'.) Check for updates

Approved: 7 March 2025

DOI: 10.2903/j.efsa.2025.9321

S JOURNAL

Risk assessment considerations for RNAi-based genetically
modified plants

European Food Safety Authority (EFSA) | Francisco Barro | Albert Braeuning |
Tilemachos Goumperis | Aleksandra Lewandowska | Simon Moxon |
Nikoletta Papadopoulou | Elena Sanchez-Brunete

Correspondence: nif@efsa.europa.eu

Abstract
The declarations of interest of all scientific The risk assessment (RA) requirements for genetically modified plants (GMPs) are
experts active in EFSA's work are available defined in Regulation (EU) No 503/2013 and the EFSA guidance on the RA of food
at https:/fopen.efsa.curopa.eu/experts and feed from GM plants (EFSA GMO Panel, 2011). When a GMP is developed to

silence transcripts by RNA interference (RNAi), some specific additional analysis
needs to be provided by the applicant. This guidance describes the requirements
and recommendations for the GMP applications submitted to EFSA. It covers the
molecular characterisation, focusing on bioinformatic analysis and confirmation
of the trait, as well as the food and feed safety and dietary exposure assessment
of RNAi-based GMPs. This document replaces the GMO panel strategy for the risk
assessment of RNAi off targets in plants, described in Annex Il to the minutes of the
118th Plenary meeting of the Scientific Panel on GMO and takes into account the
current knowledge on the mechanisms of RNAi in plants.
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1 | INTRODUCTION

Genetically modified plants (GMPs) can be designed to silence specific genes in the plant itself or other organisms by
RNA interference (RNAI). This is achieved by inserting in the plant genome either a double-stranded RNA (dsRNA) or an
artificial microRNA (miRNA) precursor. These molecules are cleaved into small RNAs that are 20-30 nucleotides long (small
interfering RNAs [siRNAs] or miRNAs), which act as a template for an RNA-induced silencing complex (RISC) to specifically
bind the target/messenger RNA (mRNA) with perfect or near-perfect complementarity, leading to cleavage of the target
RNA (Burand & Hunter, 2013; Cagliari et al., 2019; Koch & Kogel, 2014). In addition to RNAi-based GMPs that are designed to
reduce mRNA levels of specific endogenous plant gene(s) (e.g. EFSA GMO Panel, 2012, 2024a), RNAi-based GM plants may
also induce silencing of mRNA transcripts in pests that potentially infect the plant (e.g. EFSA GMO Panel, 2018, 2024b). This
last strategy is termed environmental RNA..

GMPs and/or derived food/feed (FF) products are subject to a risk assessment (RA) and regulatory approval before en-
tering the market in the European Union (EU), according to relevant legislation (Directive 2001/18/EC,! Regulation (EC) No
1829/2003% and Regulation(EU) No 503/2013%) and the EFSA guidance documents on the RA of food and feed from GMPs
(EFSA GMO Panel, 2011) and on the environmental RA of GMPs (EFSA GMO Panel, 2010).

While these regulations and guidance are applicable to RNAi-based GMPs, some specificities have been identified for
the RA of these plants (Casacuberta et al., 2015; Papadopoulou et al., 2020; Ramon et al., 2014). This guidance describes
the information required for RNAi-based GMPs in applications submitted to EFSA. It provides specific requirements and
recommendations for applicants regarding the molecular characterisation and risk assessment of the food and feed safety
of RNAi-based GMPs. This guidance document does not cover environmental RA considerations. For more information on
the topic, please refer to previous EFSA output on RNAi-based GMPs (Christiaens et al., 2018; Papadopoulou et al., 2020).

This document replaces the GMO panel strategy for the risk assessment of RNAI off-target studies in plants, described in
Annex Il to the minutes of the 118th Plenary meeting of the Scientific Panel on GMO* and takes into account the current
knowledge on the mechanisms of RNAI in plants.

2 | DATA AND METHODOLOGIES

In order to develop this guidance, EFSA consulted experts from the GMO Panel Cross-cutting working group, with exper-
tise in Molecular Characterisation and Food and Feed risk assessment of RNAi-based GMPs. The EFSA staff and the experts
took into account published scientific literature relevant for safety of RNAi-based GMPs (including Dévalos et al., 2019;
Paces et al,, 2016; Papadopoulou et al., 2020), RA considerations from other regulatory authorities (e.g. relevant sections of
OECD, 2023), experience from the assessment of RNAi-based GMO applications and preparatory work performed under the
framework contract on literature reviews [OC/EFSA/MESE/2022/03] and specific contracts (OC/EFSA/MESE/2022/03-CT02
- SC08 and OC/EFSA/MESE/2022/03-CT03 - SC12). The search strings used and the retrieved papers from the updated sci-
entific literature review are provided in Annexes A and B.

3 | REQUIREMENTS
3.1 | Bioinformatic analyses

For RNA interference, specificity is based on the sequence identity between the small silencing RNAs and their mRNA tar-
gets. Other transcripts that are not intended to be silenced but have sufficient sequence identity to the small silencing RNAs
can also be targeted for degradation, which is referred to as off-target effects (Casacuberta et al., 2015; EFSA, 2014; Federal
Insecticide, Fungicide and Rodenticide Act [FIFRA], Scientific Advisory Panel [SAP], 2014; Ramon et al., 2014). Off-target ef-
fects could occur in the GMP itself, or in other organisms that consume the GMP and derived products. Bioinformatic analy-
ses for off-target transcripts are based on several criteria (e.g. the degree and position of base-pairing between the small
RNA and the transcripts) that determine the efficiency of silencing (reviewed by Paces et al., 2016). In silico target prediction
algorithms are designed based on criteria related to the biochemical and thermodynamical properties of base-pairing
(Pasquinelli, 2012; Rhoades et al., 2002). Depending on whether a dsRNA or artificial miRNA is used, a heterogeneous pool
of siRNAs or a more homogeneous pool of miRNAs will be produced, impacting the silencing of the potential off-target
transcript (Paces et al., 2016). In case of siRNAs derived from dsRNAs, the number of different small RNAs targeting a par-
ticular off-target transcript will also influence the potential off-target silencing effect (Paces et al., 2016).

'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. OJ L 106, 17.4.2001, pp. 1-38.

2Regulation (EC) No 1829/2003 of the European Parliament and of the Council of 22 September 2003 on genetically modified food and feed. OJ L 268, 18.10.2003, pp. 1-23.

3Commission Regulation (EU) No 503/2013 of 3 April 2013 on applications for authorisation of genetically modified food and feed in accordance with Regulation (EC) No
1829/2003 of the European Parliament and of the Council and amending Commission Regulations (EC) No 641/2004 and (EC) No 1981/2006. OJ L157, 8.6.2013, pp. 1-48.

“https://www.efsa.europa.eu/sites/default/files/event/171025-m.pdf.
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According to the Implementing Regulation (EU) No 503/2013, Annex Il, section 1.2.2.3, when silencing approaches by
RNAi are used in GM plant applications, a bioinformatic analysis to identify potential off-target gene transcripts is required.
In plants, a set of parameters allows for a reasonable prediction of RNAi off-target transcripts because exact alignments can
be strict with respect to mismatches and hence are fast to compute. In contrast, in humans and other animals, the extent
of complementarity between the small RNA and its target is more limited. Additionally, the complexity of microRNA gene
targeting, the high level of noise and the absence of universally accepted methodology for off-target prediction in hu-
mans and animals does not allow for accurate predictions of off-target effects (Fridrich et al., 2019; Kern et al., 2020; Pinzén
et al., 2017). The likelihood of a biological effect caused by such an off-target transcript is described in Section 3.3. Taking
these into account, the applicant should only search for small RNAi off-target transcripts in the GMP.

3.1.1 | Parameters for in silico search for plant endogenous off-target transcripts

Based on the above, the EFSA developed a bioinformatics-based strategy for the RA of plant endogenous RNAI off-target
transcripts. The parameters for identifying off-target transcripts in plants are applicable to both siRNAs and miRNAs, and
are based on a conservative approach, relying primarily on knowledge from miRNA-target specificity that accounts for
complementarity mismatches between the small RNA and target gene (Liu et al., 2014).

The applicants will be requested to report on possible off-target plant transcripts complying with all the following rules
for all 21nt small RNAs potentially produced:

» No more than four mismatches (complementarity mismatches) with no gap or three mismatches and one gap;

« A G:U pair is considered as a mismatch, however it counts as half a mismatch;

« Only one single gap can be present either within the target sequence or the small RNA itself;

« Gaps cannot be of more than one nucleotide;

» No mismatches/gap at position 10 or 11 of the small RNA sequence;

« No more than two mismatches (or T mismatch and a gap) in the first 12 nt at the 5’ of the small RNA;

o The minimum free energy of the duplex divided by the minimum free energy of the perfect complement should be
greater than 0.75 (Allen et al., 2005).

The transcriptome of the GM plant species (the most up-to-date version available) should be used for off-target searches.
Moreover, the search should also be performed on all newly expressed transcripts in the event (either single or stack) under
assessment. If it is not feasible to perform an off-target search on all newly expressed transcripts, the applicant should pro-
vide a supplementary theoretical analysis, considering the likelihood of novel transcript formation and its potential impact
on off-target silencing based on known mechanisms of RNAI.

3.1.2 | Considerations on how the results should be discussed
The RA of the potential off-target gene silencing in the plant should be based on:

» The number of different small RNAs showing significant similarity to the same potential off-target transcript. The poten-
tial for repression of a gene by a small RNA is correlated with the number of different small RNAs that can bind the same
transcript (Hannus et al., 2014).

« Off-target transcripts with multiple hits should be the prime focus of the assessment. However, in GMP applications
where a single small RNA is produced at high abundance (e.g. production of artificial miRNA), a single off-target se-
guence within a transcript may also be of relevance.

» The established or predicted function of the potential off-target genes and their potential impact on the safety of the
GM plant and/or derived products as food/feed and for the environment.

The outcome of plant off-target transcript analyses will be assessed in light of the agronomic/phenotypic and com-
positional field-trial data gathered as part of GMP market applications, as they are designed to identify intended and
unintended changes in GMPs. On a case-by-case basis, if a potential plant off-target transcript is identified, additional
experimental data may be needed to investigate the predicted silencing effect.

3.2 | Confirmation of the trait

According to the implementing regulation (EU) No 503/2013, Annex ll, section 1.2.2.3, the applicant shall provide informa-
tion on the expression of the insert. More specifically, the applicant is requested to ‘demonstrate whether the inserted/
modified sequence results in intended changes at the protein, RNA and/or metabolite levels’ and ‘When justified by the
nature of the insert (such as silencing approaches or where biochemical pathways have been intentionally modified), spe-
cific RNA(s) or metabolite(s) shall be analysed’. To comply with the requirement of the Implementing Regulation 503/2013,
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the applicants are required to provide information confirming that the trait is observed. This will be assessed case-by-case,
depending on the trait introduced (e.g. downregulation of an endogenous transcript, change in metabolite levels - for an
example, see EFSA GMO Panel, 2024a) and the type of short RNA (siRNA or miRNA). Moreover, as described in Section 3.1.2,
if there are any potential off-target transcripts identified, additional information might be requested.

In some RNAi-based GMP applications (EFSA GMO Panel, 2018, 2019, 2024b), the applicants have provided dsRNA levels
measured in different GM plant tissues (Urquhart et al., 2015). However, since it is likely that plant Dicer proteins will process
some of the dsRNA into siRNAs, the GMO Panel considered that ‘the levels of dsRNA are not a good proxy for the levels of
the active siRNAs present in plants’ (EFSA GMO Panel, 2018, 2019, 2024b; Paces et al., 2016). While there are techniques that
allow for measurement of short non-coding RNAs (ncRNAs) in plant tissues (e.g. short RNA sequencing, QuantiGene assay,
stem-loop RT-gPCR for miRNAs), the optimal experimental design for these analyses remains unclear, i.e. which tissues and
developmental stages should be analysed. Considering that RNA pools are highly variable and there are no clear thresh-
olds of biologically relevant miRNA and siRNA concentrations, such data would be difficult to analyse. For these reasons,
and taking into account the considerations further discussed below (see Sections 3.3 and 3.4), the exact levels of short
ncRNAs are of limited use for risk assessment.

3.3 | ncRNA stability and effects on humans/animals

ncRNAs, including silencing RNAs, are ubiquitous constituents of human and animal diets. In general, dietary ncRNAs
are rapidly denatured, depurinated and degraded shortly after ingestion due to enzymatic activities (e.g. salivary and
pancreatic RNases, digestive enzymes) and physico-chemical conditions (e.g. pH) in the gastrointestinal (Gl) tract lumen.
Furthermore, the presence of barriers (e.g. mucus, cellular membranes) limits the cellular uptake of ncRNAs by gastroin-
testinal cells and rapid intracellular degradation of potentially internalised ncRNAs occurs (Davalos et al., 2019). Due to the
above, the amount of RNAs taken up and absorbed after oral ingestion is considered negligible in humans and animals
(mammals, birds and fish). Therefore, in cases where the ncRNA does not contain any structural modification aimed to
increase stability or cellular uptake in the Gl tract following oral administration, it is deemed highly unlikely that the short
ncRNAs might exert biological effects once ingested by humans, mammals, birds and fish. In this case, no data on stability
or fate or toxicological studies of the ncRNA would be required. On the other hand, when the ncRNA under assessment is
modified to increase its stability and/or cellular uptake in the Gl tract and systemic absorption following oral administra-
tion, additional data might be requested on a case-by-case basis.

3.4 | Dietary exposure to short ncRNAs

As described above, since ncRNAs are generally rapidly denatured, depurinated and degraded shortly after ingestion, and
given that the general scientific consensus is that the likelihood that ncRNAs exert any biological effects once ingested by
humans and animals is very low, no dietary exposure assessment needs to be conducted. However, if the ncRNA has been
modified to increase its stability, additional data might be requested on a case-by-case basis to assess the impact of such
modification on dietary exposure to the ncRNA.

4 | SUPPORTING INFORMATION

In order to perform the in silico analyses of plant RNAi off-target transcripts, it is recommended that the applicants use the
bioinformatic script available on EFSA repository together with its documentation:

https://dev.azure.com/efsa-devops/EFSA/_git/efsa.bioinfo.RNAI.

The script can be run by users on an environment of their choice, and is not linked to any EFSA database, repository or
system of any kind. Required inputs (the query sequence, the transcriptomes and/or other target sequences) are inserted
by users at every new run. The script runs the analysis off-line, without sending information over the internet, for confiden-
tiality reasons. The outcome of the analysis (a structured file with a sorted list of potential off-target transcripts and their
alignments to the query sequence) is owned by the applicant. In case the corresponding dossier is submitted to EFSA, the
outcome of the analysis performed using this script shall be included in the dossier, together with the information required
in Section 3.

ABBREVIATIONS

dsRNA double-stranded RNA
FF food and feed

Gl gastrointestinal

GM genetically modified

GMO Panel  EFSA Panel on Genetically Modified Organisms
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GMO genetically modified organism

GMP genetically modified plant

miRNA microRNA

ncRNA non-coding RNA

OECD Organisation for Economic Co-operation and Development
RA risk assessment

RISC RNA-induced silencing complex

RNA ribonucleic acid

RNA RNA interference

siRNA small interfering RNA
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ANNEXES

ANNEX A

Methodology for the literature studies

Annex A is available under the Supporting Information section on the online version of the scientific output.
ANNEX B

Outcome of the scientific literature search

Annex B is available under the Supporting Information section on the online version of the scientific output.
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