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Switzerland; 2RIKILT Wageningen University & Research, Wageningen, The
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13.1 Introduction: Steps in the Risk
Assessment
The risk assessment of genetically modified (GM)
plants for food and feed use is based on a comparative approach (EFSA GMO Panel, 2011) where
the composition as well as phenotypic and agronomic characteristics of the GM plant are compared with those of a conventional counterpart
with a close genetic background and to additional non-GM comparator lines, which are assumed to have a history of safe use. Comparative
risk assessment identifies effects intended by the
genetic modification as well as possible unintended effects arising from transgene insertion
into functional genome regions or from inadvertent impacts of the transgene product(s) on
plant metabolic pathways. If differences and/or
lack of equivalence between the GM plant and
its comparator(s) above natural variation are
identified, possible adverse effects on human and
animal health have to be considered.
This type of hazard identification is the
first step in the risk assessment of a GM plant.
Intended and unintended differences in contrast to comparator(s) are then evaluated with
respect to adverse health effects. This involves in

the first place toxicological and allergenicity assessment of newly expressed proteins (NEPs). In
the case of RNA interference (RNAi) plants not
expressing any new protein, these assessments
are inapplicable. Instead, as the introduction of
a gene silencing construct may cause silencing
of ‘off-
target’ genes, bioinformatics searches
for ‘off-target’ sequences in the plant genome
should be part of hazard characterization. If
plant metabolic genes are silenced, unintended
interferences with endogenous metabolic pathways are also possible and may cause alterations
in metabolites and precursors of suppressed
metabolic routes, justifying – on a case-by-case
basis – analysis of specific RNAs or metabolites
(EC, 2013).
An important aspect of risk assessment is
the determination of exposure to the food and
feed derived from GM plants, which involves
identification of the population groups and
animal species exposed as well as the extent of
exposure. A starting point for the extent of exposure is the expression product of the introduced
genetic modification, which is double-stranded
RNA (dsRNA) in the case of RNAi plants. Its
level, as well as levels of constituents altered as
a result of the genetic modification, should be
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determined in plant parts used for food or feed.
For estimating exposure from dietary intake or
feed consumption, the stability of the dsRNA
and derived small interfering RNAs (siRNAs)
during storage and processing of plant material
as well as during oral consumption need to be
taken into account.
The final risk characterization of food and
feed derived from GM RNAi plants is based on the
results from the evaluation of potential adverse
effects on human and animal health and from
exposure assessment.

13.2 Potential Hazards of Food and
Feed Derived from RNAi Plants
13.2.1 Adverse changes of plant
metabolism
The principle of RNAi is used to modulate agricultural, phenotypic or compositional characteristics of plants by promoting gene silencing
(Fire et al., 1998; Dykxhoorn et al., 2003; Frizzi
and Huang, 2010). This strategy does not pose
an inherent hazard to consumers or the environment, because it exploits gene regulation
mechanisms that occur naturally in plants and
animals. There are already manifold examples
of spontaneously occurring RNAi-mediated genetic traits that were selected by conventional
plant breeding. Such ‘natural’ gene silencing
traits involve, for example, changes in the coat
color of soybean seed (Tuteja et al., 2004) and
maize stalk (Della Vedova et al., 2005), or mediate a low glutelin level in rice (Kusaba et al.,
2003). So far, the RNAi strategy has been
adopted in biotechnology-
derived food crops
to generate virus-resistant varieties (Sherman
et al., 2015), optimize their agronomic performance (Ogita et al., 2003), provide pest and
pathogen protection (Baum et al., 2007; Gordon
and Waterhouse, 2007; Mao et al., 2007;
Koch and Kogel, 2014), facilitate industrial
processes like starch production (EFSA GMO
Panel, 2006), improve the nutritional profile
(Andersson et al., 2006; Regina et al., 2006)
and reduce allergen levels (Le et al., 2006).
Some prominently discussed RNAi-
mediated
products that have achieved market approval
include the Flavr Savr™ tomato with reduced

polygalacturonase expression for delayed fruit
softening (Redenbaugh et al., 1992), Plenish™
soybean with reduced omega-6 desaturase for
high oleic acid content (EFSA GMO Panel, 2013)
and Arctic™ apple with reduced polyphenol oxidase expression for delayed browning (Sherman
et al., 2015; Waltz, 2015).
The intended decrease in the expression of
a target gene may require safety considerations
on a case-by-case basis. For example, the purpose of soybean with reduced omega-6 desaturase activity (also known as soybean 305423)
is to obtain oil for frying and bakery with an increased content of heat-stable oleic acid (C18:1)
at the expense of heat-labile polyunsaturated
fatty acids (PUFAs) (C18:2 and C18:3). The consequences of this intended change in plant metabolism and composition need to be assessed to
ascertain that the altered fatty acid profile does
not impact on human and animal health in an
exposure scenario where conventional vegetable
oils are replaced with oil from soybean 305423
(EFSA GMO Panel, 2013). This assessment is
focused on soybean oil and does not extend, for
example, to soy milk and tofu for human consumption or defatted toasted meal for animal
consumption, as such products are not expected
to differ in composition between conventional
soybean and soybean 305423, except for their
altered fatty acid profile. However, the low contribution of fatty acids from these other soybean
products to overall exposure is not anticipated
to modify their nutritional impact. There is a
detailed discussion of the risk assessment of an
RNAi crop with altered metabolic composition
in section 13.4.1, below.
Unintended effects caused by silencing
genes in plant metabolic pathways
The engineering of plants with RNAi-mediated
traits is achieved using the same transgenic
techniques employed in the production of other
GM crops grown and consumed widely today. In
particular, RNAi plants are generated by inserting DNA sequences that lead to the expression
of dsRNA or short hairpin RNA (shRNA), which
are processed into siRNAs and microRNA (miRNA), respectively. These processed RNA molecules of 20–30 nt in length, collectively termed
small RNA (sRNA), suppress gene expression at
the transcriptional or post-transcriptional level,
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and Mysore, 2011). In some cases, indications
for such off-target effects may come from the
screen for agronomic performance and phenotypic characteristics or from the compositional
analysis (see section 13.2.5, below), as changes
of gene expression may impact on one or more
of these routinely measured parameters and
analytes. Genome-
wide bioinformatics studies retrieving transcripts that match the newly
expressed sRNA sequences would potentially
indicate possible off-target effects (see section
13.2.3, below, for appropriate bioinformatics
tools). However, the genomes of typical crops
are at best only partially sequenced and known
reference genomes do not take into account the
sequence variability occurring between varieties
(Ramon et al., 2014; Casacuberta et al., 2015).
Despite these limitations of bioinformatics-based
predictions, whole-genome homology searches
may nonetheless reveal unintended silencing
targets.
The EFSA GMO Panel acknowledged the
limitations of bioinformatics searches for possible off-targets of sRNA produced by GM plants.
A predictive strategy is nevertheless possible, due
to the fact that plant miRNAs are usually perfectly or nearly perfectly complementary to their
target transcripts (Pačes et al., 2017). Thus, a set
of parameters may allow for the prediction of
RNAi off-targets in plants, whereas in humans
and animals the extent of complementarity between the sRNA molecules and their targets is
more flexible, thus preventing sufficiently reliable predictions (Pinzón et al., 2017). Besides the
abundance of each sRNA produced, the degree
and position of base pairing between the sRNA
and the target mRNA are the primary factors
determining the efficiency of silencing (Rhoades
et al., 2002; Allen et al., 2005; Pasquinelli,
2012; Liu et al., 2014). Based on the current
knowledge gained from the target specificity of
Unintended effects caused by off-target
natural miRNAs, the EFSA GMO Panel described
gene suppression
in Annex II of the minutes of its 118th Plenary
In addition to the intended effects induced by ex- meeting (EFSA GMO Panel, 2017) a practical
pression of the non-coding RNA, unintentional approach to identify sequences with potential
changes may occur in the plant by suppression off-target silencing. This procedure considers all
of genes that were not foreseen as RNAi tar- 21 nt sRNA sequences that derive from a given
gets. RNAi-mediated silencing is hybridization- dsRNA precursor and comply with the following
dependent and therefore takes place in a rules:
sequence-
specific manner. Nevertheless, supNo more than 4 base mismatches with
pression of genes with less than perfect sequence
no gap or 3 mismatches and one gap in
complementarity is possible (Senthil-
Kumar
but are themselves designed to lack translation
initiation signals and open reading frames necessary for protein biosynthesis (reviewed by
Casacuberta et al., 2015; Petrick et al., 2013).
Because the sRNA effectors are not translated
to heterologous proteins, the risk assessment is
focused on the direct and indirect consequences
of the gene silencing machinery. The standard
comparative analysis is well suited to detect
possible unintended effects of RNAi-mediated
silencing that may occur in addition to the intended gene expression changes.
An example of a potential indirect effect of
RNAi-mediated silencing became apparent with
the compositional analysis of the aforementioned high-oleic acid soybean 305423. In fact,
the comparison between soybean 305423 and
its non-
GM (conventional) counterpart ‘Jack’
confirmed the expected change in fatty acid
composition (increased levels of oleic acid at the
expense of PUFAs), but also revealed an unexpected increase in the level of odd-chain fatty
acids heptadecanoic acid (C17:0), heptadecenoic acid (C17:1) and nonadecenoic acid (C19:1).
It is not known whether this effect results from
off-target gene silencing (see below), from the
manipulation of fatty acid synthesis pathways,
from another unidentified response to the genetic modification, or as a consequence of either the
simultaneous expression of a transgenic acetolactate synthase (ALS) enzyme (conferring herbicide tolerance) or the genetic background of
the recipient soybean variety. In any case, a nutritional assessment came to the conclusion that
the slight changes observed in the concentration
of odd-chain fatty acids would not constitute a
health hazard for humans and animals (EFSA
GMO Panel, 2013).

•
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the alignment between the 21-mer sRNA
sequence and a potential target mRNA
transcript, whereby each G:U base mispair
counts as half a mismatch.
Only one gap can be present in the sequence
alignment between the 21-mer sRNA sequence and a potential target transcript,
and this single gap cannot be longer than
one nucleotide.
The sequence alignment should not reveal
any mismatches or gap at position 10/11 of
the sRNA sequence.
The sequence alignment should also not
reveal more than two mismatches (or no
more than one mismatch and one gap) in
the first 12 nucleotides from the 5′ end of
the sRNA sequence.
The minimum free energy of the imperfect
duplex of the sRNA sequence with a potential target, divided by the minimum free energy of the perfect complement, should be
> 0.75.

The ensuing risk assessment of potential
off-target silencing in the plant should consider
the abundance and the number of different sRNAs showing relevant similarity to the same
transcript, as the potential for gene repression
increases with multiple sRNA sequences being able to bind to the same mRNA molecule
(Hannus et al., 2014). Depending on the nature and function of the potential off-targets,
the safety assessment may require extra studies in addition to the standardized agronomic/
phenotypic characterization and compositional
analysis.

13.2.2 Mechanisms and potential for
non-target gene silencing in humans and
livestock, including gut microbiome
Mammals have an RNA silencing machinery,
which is distinct from that of plants and other
animal orders. While in plants there is a complex RNAi system with different types of siRNAs and Dicer proteins and a distinct miRNA
pathway, mammals have a single set of Dicer
and Argonaute (AGO) proteins for both miRNA
and siRNA pathways (Pačes et al., 2017). This
implies that in mammals siRNAs can function

in the same way as miRNA, i.e. bind to mRNAs
depending on homologies to the ‘seed region’
which comprises nucleotides 2–8 from the 5′end of the miRNA (Brennecke et al., 2005) and
therefore have less strict target specificity than
siRNAs in plants. In fact, in mammals sRNAs
that are perfectly complementary to a target
mRNA sequence are loaded into an AGO2 RNA-
induced silencing complex (RISC) guiding target
RNA cleavage, while siRNAs and miRNAs with
minimum seed region homology are loaded on
all four mammalian AGO proteins, resulting in
translational inhibition (Meister et al., 2004;
Gebert and MacRae, 2019). Lower requirements
for sequence complementarities between miRNAs and mammalian mRNA make predictions
of putative target sequences more difficult. As
there is no distinct siRNA pathway in mammals, efficient induction of RNAi by long dsRNA, which has to be processed first into active
siRNAs, is limited by poor Dicer activity in most
mammalian cells (Nejepinska et al., 2012; Flemr
et al., 2013; Pačes et al., 2017).
Another specific feature of plant siRNAs
and miRNAs which distinguishes them from
siRNAs and miRNAs in mammals is their
3′-terminal methylation at the 2′-hydroxyl
group (Li et al., 2005; Yu et al., 2005). 3′-terminal methylation probably protects small RNAs
from degradation (Li et al., 2005; Ren et al.,
2014) and may promote recognition by plant
Argonaute proteins in RISC (Yu et al., 2005).
In contrast, mammalian AGO proteins preferably bind to non-
methylated miRNAs (Tian
et al., 2011). On the other hand, it was shown
by Ma et al. (2004) that 2′-OH methylation
only moderately decreased the binding affinity
of siRNA for the PAZ domain of a human AGO
protein, while binding was heavily reduced by
most other 2′-OH modifications at the 3′-terminal nucleotide. In line with this, Chau and
Lee (2007) found no obvious effect of 2′-OH
methylation on the efficiency of silencing in
mammalian cells. However, these authors also
showed that siRNAs derived from a plant hairpin transgene and extracted from transgenic
plants were not effective for gene silencing in
mammalian cells. Among other things, they
attributed this lack of cross-species function to
a putative plant-specific siRNA modification.
These molecular mechanisms indicate that
there is no evidence that plant-produced dsRNA
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and siRNAs are functional in mammalian cells.
Another limiting factor is the high number of
miRNAs required to exert an effect on gene
expression (Brown et al., 2007). The expected
unfavorable stoichiometry between exogenous
small RNAs and mammalian mRNA targets will
therefore further restrict gene silencing effects of
dietary siRNAs in humans and livestock. In this
context it also has to be mentioned that, in contrast to plants, fungi and nematodes, mammalian genomes do not possess an RNA-dependent
polymerase (RdRP) homologue (Stein et al.,
2003; Maida and Masutomi, 2011), implying
that there is no amplification of ingested siRNAs and that each exogenous siRNA effector
molecule would have to be delivered with the
diet. Nevertheless, there is still some controversy
about the bioavailability of relevant amounts of
functional exogenous, plant-derived miRNAs in
mammalian plasma and tissues and their possible effects on endogenous gene expression
(Zhang et al., 2012b; Dickinson et al., 2013;
Witwer et al., 2013; Pačes et al., 2017) (see sections 13.3.2 and 13.3.3, below).
If siRNAs from ingested food or feed stay
intact after entering the digestive tract of humans and livestock, they may have effects on
gut microbiota. Although RNA taken up by microorganisms is generally degraded and used for
bacterial nutrition, there is some evidence that
faecal miRNAs derived from mammalian gut
epithelial cells penetrate gut bacteria and co-
localize with bacterial nucleic acids (Liu et al.,
2016). These authors showed that some of these
miRNAs can regulate bacterial gene expression
and thereby affect growth of certain bacterial
species. Effects on gene expression in microorganisms encompassed decreases, as well as enhancements of transcripts, and were obviously
distinct from RNA interference in eukaryotic
organisms. Prokaryotes do not have an intrinsic
RNAi machinery, but they produce non-coding
sRNAs of around 100 nt that can up- or downregulate mRNA stability and translation by base
pairing to target mRNAs (Mayoral et al., 2014;
Wagner and Romby, 2015). Although stem-
loop structures similar to eukaryotic precursor
miRNAs have been detected for sRNAs from
Wolbachia-infected insect cells and although sRNAs from these bacteria were shown to regulate
expression of Wolbachia genes as well as expression of host genes (Mayoral et al., 2014), so far
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there is no evidence that plant-derived dietary
miRNAs have an effect on the gut microbiome.

13.2.3 Bioinformatics tools for
prediction of off-target sequences of
interfering RNA
Bioinformatics tools are available that may help
identify potential ‘off-target’ binding sites in the
transcriptome of the recipient plant. However,
these have not been specifically developed for
the purpose of safety assessment of GM crops.
Algorithms searching for off-
target effects as
part of the optimization of design of siRNA/
miRNA are offered as a single tool or, frequently,
as part of a package. These include both accessible online web applications and open source,
stand-
alone software. Several of these tools
predict which genes’ mRNA transcripts will be
targeted by sRNAs. The sequences of the latter
can be entered by the user as such or as part of
a larger cDNA sequence, often in FASTA format
or with reference to a database accession. Such
predictions assist in the selection and design of
artificial siRNA or miRNA molecules that effectively bind a target with low off-target effects
binding to mRNA transcripts of other genes
(Lukasik and Zielenkiewicz, 2019). This also applies to the retrospective identification of targets
of small RNAs that have been added to cells in
massive functional screening experiments, i.e.
‘miRNA screening’, and have shown an effect
(Lemons et al., 2013). The predicted targets can
then be compared and confirmed with parallel
data on downregulated genes from, for example, transcriptomics. Target-
identifying tools
can also be used for annotation, namely for
genes encoding sRNA precursors in genomics
data, or for sRNAs that have been identified in
transcriptomics studies. Another common purpose includes, amongst others, investigation of
isoforms (e.g. single-nucleotide polymorphisms
(SNPs)) in naturally occurring sRNAs (Lukasik
and Zielenkiewicz, 2019). A large number of
such applications have been brought together in
portals such as Tools4Mirs (https://tools4mirs.
org/, accessed 30 March 2020), which harbours
170 tools, including 59 software items and ten
websites that can be used for target prediction.
The user could, for example, use multiple tools
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for target prediction to reach a ‘consensus’ outcome on the likeliest targets.
A basic approach to identify possible ‘off-
target’ genes for the siRNA/miRNA would be
to search for sequence homologies between
the cDNA sequence of interest and its counterparts from RNA transcriptome databases. Using
BLASTn, for instance, the query sequence could
be aligned with sequences from NCBI’s RefSeq collections of mRNA transcripts from various organisms. The latter could contain data for the recipient
plant species that has been genetically modified, or
for humans, animals and other species representing environmental non-
target organisms. The
alignments in the BLAST outputs should then be
judged for compliance with certain criteria that
are known to affect the in vivo alignment and
binding of mi/siRNA to the target mRNA within
the RISC complex. For example, in animals a
perfect match of the seed sequence of 6–8 bp at
the miRNA molecule’s 5′ end is required. Some
‘wobbly’ mismatches are tolerated in this seed sequence but they decrease efficacy. Mismatches are
also tolerated to a limited extent in the guide part
of the miRNA molecule. These reportedly prevent
degradation by Slicer but still block translation
of the bound mRNA. Other factors include conserved residues and guanine-cytasine (GC) contents, amongst others, based on experience gained
with miRNAs for certain species. Such factors affecting the efficacy of target binding and inhibition of gene expression are commonly automated
as part of the specialized algorithms. These other
factors are also relevant for the purpose of risk
assessment, given that the seed sequence alone
is relatively small (starting at 6 nt), which would
easily render hundreds of genomic sequences that
could be recognized but still remain without any
major impact on gene expression.
Mainstream target prediction tool websites
that specifically also focus on RNA targeting in
plants include, for example, psRNATarget (Dai
and Zhao, 2011) and TAPIR (Bonnet et al.,
2010). On the psRNATarget website (http://
plantgrn.noble.org/psRNATarget/analysis#, accessed 30 March 2020) users can enter the sequences of either the sRNA or target RNA and
select various variables, such as the seed region
(i.e. by default nt 2–13 being recognized as critical in plants), the penalty for mismatches and
opening gaps in the seed and other regions, and
whether or not bulges or caps should be allowed

in the structure of the miRNA–mRNA complex.
The outputs thus list the various sRNAs or target
genes, show the alignments with the matching
parts of the sRNA and mRNA molecules compliant with the criteria and indicate whether the
complex probably will be cleaved or inhibit translation. The algorithm underlying psRNATarget
not only takes into account Crick–Watson base
pairing using scoring matrices for matches, mismatches and gaps, but also features optionally
an energy calculation for the unwinding of the
adjacent RNA parts upon binding, which correlates with accessibility (Dai and Zhao, 2011).
Similarly, the TAPIR website offers a comparable search feature, yet both the miRNA and
target sequences have to be entered at the same
time. Variables that can be modified by the user
include score and free energy, i.e. the binding energy of the mismatched sequences as compared
with that of a perfectly matching pair.
Another tool that more specifically focuses
on potential off-targets of small RNA in a wide
array of organisms is pssRNAit (http://plantgrn.noble.org/pssRNAit/, accessed 30 March
2020). WMD3, a program for designing artificial miRNAs, also has a feature to BLAST a query sequence against DNA data sets from a large
collection of plants (http://wmd3.weigelworld.
org/cgi-bin/webapp.cgi?page=Blast;project=
stdwmd, accessed 30 March 2020).

13.2.4 Possible non-specific effects of
dsRNA and siRNA in mammals
Molecules of dsRNA as well as the derived siRNAs, which constitute the molecular effectors
of gene silencing in RNAi plants, occur naturally in food or feed and, therefore, constitute
a ubiquitous component of the diet for both
humans and animals. Systemic exposure following consumption of plants containing
dsRNA or siRNA is limited in higher organisms
by extensive denaturation and degradation of
ingested RNA and by biological barriers preventing their cellular uptake. Inflammatory
responses have been observed following systemic administration of siRNA in animal models (Judge and MacLachlan, 2008; Robbins
et al., 2009). Such responses of the innate immune system are mediated by receptors that
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recognize nucleic acids such as Toll-like receptors (TLRs) or the RNA-binding protein kinase
PKR. However, the observed inflammatory response might also be due to the delivery system
or to chemical modifications introduced into
the nucleic acid backbone to increase stability, rather than being elicited by the presence
of native siRNA molecules (Heidel et al., 2004;
Ma et al., 2005; Petrick et al., 2013). In any
case, inflammatory reactions upon oral exposure to siRNA or other nucleic acids are not
expected.

•

13.2.5 Comparison of data requirements
for safety assessment of food and
feed from RNAi plants and from plants
expressing recombinant proteins
A universally accepted strategy is in place for the
evaluation of the safety of GM crops and their
products used as food or feed. This general approach, described in relevant documents issued
by international organizations (Codex, 2003;
ILSI, 2004; EFSA GMO Panel, 2011), analyses
both the safety of intended effects introduced
by the genetic modification and possible unintended effects resulting inadvertently from the
new trait or from the genetic transformation
process. A common cornerstone of all GM plant
safety evaluation guidelines is the comparative
assessment. This entails an extensive analysis
comparing the GM crop with a genetically close,
conventional counterpart with a history of safe
use. Common, recurrent features of this analysis
include the following.

•

A molecular characterization of the
inserted DNA including sequences introduced, their copy number, orientation, possible rearrangements, etc., as well as their
expression (e.g. mRNA or NEPs) in different
plant tissues and in different developmental stages, and stability of inheritance. For
RNAi-modified crops, particularly relevant
is the expression of the RNA encoded by
the inserted genes, as well as the mRNA of
the genes targeted for silencing, whilst no
new proteins are expected to be expressed.
Horizontal gene transfer, which also has to
be assessed, may only be relevant if genes

•
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are introduced that convey a selective advantage to the recipient.
An extensive comparative compositional
analysis of the GM crop versus a conventional counterpart, grown in various locations representative of the conditions under
which the crop is intended to be produced
commercially. This quantitative analysis
entails a wide range of macronutrients,
micronutrients (e.g. vitamins, minerals),
antinutrients and toxins, which are characteristic and relevant for the crop species and
which are listed in consensus documents developed under the international frame of the
Organization for Economic Co-operation and
Development (for example, for maize composition see OECD, 2002). Despite considerable
natural variability in nutrient/antinutrient
content, the compositional analysis provides
an indicator of possible unintended effects
resulting from the genetic modification and,
therefore, is also applicable to the risk assessment of RNAi plants. The outcome of this
analysis should reflect the intended changes
if the introduced trait is intended to affect
plant composition, for example its fatty acid
content (see section 13.4.1, below, for a specific case study).
Phenotypic and agronomic characteristics of the crop are analysed in a similar
way and this may reveal possible unintended changes caused by the genetic modification, as well as providing important data
for the environmental risk assessment. The
determination of agronomic/phenotypic
characteristics may also help to confirm
specific traits that are intended to improve
plant growth, grain yield or protection
from biotic and abiotic stresses (see section
13.4.2, below). Thus, this part of the comparative evaluation is also pertinent to the
risk assessment of RNAi plants.

Based on these comparative tests, it can
be decided if there is sufficient information
to conclude the risk assessment or to proceed
with assessment of additional data. Usually
the items that are also addressed during risk
assessment of GM crops include: (1) potential
toxicity and allergenicity; and (ii) nutritional
impact (Codex, 2003; EFSA GMO Panel, 2011;
EC, 2013).
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For potential toxicity and allergenicity of NEPs and other compounds introduced
or whose levels have been altered by the genetic
modification, common items of the ‘weight of
evidence’ approach include a bioinformatics-
based comparison of the amino acid sequence of
NEPs with those of known toxic and allergenic
proteins. This is because all known food allergens are proteins, which raises the question as
to whether any NEP could indeed become an allergen (or a toxin). The query sequences also include those that are hypothetically formed from
open reading frames (ORFs) present in the insert
and crossing its borders with the host’s genomic
DNA. This latter comparison would also still be
applicable for hypothetical peptides encoded by
the ORFs within the inserted construct encoding
silencing RNA.
Other commonly assessed factors that are
specific to proteins and not to non-coding RNA
include:

•

•

•

Information on the gene donor: is there a
known history of toxicity or allergenicity,
i.e. the propensity to cause toxic or allergic
reactions? Is it known if these properties are
linked with the product of the gene used?
Resistance of NEPs to in vitro degradation
by the digestive proteolytic enzyme pepsin,
which indicates a greater likelihood of in
vivo passage of the protein through the gastrointestinal tract, and possibility to cause
toxicity or interact with the immune system
in the consumer or animal.
In vivo toxicity trials in laboratory animals
with the NEPs or any other compound altered or introduced by the genetic modification and administered to the animals in
purified form.

Toxicity testing with whole GM food and
feed products in experimental animals should
only be performed as a last resort given the inherent insensitivities and other practical and
ethical limitations, and with a clear hypothesis of potential adverse effects. Nevertheless,
a unique feature of the European legislation is
the mandatory requirement for 90-day feeding
studies, which need to be provided even in the
absence of any hazard or risk hypothesis (Devos
et al., 2016). For food allergenicity testing, there
are no validated animal models yet.

The nutritional impact of any intended
and unintended changes in the nutrient profile
of the host crop caused by the genetic modification may be particularly relevant if there
are substantive changes in nutrient levels (e.g.
beyond background variability) and if the particular crop is known to be a relevant source of
the specific nutrient. In such cases, it should be
estimated to what extent these changes will affect the intake of the particular nutrient by consumers and domestic animals. To estimate the
intake, the quantitative data on the altered nutrient levels from the compositional analyses need
to be combined with data on the intake of the
crop and derived product, such as from the EFSA
Food Consumption Database. In some rare cases,
it may be necessary to extend the data with new
studies in representative animal models.
In summary, the paradigm of comparative
assessment is well suited for the safety evaluation of RNAi plants. Unlike the vast majority of
GM crops currently on the market, which have
been designed to express heterologous proteins
(so-called NEPs) that confer a desired phenotype like herbicide tolerance, pest protection or
increased yield, RNAi-
mediated traits involve
the expression of non-coding RNA without NEP
biosynthesis. Therefore, NEP-related aspects of
the safety assessment process are not applicable.
This includes the search for homology of NEPs
with known protein toxins and allergens, their
digestibility (as allergenic or toxic proteins may
be refractory to degradation by digestive enzymes) and, in the absence of a proven history of
safe use, rodent studies to test the potential oral
toxicity of NEPs. However, in order to predict
unintended effects from off-target gene silencing, EU Regulation No. 503/2013 requests that
for the authorization of RNAi plants in the EU
an in silico bioinformatics analysis is carried out
to identify potential off-target genes in the plant
genome (EC, 2013).
Any additional studies considering intended or unintended effects of sRNA should be considered as needed on a case-by-case basis. For
example, the use of RNAi as an insecticidal tool
raises the question of whether sRNAs that are
lethal to insects could also harm humans and
farm or companion animals. There is a detailed
discussion of the risk assessment of an RNAi
crop conferring insecticidal properties in section
13.4.2, below.
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technology (Armstrong et al., 2013), Bachman
et al. (2016) detected DvSnf7 dsRNA in transgenic insecticidal maize MON 87411 at levels
13.3.1 Expression level of dsRNA and
up to 0.17 ng/g dry weight in grain, while the
siRNAs in plants
mean level in leaf was 14.4 ng/g fresh weight.
There was no information, though, on the proThe first determinant for exposure of humans
portions of long dsRNA originating from the
and farm animals to siRNAs from consumption
transcript versus small siRNAs resulting from
of plant-derived food or feed is the level of dsRDCL processing.
NA expression in the respective GM RNAi crop
For RNAi plants conferring resistance
which provides the basis for a maximal estimate
against certain insects via host-induced gene
for exposure, assuming a worst-case scenario
silencing (HIGS), for example MON 87411 exwith no barriers to bioavailability. The exprespressing dsRNA targeting an essential insect
sion level of transgenes in different plant tissues
transcript, it has to be considered that dsRNAs
is dependent on the regulatory sequences, but
require a certain minimal length in order to be
may also be affected by environmental changes
taken up efficiently and become biologically
and the age of the plant (Meyer et al., 1992; van
active in insects (Bolognesi et al., 2012). This
der Hoeven et al., 1994). Transgenes including implies that processing of dsRNA into siRNAs,
dsRNA constructs introduced into GM plants which has been shown to occur readily for nuare often under control of a strong constitutive clear expressed dsRNAs, needs to be kept at a
promoter like the cauliflower mosaic virus 35S minimum. This is especially important for cerpromoter (P35S), accounting for a high con- tain insect groups like Lepidoptera, which are
stitutive expression in all plant tissues. Nuclear less susceptible to RNAi (Terenius et al., 2011)
expressed dsRNA, however, is to a large part and therefore require delivery of a very large
processed in plant cells into siRNAs by Dicer-like amount of dsRNA to be efficiently targeted. One
(DCL) proteins from the plant RNAi machinery way to prevent the rapid turnover of dsRNAs
(Chau and Lee, 2007; Frizzi and Huang, 2010; in plants is the construction of transplastomic
Zhang et al., 2015). Thus, when quantifying plants where dsRNA accumulates in the chlospecific RNA levels relevant for dietary intake, roplasts, thereby being protected from Dicer
both dsRNA and siRNAs have to be taken into (Zhang et al., 2017). In contrast to nuclear transaccount. Chau and Lee (2007) found that in formants, no detectable levels of siRNAs were
transgenic tobacco plants expressing a hairpin found in transplastomic Nicotiana benthamiana
construct under P35S control, the hairpin- plants, but only large amounts of the unspliced
specific siRNA level was about 50 ng/g leaf hairpin RNA (Bally et al., 2016). Similar results
tissue. Petrick et al. (2013) calculated a daily di- were obtained by Zhang et al. (2015) for tobacco
etary exposure to transgene-derived siRNA from and potato lines expressing insect gene-specific
a putative RNAi soybean product of 45 µg/kg dsRNAs from the plastid genome. Moreover, diffor adults, assuming a transgene-derived siRNA ferences between plant tissues were reported.
rate of 1.5% of the total RNA and a maximum While in transplastomic potatoes specific dsRamount of total RNA in grain tissue of 986.6 µg NA transcripts were below the detection limit
RNA/g. However, this transgene-specific siRNA in tubers, levels of insect gene-specific dsRNAs
percentage and the resulting exposure estimate up to 0.4 % of the total cellular RNA accumuseems to be too high. Ivashuta et al. (2009) re- lated in leaves (Zhang et al., 2015). Assuming a
ported endogenous small RNAs (21–24 nt) as total RNA amount of around 500 µg/g leaf tisa whole to be present at levels of maximally sue, this corresponds to 2 µg of dsRNA, which
1.61 µg/g soybean grain, which corresponds to is about 150-
fold higher compared with the
clearly less than 1.5% of total plant RNA, with amount of DvSnf7 dsRNA reported by Bachman
similar levels found in conventional maize and et al. (2016). Transplastomic crop plants are
rice grain. Using a validated quantification assay thus distinct from nuclear transformants due to
based on the QuantiGene Plex 2.0 (Affymetrix) the restriction of substantial dsRNA production
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to chloroplast-
containing photosynthetic tissues and due to deviant amounts of dsRNA and
siRNAs.

13.3.2

Oral exposure from dietary intake

All foods and feeds contain naturally occurring
coding and non-coding RNA, but animal tissues generally have a higher RNA concentration than plants (Jonas et al., 2001). The overall
content of RNA in plant-derived food and feed is
in the order of 1 mg/g tissue, but up to 95% by
weight of this total amount consists of highly
abundant transfer RNA (tRNA), ribosomal RNA
(rRNA) and mRNA. As outlined above, siRNA
and miRNA make up less than 5% of the RNA
content of plant tissues. Although present at
such minor levels, siRNA and miRNA sequences
found in plant tissues (for example, cereal or
soybean seeds) display a high similarity or even
identity to genomic regions of humans and livestock animals (Lassek and Montag, 1990; Heisel
et al., 2008; Ivashuta et al., 2009). This observation opens the possibility that dietary sRNA, of
natural occurrence or inserted into RNAi plants,
may elicit biological responses in humans or
animals. It should be noted, however, that even
with the usually intended overexpression of the
transgene-
derived sRNA in RNAi plants, this
additional sRNA represents only a very minute
fraction of the total dietary RNA occurring in
food and feed.
Many lines of evidence demonstrate that
the mammalian digestive tract provides an extremely effective barrier to the local or systemic
uptake of exogenous RNA molecules, which
are inherently unstable in their natural form.
First, the degradation of ingested RNA begins
in saliva, which is a rich source of ribonucleases
(Bardoń and Shugar, 1980; Park et al., 2006).
Secondly, the harsh milieu in the stomach with
low pH promotes further RNA degradation as
well as depurination (Loretz et al., 2006; O’Neill
et al., 2011). The dominant gastric enzyme pepsin, which was thought to be protein-specific,
has been shown to digest effectively nucleic
acids including RNA (Liu et al., 2015). Thirdly,
pancreatic nucleases, phosphodiesterases and
nucleoside phosphorylases, secreted into the
intestinal lumen, degrade ingested RNA into

oligonucleotides, nucleotides and free bases
(Jain, 2008; O’Neill et al., 2011). Also, the intestinal epithelium, like any other cellular membrane, presents a physical barrier to hydrophilic
compounds like nucleic acids (Khatsenko et al.,
2000). Any RNA that may bypass cellular membranes by transport into intestinal cells through
endocytosis will be targeted to endosomal vesicles, sequestered into lysosomes and thereby
degraded by lysosomal nucleases (Gilmore et al.,
2004). Thus, the systemic absorption of orally
ingested RNA is negligible. For a 20mer DNA oligonucleotide, constructed with stabilizing phosphorothionate linkages to prevent degradation
in the gastrointestinal tract, oral bioavailability
in rats was at best 0.3% after gavage administration (Nicklin et al., 1998). Kendal D. Hirschi
and colleagues reported on an unusual sRNA
from herbs, flowers and vegetables with a comparably high stability in gastrointestinal fluids
(Yang et al., 2016, 2018). This atypical sRNA
of 20 nt, denoted as MIR2911 although it is a
product of 26S rRNA breakdown, arises abundantly from ribosome degradation in macerated
plant tissues. When tested in cabbage extracts,
around 0.1% of input MIR2911 survived a 60
min in vitro incubation in gastrointestinal fluid,
whereas for comparison MIR168 (see below)
was digested under identical conditions around
1000 times more efficiently. MIR2911 was reported to occur at femtomolar concentrations in
the plasma of rodents fed vegetable-enriched diets and was found in human plasma (Yang et al.,
2015a, Yang et al., 2015b), where it appears
to be stabilized against degradation and elimination by some host factors (Yang et al., 2016,
2017, 2018). However, a follow-up report considered that MIR2911 was probably misidentified in human plasma as a plant-derived sRNA,
but instead matches human genome sequences
(Witwer, 2018).
Other authors found only trace levels at best
of exogenous dietary miRNA molecules in the
plasma of mice or humans (Chen et al., 2013;
Snow et al., 2013; Dickinson et al., 2013; Witwer
et al., 2013; Huang et al., 2018), confirming the
generally ineffective uptake and transfer of miRNA from food or feed to recipient organisms. A
major problem is the use of exceptionally sensitive
methods allowing for the detection of few nucleic
acid molecules, which gives rise to false positive
results due to non-specific amplification or sample
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contamination (Zhang et al., 2012a; Tosar et al.,
2014). A survey of publicly available sequencing
data sets found foreign miRNA in human body
fluids and tissues, although at low abundance.
Intriguingly, there is no enrichment of foreign
RNA in human tissues that are most directly exposed to dietary intake, like liver, and there is no
depletion of foreign sequences in compartments
that are comparably well separated from the
bloodstream, like for example the brain. The majority of foreign miRNA detected in this survey
originates from rodents, which are common laboratory animals but do not contribute to human
nutrition. It was, therefore, concluded that the
apparent detection of foreign sRNA sequences in
mammalian/human body fluids or tissue results
from technical artifacts or misidentification (Kang
et al., 2017; Witwer, 2018).
The detection of plant-derived or other dietary sRNA entering the bloodstream of animals
or humans (see for example Zhang et al., 2012b;
Yuan et al., 2016) is prone to artifacts and fails
independent experimental reproduction, and
the general consensus is that only a very small
fraction, if any, of ingested sRNA will be absorbed into the circulation. Additionally, minor
traces of sRNA that might be absorbed into
the blood are not spared from degradation and
excretion. For siRNA molecules, a rapid breakdown in human plasma has been described with
nearly 75% degradation within 2 min of incubation (Layzer et al., 2004). Samples of siRNA
injected intravenously into mice exhibited a
short half-life in the range of only a few minutes and were subject to rapid hepatic and renal
clearance (Vaishnaw et al., 2010; Christensen
et al., 2013). It can be concluded from the above
findings that plant sRNA molecules never reach
sufficiently high concentrations and stability to
exert biologically relevant effects in mammals
and humans. In the unlikely event that traces
of ingested RNA molecules are absorbed from
the gastrointestinal tract, not degraded within
the cardiovascular system and not readily eliminated through the liver or kidneys, these remaining RNA molecules, in the absence of any
delivery vehicle and amplification mechanism,
would not be able to cross lipid membranes, escape lysosomal degradation and, hence, reach
the cytoplasm of cells (Sioud, 2005; Manjunath
and Dykxhoorn, 2010). Taken together, the
instability in biological fluids and matrices, in
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combination with biological barriers, reduces
the likelihood that ingested sRNA will display
local or systemic biological activities in mammals and there is currently no reason to believe
that this conclusion may not also apply to other
vertebrates, including birds and fish (EFSA GMO
Panel, 2018). There is also no basis for the hypothesis that engineered sRNA in GM feed and
foods may develop different nutritional properties than the background of natural sRNAs already present in all GM and conventional crop.
13.3.3 Likelihood of transfer of dsRNA
or siRNA from plant to mammalian cells
Mammalian cells do not efficiently take up
dsRNA or sRNA. The genetic basis for RNA
uptake mechanisms has been investigated in
detail in the nematode Caenorhabditis elegans.
RNAi-
mediated gene silencing is induced by
soaking worms in siRNA-containing solutions
(Tabara et al., 1998; Maeda et al., 2001) or by
feeding them with bacteria that express dsRNA
(Timmons et al., 2001; Newmark et al., 2003).
A straightforward RNA uptake in C. elegans is
mediated by transmembrane protein channels
like SID-1, SID-2 and SID-5 (SID, systemic RNA
interference-deficient) that promote RNA endocytosis, transfer of RNA into the cytoplasm of
cells and RNA spread from cell to cell (Winston
et al., 2002, 2007; Feinberg and Hunter, 2003;
Jose and Hunter, 2007; McEwan et al., 2012).
Two mammalian proteins, referred to as SIDT1
and SIDT2 (SID transmembrane family member
1 and 2), have been annotated as homologues
of the RNA transporter SID-1. However, these
mammalian proteins have more similarity with
the C. elegans cholesterol uptake protein CHUP-1
than with SID-1. Also, SIDT1 and SIDT2 contain putative cholesterol-binding motifs known
as cholesterol recognition/interaction amino
acid consensus (CRAC) domains. Accordingly,
the expression of SIDT1 and SIDT2 in human
cells in culture demonstrated that they function as transmembrane cholesterol transporters, but are unable to mediate the intracellular
uptake of dsRNA or miRNA (Méndez-Acevedo
et al., 2017). Another aspect of RNAi observed
in C. elegans is the amplification of sRNA, a
mechanism that is restricted to plants, fungi,
some nematodes and some other invertebrates.
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Amplification takes place when sRNA molecules
hybridize to target RNA sequences and prime
these targets to be copied by RNA-dependent
RNA polymerase (RdRP) (Hunter et al., 2006;
Mittelbrunn and Sánchez-Madrid, 2012). Such
an amplification of sRNA is absent in insects and
vertebrates, including mammals and humans
(Tomari and Zamore, 2005; Miller et al., 2012).
Nonetheless, reports from the Nanjing
University in China suggested that natural
plant miRNA, once ingested by animals or humans, may exert local activities in the intestinal
mucosa and even systemic effects. The authors
switched the regular feed of mice to a diet consisting entirely of unprocessed rice and, already
3–6 h later, detected several rice miRNAs at
femtomolar concentrations in the bloodstream
and liver (Zhang et al., 2012b). One of these
detected miRNAs (miR168a) displays sequence
identity with a region of the mouse gene coding
for LDLRAP1 (low-
density lipoprotein receptor adapter protein 1). Although the respective
mRNA was not affected following the consumption of rice, the authors reported that the level of
LDLRAP1 protein was lower in the liver of mice
fed rice than in controls receiving a standard
rodent diet. The authors also reported elevated
LDL-associated cholesterol levels in plasma and
attributed this effect to the suppressed LDLRAP1
expression resulting from miR168a uptake. This
finding is contradicted by a 90-day feeding study
as well as by a three-generation study, both with
a 70% inclusion of rice into the diet of rats. In
these studies, no LDL changes were detected
relative to control groups (Zhou et al., 2011,
2012). Another study, published by Dickinson
et al. (2013), attempted to replicate the findings of Zhang and colleagues. After feeding
mice with rice-containing diets at an inclusion
rate of up to 75%, these authors detected only
trace levels, if any, of plant-derived miRNA molecules in plasma. Zhang et al. (2012a) also described the presence of miR168a in the serum of
Chinese persons with high dietary intake of rice.
However, traces of plant-derived siRNA or miRNA taken up into the cells of the gastrointestinal
epithelium, or systemically absorbed, would not
be sufficient in terms of their concentration to
trigger the gene silencing machinery or exert
any other biologically relevant effect. In summary, humans and farm or companion animals do
not have the mechanisms to take up and amplify

dietary RNA in a way that their genes would be
subjected to foreign sRNA-mediated regulation.
Given the history of safe consumption of nucleic acids including RNA, oral toxicity studies of
dsRNA and derived sRNA are currently not warranted (EFSA GMO Panel, 2018).

13.4

RNAi-specific Risk Assessment

In view of the above considerations, there is no
reason to expect that GM plants tested in depth
by the usual comparative and, if necessary, nutritional assessments are any less safe than conventional comparators just because a particular
trait is generated by the RNAi pathway. This
conclusion is supported by two specific examples
outlined below.

13.4.1 Case study of an RNAi crop with
altered metabolite composition
RNAi-
based GM crops that have previously
been filed for regulatory approval, particularly
in North America but also elsewhere, include
papaya, potato and cucurbits with transgenes
aimed at silencing genes of invading viruses,
and maize with resistance against an infesting
insect (corn rootworm). In addition to these
crops, GM soybean and potato that had been
modified with silencing constructs targeting endogenous genes involved in biosynthesis of fatty
acids and starch as well as apple and tomato for
the suppression of plant genes involved in enzymatic browning (polyphenol oxidase) and ripening (polygalacturonidase), respectively, have
been submitted for approval. A case in point for
such compositionally altered crops is high-oleic
soybean, which will be explored in further detail
in this section. Whilst the risk assessment of this
crop included the regular, recurrent items summarized in section 13.2.5 above, we will discuss
here some features that were specific to this type
of compositionally altered RNAi crop.
The modification in soybean 305423
targeted the biosynthesis of PUFAs. PUFA biosynthesis includes several subsequent steps
of enzymatic dehydrogenation, which introduces double bonds in the carbon chain of the
fatty acid, hence the ‘unsaturation’. Oleic acid
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(C18:1), for example, is the mono-unsaturated
form of stearic acid (C18:0) with a backbone
chain of 18 carbon atoms length, and a double
bond between the 9th and 10th carbon atoms
(C9-C10). It is a substrate for the fatty acid dehydrogenase enzyme FAD2 (oleoyl phosphatidylcholine dehydrogenase). Its FAD2-2 and FAD2-3
isomers are constitutively expressed throughout
the plant, whilst FAD2-1 is strongly expressed
during embryogenesis in seeds. FAD2 converts
oleic acid to the PUFA linoleic acid (C18:2), by
introducing a second double bond between the
12th and 13th carbon atoms. Linoleic acid, in
turn, can be further enzymatically transformed
to the PUFA linolenic acid (C18:3) with three
double bonds.
For industrial purposes, such as for frying and bakery, it is desirable to increase the
oxidative stability of PUFA-rich vegetable oils.
This can be done by decreasing the content of
PUFAs, which are particularly prone to oxidation. This way, the oils will tend to become rancid less quickly. Whilst catalytic hydrogenation
was historically used for this purpose, there are
potential consumer health issues with the transfatty acids that may be formed during this process. As an alternative, the use of high-oleic acid
mutants of oilseed crops with decreased levels of
PUFAs would help to avoid these issues.
Around the globe, for example, there is
widespread cultivation of high-oleic sunflower
varieties, which originate from a mutant created through chemical mutagenesis, in which
the FAD2-1 gene has been partially duplicated,
causing gene silencing (Schuppert et al., 2006).
Also, transgenesis exploiting RNA interference
has been applied to introduce constructs silencing expression of FAD2-1 in experimental and
commercial oilseed crop lines. Examples include
soybean, cotton, Indian mustard, carinata, flax
and camelina (Kinney and Knowlton, 1998;
Chapman et al., 2001; Sivaraman et al., 2004;
Du et al., 2018). A more recent, pre-commercial
example is super high-oleic safflower, which has
been modified with transgenes encoding hpRNAs that target the FAD2-2 and FATB genes
(Wood et al., 2018). Genome editing using
TALENs or CRISPR-Cas9 has also been applied
to achieve similar results, introducing mutations in FAD2 genes to create high-oleic variants
of oilseed rape, rice and soybean, for example
(Haun et al., 2014; Abe et al., 2018; Okuzaki
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et al., 2018; Al Amin et al., 2019). A genome-
edited soybean line with deletions created with
TALENs in the FAD2-1 gene was recently introduced into the US market, and its oil is offered to the food industry under the trade name
‘Calyno®’ for frying and dressing, and use as a
sauce (FDA, 2019).
As an example of a risk assessment of
high-oleic soybean, transgenic GM soybean line
305423 (tradename ‘Plenish®’) assessed by the
EFSA GMO Panel contained two types of modifications, namely: (i) a gene-silencing construct
targeting the FAD2-1 gene imparting the high-
oleic phenotype; and (ii) the ALS gene encoding a mutant acetolactate synthase (ALS) gene
mediating resistance to ALS-inhibiting herbicide
active substances.
With regard to safety, soybean 305423 had
to be assessed as a GM crop, in line with the internationally harmonized principles of comparative safety assessment. Soybean 305423 had
been transformed with a DNA construct containing a partial sequence of the soybean fad21 gene aimed at silencing the expression of the
host’s endogenous counterpart. This gene was
under the control of the promoter and terminator sequences from the Kunitz trypsin inhibitor
gene 3 (Kti3) coding for the antinutrient and allergenic trypsin inhibitor protein, thus allowing
for seed-specific expression of the inserted genes.
The inserted DNA also carried the gm-hra gene
encoding an ALS enzyme conferring herbicide
resistance (EFSA GMO Panel, 2013).
Molecular characterization of soybean
305423 showed that DNA had been inserted
at four distinct sites, with a relatively complex
pattern comprising, for example, seven copies of the fad2-1 fragment and five of the KTi3
terminator. Expression data (Northern blotting)
indeed showed inhibited expression of fad2-1 in
seeds of soybean 305423 as well as of KTi3 as
a corollary effect. The latter can be attributed to
silencing caused by the presence of KTi3-related
sequences (promoter, terminator) in the introduced DNA. Bioinformatics-supported comparisons of the amino acid sequences hypothetically
formed from the ORFs of the inserts and flanks
with known toxic and allergenic proteins did not
reveal any relevant similarities. An experiment
testing the stability of inheritance indicated
recombination between the KTi3 promoter elements at one of the integration sites in a single
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progeny plant, accounting for loss of the gm-hra
gene cassette, but this was not considered as relevant for safety assessment (EFSA GMO Panel,
2013).
Compositional analysis of seeds from experimental field sites showed that, whilst non-
transgenic soybeans contained 19% oleic acid,
55% linoleic acid and 8% linolenic acid, these
figures had markedly changed in 305423 soybeans to 73% (+54%), 4% (–5 %), and 4% (–4%),
respectively. This confirmed that the fatty acid
composition had indeed changed from a preponderance of the PUFAs linoleic and linolenic acids
to that of the MUFA oleic acid, as intended (EFSA
GMO Panel, 2013).
The potential nutritional impact of these
changes was assessed, taking into account that
consumers need to attain adequate intakes of
linoleic and linolenic acids. It was assumed that
the new oil from soybean 305423would totally
replace conventional vegetable oils in targeted
foods. Based on consumption data, the intakes
of the various types of fatty acid by different consumer groups, ranging from toddlers to elderly
people, were estimated. The reductions in PUFA
intakes thus obtained under these conservative
scenarios did not raise health concerns, though
post-market monitoring for verification of these
consumption data was also recommended (EFSA
GMO Panel, 2013).
In conclusion, the risk assessment of soybean 305423 as an example of a crop with silenced endogenous genes shows that various
generic factors come in play. This could also
be translated to other traits achieved through
RNAi, such as disease resistance based on suppression of the plant host’s intrinsic vulnerability factors. For example, Northern blotting or
other means of RNA expression analysis will be
important to confirm the targeted suppression
of the endogenous gene of interest. Moreover,
it should be verified if endogenous genes bearing similarity with inserted elements (such as
observed for KTi3 on soybean 305423) are also
affected, though not the aim of the modification,
as a corollary effect. Bioinformatics-supported
comparisons of the amino acid sequences of
peptides that could be hypothetically formed
from ORFs with sequences of allergenic and toxic proteins will help to identify potential safety
issues should the inserted DNA sequences unexpectedly be translated into peptides. Extensive

comparative analysis of compositional, phenotypic and agronomic characteristics will help to
identify any potential intended and unintended
effects of the modification. For the changes
identified, the impact on toxicity, allergenicity
and nutritional value of the modified RNAi crop
should be assessed.
13.4.2 The case of insecticidal RNAi
maize
RNAi-mediated silencing, first observed in nematodes and plants (Dougherty et al., 1994; Fire
et al., 1998; Brodersen and Voinnet, 2006; Jones-
Rhoades et al., 2006; Vazquez, 2006), was later
demonstrated also in some insects (Ghildiyal
et al., 2008). Several reports demonstrated the
proof-of-principle that it is possible to induce an
RNAi-mediated suppression of essential genes
by feeding parasitic nematodes (Huang et al.,
2006; Yadav et al., 2006; Fairbairn et al., 2007)
or the larvae of insect pests with GM plants engineered to express specific dsRNA precursors
(Baum et al., 2007; Mao et al., 2007). In maize
MON 87411, this principle is employed for the
management of western corn rootworm (WCR),
Diabrotica virgifera virgifera, the most important
maize pest in the US ‘corn belt’. A single insert
has been introduced to express a modified version of Bacillus thuringiensis Cry3Bb1 protein,
a glyphosate-tolerant 5-enolpyruvylshikimate3-phosphate synthase (EPSPS) enzyme and an
expression cassette containing two sequences of
the D. virgifera (Dv)Snf7 gene coding for an essential vacuolar sorting protein. The reader is
referred to the relevant scientific opinion of the
EFSA GMO Panel for the risk assessment of the
Cry3Bb1 and EPSPS proteins (EFSA GMO Panel,
2018). The Snf7 dsRNA expression cassette consists of two fragments of the coding sequence of
the DvSnf7 gene in an inverted repeat configuration flanked by the e35S promoter from cauliflower mosaic virus, the heat shock protein 70
intron from Zea mays and the 3′ untranslated
sequence of the E9 gene from Pisum sativum.
The DvSnf7 inverted repeat sequence generates
a 240 bp precursor with hairpin structure that
is processed to generate siRNA molecules. When
the WCR larvae feed on MON 87411 maize, silencing of the DvSnf7 gene leads to insect lethality, thus protecting the plant from root damage.
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The mechanism of RNA uptake and systemic
spread in the WCR is poorly understood but may
involve SID-like (SIL) proteins and also clathrin-
mediated endocytosis. An RdRP-mediated amplification is absent in the WCR (Huvenne and
Smagghe, 2010; Fishilevich et al., 2016).
As outlined in section 13.2.1 above, in the
EU a bioinformatics analysis is required according to Regulation (EU) No. 503/2013 to identify
potential off-target genes that may be influenced
in their expression by the siRNA approach.
Following the recommendations of the EFSA
GMO Panel for an RNAi off-
target search in
plants, it was found that none of the maize transcripts in the available databases showed perfect
match to any of the siRNAs possibly produced. A
few maize transcripts have sequences matching
the siRNAs with one to four mismatches. Some
of these sequences presented matches for more
than one (up to five) possible siRNA. However, a
scrutiny of the anticipated function of the proteins encoded by these mRNAs matching the siRNA sequences indicated that off-target effects, if
they took place, would not raise safety concerns,
because the possible depletion of these potential targets is not expected to affect agronomic,
phenotypic, compositional and nutritional characteristics of the GM maize. This conclusion is
confirmed by the comparative analysis of maize
MON 87411 and non-GM comparators. A field
trial for the assessment of agronomic and phenotypic characteristics did not reveal any statistically significant differences between maize
MON 87411 and this conventional counterpart.
Also, no changes in the composition of grains
were detected, i.e. concentrations of none of the
78 tested maize constituents were significantly
different in maize MON 87411 compared with
its conventional counterpart and also present at
levels outside the equivalence range defined by
non-GM reference varieties grown in the same
field trial. Of course, an off-target gene silencing may also theoretically occur in organisms
exposed to the RNAi plant, for example upon
food and feed consumption. As described in sections 13.3.2 and 13.3.3 above, dietary dsRNA
and sRNA are, however, rapidly denaturated,
depurinated and degraded after ingestion, due
to the particular milieu of the gastrointestinal
tract and the presence of multiple digestive enzymes in humans, mammals and other vertebrates. Further biological barriers like cellular
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membranes or lysosomes limit the uptake of dsRNA and sRNA. Therefore, it is not expected that
sRNAs with DvSnf7 sequences are able to exert
any biological effects once maize MON 87411 is
ingested by humans, or by farm or companion
animals (EFSA GMO Panel, 2018). A 28-day
oral repeated-dose study in mice with DvSnf7
dsRNA, conducted in accordance with the principles laid down in the OECD Test Guideline 407,
lends further support to the above conclusion. In
this study, the DvSnf7 dsRNA was administered
by daily oral gavage at doses of 1, 10 and 100
mg/kg body weight. No treatment-related effects
were observed in the animal body weights, food
intake, clinical parameters, clinical chemistry
values, haematology, gross pathology and histopathology (Petrick et al., 2016). Considering
the possible Snf7 dsRNA and sRNA content
of maize MON 87411, which is difficult to assess quantitatively, the authors of this toxicity
study calculated that a human would need to
eat 60 million kilograms of maize MON 87411
per day to reach the dose of 100 mg/kg body
weight that in the mouse study remained without any effects. The lack of biological activity
of ingested dsRNA or sRNA is also documented
by a previous 28-day toxicity study in mice using dsRNA of 218 bp, or a pool of four 21-mer
siRNA molecules, targeting a mouse vacuolar
ATPase transcript. The daily dose administered
by gavage was 64 mg/kg for the dsRNA and 48
mg/kg for the siRNA. This 28-day toxicity study
revealed no adverse effects and, importantly, no
changes of vacuolar ATPase expression in any
tissue, including the gastric mucosa (Petrick
et al., 2015), thus supporting the notion that no
consequences are expected from the dietary uptake of dsRNA or siRNA present in food or feed.
Taking into account all of the above, maize MON
87411 is considered equivalent, with respect to
its food and feed safety and its nutritional profile,
to non-GM maize counterparts.

13.5

Conclusion

The concept of gene silencing in GM plants
based on the principles of RNAi has been exploited from the early days of commercial crop biotechnology. Applications straddle traits of both
agronomic importance, such as disease and
pest resistance, and of consumer and producer
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benefit, such as oilseeds with altered fatty acid
composition. The internationally harmonized
risk assessment approach for the food safety of
GM crops can also be applied well to the subcategory with RNAi-
based gene-
silencing traits,
notwithstanding some special features, such as
the lack of newly expressed proteins. Moreover,
the issues of off-target effects of the silencing
RNAs within the plant, as well as the hypothetical uptake by consumers after ingestion of
foods derived from RNAi-based GM crops, has
been at the focus of scientific discourse. The

current state of knowledge indicates that cross-
kingdom interactions of consumed plant sRNA
with the intrinsic RNAi machinery of humans
and farm animals is a highly remote possibility
at best, with unlikely impacts of any potential
health concern. The featured case studies both
underscore the applicability of current guidelines of the EFSA GMO Panel, enshrined in
Implementing Regulation No. 503/2013, and
more generally, those of the international Codex
Alimentarius of the FAO/WHO Food Standards
Programme.
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