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Introduction

RNAI technology is a group of techniques used to turn off the expression of genes, which is also known
as gene silencing. These techniques are based on natural processes that take place in eukaryotic cells
to regulate gene expression or to protect the organism against invading microorganisms. These
processes are called RNA interference (RNAi) or RNA silencing pathways because the silencing agents
are short RNA molecules (Vaucheret, 2006). The RNA molecules are called small RNAs (sRNA). More
information about these pathways can be found in scientific reviews (Ghildiyal and Zamore, 2009; Guo
et al., 2016).

SRNA mode of action

The sequence of the sRNA is a full or partial match to the sequence of the genes that they silence. This
allows the binding of the sRNA to the messenger RNA (mRNA) of their target genes. The binding of the
SRNA to the mRNA triggers the degradation of the mRNA or the inhibition of its translation (Eamens et
al., 2008). These processes, which are carried out by the gene silencing machinery of the cell, decrease
the amount of protein produced from the target gene.

Since target gene selection is based on sequence similarity and the gene silencing machinery is
present in most eukaryotic organisms, SRNA can be potentially customised to silence any gene in any
organism.

Classes of sSRNA

Different classes of SRNA are distinguished according to how they are produced and the type of
silencing machinery they recruit (Eamens et al., 2008). The sRNA used most commonly to generate
genetically modified organisms (GMOs) are short interfering RNA (siRNA) and microRNA (miRNA).

siRNA are made from long double stranded RNA (dsRNA) precursors originated either exogenously
(e.g. derived from viruses or transposons) or endogenously (e.g. derived from the centromere and
other repetitive sequences in the genome). These precursors are processed into multiple siRNA of
approximately 21 nucleotides long that trigger the degradation of the target mRNA (Figure 1A;
Carthew and Sontheimer, 2009).
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Figure 1. Production and mode of action of siRNA [A) and miRNA (B).

miRNA are encoded by endogenous genes and silence other endogenous genes that encode proteins
(Jones-Rhoades et al., 2006). miRNA genes are transcribed into a precursor that folds forming a
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stem-loop structure in which the stem is dsRNA (Figure 1B). The precursor is processed to release the
miRNA, which induces the degradation of the target mRNA or the inhibition of its translation or both
(Jones-Rhoades et al., 2006).

RNAI techniques involving the generation of a GMO

Living organisms can be genetically modified® with RNAi constructs that produce novel sRNA. These
novel sSRNA can silence endogenous genes and change the characteristics of the living organism.

RNAI constructs that produce siRNA generally contain a fragment of the target gene repeated in both
sense and antisense orientation separated by an intron (Figure 2A). After transcription, the RNA
complementary regions anneal and the intron is eliminated, which results in a dsRNA precursor that is
processed by the cell machinery into siRNA (Wesley et al., 2001).

RNAI constructs that produce miRNA use natural miRNA encoding genes in which the miRNA sequence
has been changed to match the target gene (Figure 2B; Schwab et al., 2006).
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Possible unintended effects of RNAI genetically modified (GM) plants

RNAi GM plants produce novel sRNA that enter the RNAi pathway. These novel sRNA can silence
endogenous plant genes to improve the characteristics of the crop. They can also be complementary
to pathogen or pest genes, in which case they increase the resistance of the plant to diseases and
pests.

There are two possible unintended effects associated with RNAi GM plants:

e Off-target gene silencing — the sRNA binds the mRNA of a gene that is not the intended target
gene; and

e Silencing of genes in non-target organisms — the sRNA binds the mRNA of a gene in an
organism that is not the intended target organism.

Off-target gene silencing

Efficient gene silencing in plants requires a high level of sequence similarity between the sRNA and its
target (Schwab et al., 2006). In addition, RNAi constructs are designed to specifically target the
intended gene and to avoid the silencing of similar genes. These both reduce the probability of the
introduced sRNA silencing an off-target gene within the plant. In the unlikely event that the introduced
sRNA silenced off-target genes, this could potentially lead to changes other than the intended effects,
including changes to levels of endogenous toxins or allergens (Figure 3A).

Silencing of genes in non-target organisms

SRNA produced in GM plants could unintentionally change gene expression in animals (Figure 3B). For
this to happen, animals must feed on large quantities of the RNAi plant material, the SRNA must resist
degradation in the gastrointestinal tract and bloodstream, animal cells must be competent to take up
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the sRNA in sufficient quantities to activate the endogenous RNAi machinery, sSRNA would need to
match a gene being expressed in the animal cell and effectively reduce gene expression (Figure 3C;
Roberts et al., 2015). This reduced gene expression may or may not be harmful to the animal.

Dietary RNAi in humans and other vertebrates

There are conflicting reports about the possibility of humans and other vertebrates being able to take
up miRNA from plants consumed in the diet. Two main methods have been used to study this subject:
feeding experiments and sequencing of miRNAs present in blood and other animal tissues.

Feeding studies. In these studies, animals are fed plant material or purified plant miRNA and after
feeding, the presence of plant miRNA in blood and/or other tissues is investigated.

Several feeding studies support that humans and mice are able to absorb miRNA from the diet (Zhang
et al., 2012a; Baier et al., 2014; Liang et al., 2014; Mlotshwa et al., 2015; Yang et al., 2015; Zhou et al.,
2015; Chin et al., 2016). In one of these studies the absorbed miRNA was found to have an effect on
gene expression in mice (Zhang et al., 2012a). This work tracked the metabolic fate of the plant miRNA
miR-168a, that is produced abundantly in rice and other plants and happens to have a near perfect
sequence match to a mammalian gene. miR-168a was detected in mouse livers after feeding mice a
rice-only diet and was reported to reduce the expression of the matching mammalian gene in the liver
by approximately 50%. The effect of miR-168a on the mouse gene ceased when rice was no longer
included in the food. A criticism of these feeding studies is that huge amounts of miRNA or plant feed
were administered to mice. For instance, a large quantity of rice was fed to the mice in the Zhang et al
(2012a) study, equivalent to a human eating approximately 33 kg/day of cooked rice, an unrealistic
guantity in any human diet.

Many other feeding studies have tried to replicate the dietary uptake of miRNA in mice, piglets,
monkeys and humans, however, none of these detected in blood the plant miRNAs that were
otherwise abundant in the supplied diet (Zhang et al., 2012a; Dickinson et al., 2013; Snow et al., 2013;
Witwer et al., 2013; Petrick et al., 2015; Kang et al., 2017; Huang et al., 2018).

Sequencing of miRNA. Next-generation sequencing techniques have been used to sequence and
measure the levels of all miRNA present in animal blood or other tissues. Some studies have reported
the presence of plant miRNA and other exogenously derived miRNA (xenomiRs) in human plasma or
breast milk and have concluded that miRNA can be absorbed from the diet (Wang et al., 2012; Zhang
et al., 2012a; Beatty et al., 2014; Lukasik and Zielenkiewicz, 2014; Chin et al., 2016). Only in Zhang et al
(2012a) were the levels of plant miRNA comparable with levels of endogenous animal miRNA. In the
other studies the detected xenomiRs were at extremely low concentrations, in the order of 1 -5
miRNA copies per cell, in contrast to endogenous miRNA that can reach 50,000 copies per cell (Kang et
al., 2017). It has been estimated that miRNA need to be present at a 1,000 to 10,000 copies per cell to
silence genes (Denzler et al., 2014).

Other reports have detected the same low levels of xenomiRs in blood and other tissues and
concluded that the level detected is biologically insignificant or a technical artefact (Zhang et al.,
2012b; Tosar et al., 2014; Bagci and Allmer, 2016; Kang et al., 2017). Supporting the notion that the
detected low levels are technical artefacts is the detection of plant miRNAs and other xenomiRs in
tissue samples derived from organisms that did not feed on the source of the xenomiR (Tosar et al.,
2014; Kang et al., 2017). For instance, Tosar et al (2014) analysed a sSRNA dataset of lancelets?
obtained by the group of Zhang et al (2012a) (the authors of the first study claiming dietary absorption
of plant miRNA in humans) and found that miR168a was also present in this sample even if lancelets
did not feed on plants. Kang et al (2017) also observed that some xenomiRs found consistently in 824
datasets of SRNAs from human tissues and body fluids were specific to rodents, however rodents are
not a common component of the human diet.

Although the debate is still ongoing (Nawaz et al., 2019), most scientific evidence in the published
literature on RNAIi does not support the view that dietary sRNA have an impact on human gene
expression (FSANZ, 2013-response to Heinemann et al). First, there is a vast repertoire of RNA
molecules in living organisms, the environment and our diet, which establishes a history of safe

2 A small elongated marine invertebrate that resembles a fish but lacks jaws and obvious sense organs.
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consumption by humans (Petrick et al., 2013). Of the total RNA molecules consumed in food, only a
small percentage is sSRNA, even in the case of RNAi GM plants, which suggests that the amount of RNAI
is not high enough to induce potent gene silencing (Petrick et al., 2013; Chan and Snow, 2017). In
addition, major biological and physiological barriers prevent significant uptake of sSRNA via the
gastrointestinal tract and consequent systemic exposure to these molecules (Petrick et al., 2013).
These barriers include degradation in the stomach, low absorption in the intestine and enzymatic
degradation of absorbed sRNA in the blood stream (Figure 3C). Any surviving sRNA would have to
enter into the cytoplasm of the cells to trigger RNAI, which is impeded as sRNAs do not diffuse through
the cell membrane (Martineau and Pyrah, 2007).

Dietary RNAI in insects

Some insects can take up sRNA from their diet and if the sSRNA match an insect gene, this can result in
gene silencing. This susceptibility to dietary RNAi varies widely between insect classes (Scott et al.,
2013). Lepidopteran insects (butterflies and moths) have low susceptibility to dietary RNAi, while
Orthoptera (grasshoppers), Coleoptera (beetles) and Hemiptera (stink bugs, aphids, cicadas, etc) are
more sensitive, although there is variability in these Orders as well (Guan et al., 2018). In bees,
ingested sRNA from pollen are not efficiently taken up by the digestive tract or dispersed to other
tissues under normal conditions (Masood et al., 2016). The underlying causes of this variability are
unknown and may rely on species-specific barriers to exposure, such as a gastrointestinal tract that
favours sRNA degradation, barriers to cellular uptake, and the capacity of the organism to amplify and
spread the silencing signal from one part of the organism to another (Roberts et al., 2015).

Gene silencing can be achieved by feeding susceptible insects on RNAi GM plants expressing dsRNA
that target insect genes (Scott et al., 2013). For this to happen, it is essential that the introduced
dsRNA give rise to a high number of siRNA with perfect complementarity to the insect gene (lvashuta
et al., 2015). This notion is supported by the fact that plant-feeding insects that are susceptible to
dietary RNAi have been shown to accumulate plant derived siRNA in their bodies without an apparent
effect on global gene expression or body mass (lvashuta et al., 2015).

Dietary RNAI in other organisms

Genes can be silenced by external application of SRNA in nematodes, Botrytis cinerea (fungus) and
Arabidopsis thaliana (plant) (Wang et al., 2016; Mitter et al., 2017). This means that these organisms
may be susceptible of becoming an unintended target of RNAi GM plants. How widespread this
phenomenon is in fungi and plants is currently unknown.

Fungi and nematodes are able to take up sSRNA when infecting the plant cell since RNAi GM plants
expressing sSRNA against fungi or nematode genes are protected against the diseases caused by these
organisms (Huang et al., 2006; Li et al., 2010; Machado et al., 2018). However, fungi, nematodes or
plants feeding on decaying RNAi GM plant debris in the soil may be unlikely to be unintended targets
of RNAi mainly because RNAi reagents degrade quickly in the environment (Mitter et al., 2017).

Approvals of RNAi GM plants

The Regulator has approved field trials of RNAi GM plants under licences DIR 93, 112, 117, 121, 131,
136 (OGTR website) and no adverse effects have been notified. In Australia, the only RNAi GM plants
approved for commercial release are blue carnations (DIR 134 and OGTR GMO Register) and high oleic
safflower (DIR 158). FSANZ has approved food for consumption from the RNAi GM plants high oleic
acid soybean (A1018, A1049), insect resistant corn (A1097), reduced acrylamide and reduced
browning potato (A1128, A1139), low lignin lucerne (A1085), and is assessing an application of high
oleic safflower (A1156). Other RNAI crops approved overseas are common bean, papaya and
pineapple (Biosafety Clearing-House).

Conclusion

There have been no reports of adverse effects on human health and safety or the environment as a
result of the use of RNAI technology for crop improvement. Nevertheless, the potential for adverse
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unintended effects as a result of RNAi technology is assessed on a case-by-case basis, in the context of
the proposed dealings, in each risk assessment for release of a GM plant.
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Figure 3. Unintended
effects of RNAi GM
plants. A. Off-target
silencing: RNAI reagents
expressed in GM plants
could potentially silence
off-target genes with
partial or full
complementarity which
may result in unintended
traits in the plant. (CSM
stands for Cell Silencing
Machinery) B. Gene
silencing in non-target
organisms: Gene
silencing in non-target
organisms can only occur
in organisms that eat
sufficient amounts of
RMAI GM plant material;
have few barriers to RNA
uptake; and have genes
with sufficient sequence
homology to the RMNAI
reagents. C. Barriers to
sRNA dietary uptake:
sRMA ingested by
mammals must resist
digestion; degradation in
the bloodstream; and
subsequently be taken up
by the cell to be able to
silence genes. This
pathway is unlikely to
occur.
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