences carrying an SNV. A recent publication
has demonstrated that a reliable quantification of genome-edited material is feasible by
applying a PCR approach using an LNA modified primer. In the previously mentioned
example of the detection of SU canola, genome-edited canola could be reliably quantified
down to a mass fraction of 0.1% [20].

Concerning quantification, ddPCR provides some essential advantages compared to
classical qPCR methods. Its increased specificity and sensitivity combined with calibration-
independent measurement makes ddPCR a highly promising technology for the quanti-
tative determination of genome-edited material. Due to the efficient performance of the
described PCR techniques, it can be assumed that genome-edited material can be detected
even in an excess of other sequences, as is the case in mixed samples (e.g., food or feed).

Sequencing methods are also suitable for detecting DNA modifications, like SNVs
and InDels, that typically occur in genome-edited plants. Furthermore, the detection of
SNVs and InDels is possible in composite sample material with a sensitivity of less than
1%, but requires a minimum sequencing depth (30 to 50 times of coverage). Homologous
sequence regions and repetitive sequences of the products under investigation can impair
the quality of the sequencing results [35].
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4. Discussion

The EURL-GMFF has a large number of standardized reference PCR methods for
the detection of transgenic constructs and of classical GMOs available [15], which in
principle might be adapted to detect genome-edited plants. A key criterion of selecting
methods potentially suitable for tracking genome-edited products is that they have been
shown to successfully detect SNVs [20]. To be fit for purpose, a method used in an
enforcement laboratory should meet the minimum performance criteria and correlate
with the environmental conditions prevailing in a laboratory. This includes the technical
equipment and the expertise of staff to implement new test strategies if necessary.

Whether a method can be classified as fit for purpose does not only depend on method-
specific properties like specificity and sensitivity. It is equally important to evaluate the
specific criteria and requirements of enforcement control, regulatory needs, consumer
expectations, and cost efficiency. In order to ensure fast, smooth, and cost-efficient imple-
mentation in enforcement control, methods for the detection of NGT products should be
based on existing analytical systems wherever possible. When evaluating fit-for-purpose
detection methods, it is thus advisable to take into account the requirements regarding the
expertise of the employees and the necessary equipment of the laboratory considering the
current testing approach. Ideally, appropriate methods can be established in a laboratory
without large investments in equipment or personnel resources.

The analysis of different detection methods shows that some PCR methods are suitable
for detecting sequence differences, even if their proportion in a sample is less than 0.1%.
To achieve this sensitivity, some optimization steps (primer/probe design, thermal profiles)
may be necessary. Sequencing methods can also be used, but require specific considerations,
in particular concerning adequate coverage. Similarly, the necessary equipment for ddPCR
is increasingly available in these laboratories. In addition, ddPCR is already being used for
similar applications, like qPCR. For ddPCR, the requirements for the technical equipment
are higher than those for qPCR.

Most PCR methods can be carried out with existing technical equipment and by
existing staff of a GMO enforcement and official control laboratory; however, for the
evaluation of the data, employees with appropriate expertise are required. Due to specific
regulatory requirements [7], even more resources are needed when using sequencing
in enforcement control. Although the necessary “wet lab” activities can be carried out
by existing staff, the generation and processing of the sequencing data creates new data
sets with additional storage and archiving requirements [36]. Additional staff with the
appropriate expertise in bioinformatic analysis are required for the evaluation of the data.
For the provision and maintenance of the necessary IT infrastructure, personnel with
knowledge of relevant software solutions and their implementation in the laboratory-
specific IT environment is essential.

In order to ensure that the detection methods used provide correct results, such mea-
surement methods need to be subject to appropriate validation. Guidelines for the val-
idation of qPCR methods in GMO analysis are available [22,37], whereas no guidelines
for validation of methods for the detection of genome-edited plants and products have
been published. As validation solely deals with the technical performance criteria of a
method, the existing guidelines can also be applied to the validation of qPCR methods
used for detection of genome-edited material. Concerning ddPCR, general requirements
and guidelines for the application of ddPCR are under development by various technical
committees of the International Organization for Standardization (ISO) (including ISO
20395:2019). In addition, JRC has published a guidance document on the use of ddPCR
in GMO analysis [38]. Based on these guidelines, validation measures for the application
of ddPCR for genome-edited plants and products can be defined. To enable enforcement
control according to the regulations and standards, it is necessary to establish standardized
requirements for individual laboratory validation. Based on this validation, the methods
can be accredited according to ISO 17025 [21].
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The availability of reference material is a crucial point when attempting to detect and
quantify genome-edited material. In the case of an EU market authorization, the applicant
is obliged to provide reference materials and a method to detect the product under examina-
tion [3]. However, in the case that no application for approval in the EU has been submitted
and the product is marketed elsewhere outside the EU, the availability of appropriate
reference material must be arranged with the developer, and an adequate detection method
should be made accessible. A system to ensure the availability of reference material and
methods must be established, regardless of whether the genome-edited plant or product is
authorized or not.

It is usually not part of the tasks of an enforcement laboratory to develop meth-
ods. However, the participation of experts from enforcement laboratories in projects,
possibly under the aegis of the JRC, is desirable if the necessary resources are made avail-
able. The prerequisite to develop methods to detect genome-edited plants is adequate
information, which is provided by developers in the course of the authorization pro-
cess. Alternatively, databases such as EUginius [39] are a source of relevant information,
provided that they also take into account data from countries where genome-edited plants
are not regulated, and on the condition that they are kept up to date. The competent
authorities of the EU member states could promote the global exchange of information
between regulatory institutions, thereby supporting their enforcement laboratories.

5. Conclusions

To date, the detection of GMOs is typically based on qPCR, a method widely used in
official enforcement laboratories to target DNA. The analyses of existing and upcoming
methods showed that SNVs are reliably detected, providing the technical possibility of
tracking genome-edited plants. These PCR methods can usually be carried out with the
available technical equipment and by existing staff in a GMO control laboratory. However,
an analytical method for the detection of a genome-edited product should be found fit
for the intended purpose by the EURL before it is applied for official control purposes by
enforcement laboratories.

The prerequisite for integrating the new methods into the current testing process is
the availability of established detection methods and adequate reference material. In order
to allow easy access for enforcement laboratories to all relevant information, it is recom-
mended to establish an international NGT method database. Furthermore, in order to
enable method development and to examine the characteristics of applications by genome
editing, action is needed to finance research activities on both the international and Eu-
ropean levels. In addition, guidelines for the validation of detection methods must be
developed to fulfill the regulatory requirements and to ensure transferability of the meth-
ods across laboratories. Such activity should include sequencing as promising alternative
methodology in the near future.
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