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Environmental safety framework

Protocols, practices and policies that ensure the
safety and well-being of any organisms in the
immediate area

Scientifically sound activities developed to strengthen
confidence in the application of new
technologies/products

Conducted proactively, while developing new
systems/products |




What is RNA interference?
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Potential hazards posed by RNAI plants

Sequence dependent effects
Off-target gene silencing

Silencing genes in non-target organisms

Sequence independent effects
Immune stimulation

Saturation of the RNAi machinery (e.g. Dicer)
Resistance development

Risk= f(Exp)*f(Hazard)



Environmental exposure and fate of SRNAs
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The entry and fate of RNAi-based pesticides s
in environmental systems are expected to
be agricultural soils and adjacent surface §
water (Parker & Sander, 2017)

As any exogenously applied pesticide
entering into the environment, its fate
depends primarily on application rate and
other handling operations

From available information on GM crops, release rates of RNAi-based
pesticides to agricultural soil are estimated to occur at micrograms per
hectare levels (3-4 orders of magnitude lower than Cry protein release rates),
resulting in nanogram or lower concentrations of RNAi-based pesticides per
gram soil (Parker et al., 2019). RT-PCR



Persistence of dsRNA in the soil

Extracellular enzyme activity and microorganism viability lead to
biological degradation of RNAi-based pesticides in receiving
environments and biological availability is further limited by
adsorption to solid-water interfaces (Parker et al., 2019 Env. Sci.
Technol.)

Genomic DNA from tomato leaves 1,5 days half-life (Poté et al., 2005.
Chemosphere)

DNA from transgenic and conventional soybean tissues: 1,4 days half-life
(Levy-Booth et al., 2008 J. Agr. Food Chem.)

RNA less studied, however evidence of similar behaviour (Greaves and
Wilson 1970 Soil Biol. Biochem.)

In 2014, Dubelman et al. (PloS one) studied dsRNA persistence in
different soil types

In 2017, Parker and Sanders (Env. Sci. Technol.) studied mechanisms
influencing dsRNA degradation in soil



Persistence of dsRNA in the soil

Dubelman et al., 2014 PloS one
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Persistence of dsRNA in aquatic environments
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(Fisher et al., 2017 Environ. Toxicol. Chem.)
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Detected mainly in the water phase, half-life < 3 days



Exposure through herbivory

On plant canopy

Underground




Trophic chain exposure

On plant canopy

Can dsRNA move along trophic chains? Will it be still active?
Natural enemies




Trophic chain exposure (Garbian et al., 2012 PLoS
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* Investigated bidirectional transfer of
RNAi between honeybee and Varroa
destructor

» dsRNA (usually persistent in the
haemolymph) ingested by honeybees
is further transmitted to V. destructor
that feeds on haemolymph

* Reciprocally, dsRNA-carrying Varroa
transmits the dsRNA back to bees

* dsRNA still retains its biological
activity

* Several species are known to degrade

dsRNA in the haemolymph



Physiological exposure
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RNAI requires cellular uptake of small RNAs (dsRNA usually)

Entry into the body
I Respiratory System @
B Circulatory System
¥ Digestive System
M Nervous System

B Reproductive System

Tracheae

Oviduct

Brain

Ganglion
Nerve cord

7

N g
e
___ Intestine
(hindgut) Anus
Rectum

Malpighian tubes
Pig —



RNAi SilenCing EfﬁCiency Christiaens et al., 2018, EFSA Supporting Publications

Nematoda

 RNAI in C. elegans is very efficient (injection, soaking, feeding), due to an
expanded RNAi-related gene repertoire

* RNAI in other nematodes is variably efficient, often showing a more rapid
recovery compared to C. elegans.

Arthropoda
« High variability in RNAI sensitivity between arthropod classes, orders, species

and even populations, especially when delivering the dsRNA orally

» Coleoptera: some of the most sensitive species (CPB, WCR: ppb doses)

» Lepidoptera: Less sensitive in general

« Diptera in general less sensitive for oral delivery, due to cellular uptake-related
issues

« Hemiptera: Evidence for population/lab strain dependent efficiency

» Other orders: variable efficiency



Possible physiological mechanisms
involved

Uptake and process - Both lepidopteran and
coleopteran cell lines and tissues efficiently
took up the dsRNA. While the dsRNA
administered to coleopteran cell lines and
tissues is taken up and processed to siRNA,
the dsRNA is taken up by lepidopteran cell
lines and tissues but in many experiments was
not processed to siRNA (lack of physiological
exposure).



dsRNA formulations

In order to overcome barriers to physiological exposure
or environmental lability, technology is exploiting
possible use of nanoparticles, nanogels, dsRNA
carriers (Ribonucleotide Proteins, Cationic Liposomes)
Guanylated polymers, etc.




Potential off-target, non-target and unintended effects

RNAI has the potential for high species specificity

Whyard et al. (2009 Ins. Biochem. Molec. 75
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Potential off-target, non-target and unintended effects
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ERA for SmartStax PRO (Bachman et al., 2016 Transgen. Res.)

Apis mellifera Pollinator Laboratory toxicity studies Larval survival and
development, worker survival

Coleomegilla maculata Biocontrol agent Laboratory toxicity studies Survival, growth and
development

Aleochara bilineata Herbivore Laboratory toxicity studies Adult survival and reproduction

Poecilus chalcites Biocontrol agent Laboratory toxicity studies Survival, growth and
development

Chrysoperla carnea Biocontrol agent Laboratory toxicity studies Adult survival and reproduction

Orius insidiosus Biocontrol agent Laboratory toxicity studies Survival, growth and
development

Pediobius foveolatus Biocontrol agent Laboratory toxicity studies Adult survival
Eisenia andrei Nutrient cycling Laboratory toxicity studies Survival and body weight

Folsomia candida Nutrient cycling Laboratory toxicity studies Survival and reproduction



Non-target and unintended effects
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(Pan et al., 2020 Pest. Manag. Sci.). TS e e e

First instars were administered with v-ATPase A dsRNAs designed from Diabrotica
virgifera virgifera and four predatory Coccinellidae

The results from dietary RNAI toxicity assay demonstrate significant impacts
of Dvv-active dsRNAs on ladybird beetles at both transcriptional and phenotypic level

Substantial differences among the four species were observed toward the ingested
exogenous dsRNAs

H. convergens A. axyridis  C. maculata C. septempunctata



Non-target and unintended effects

(Pan et al., 2020 Pest. Manag. Sci.). e S
C. septempunctata H. axyridis
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Table 1 The number of n-mer matches within v-ATPase A between lady beetles and Diabrotica virgifera virgifera

n-mer matches (nt)*

Species 19 20 21 22 23
Hippodamia convergens 29(17) 24 (15) 19 (13) 16 (11) 13(9)
Harmonia axyridis 24 (22) 21 (20) 18 (18) 16 (16) 14(14)
Coleomegilla maculate 29 (27) 25 (24) 21 (21) 18 (18) 15(15)
Coccinella septempunctata 50 (40) 45 (37) 40 (34) 36 (31) 32(28)

Role of bioinformatics potentially relevant, however currently available genomic
data is limited, No clear consensus on necessary sequence homology for effective
RNAI (es. for siRNAs), not clear how many matching siRNAs are needed



Potential off-target, non-target and unintended effects
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Insects 2013, 4(1), 90-103; doi=10.33580/insects4 010090

Article

Non-Target Effects of Green Fluorescent Protein (GFP)-Derived Double-Stranded RNA (dsRNA-GFP) Used in Honey Bee
RNA Interference (RNAI) Assays

Francis M. F. Nunes '.7* &, Aline C. Aleixo 1.7* &, Angel R. Barchuk 2 &, Ana D. Bomtorin 1 &, Christina M. Grozinger ? & and Zila L. P. Simdes 4 &

Table 1. Number of honey bee genes displaving different expression levels i response
to green fluorescent protein-derived double-stranded RNA (dsRNA-GFP) treatment
during worker development. Genes with significant expression levels at FDR < 0.5
(Experiment 1) and adusted p < 0.05 (Experiments 2 and 3) are reported.

Experiment Upregulated Downregulated Total
Prepupae 1 203 591 794
Lanae 2 239 %: 9 423% 5 662
Adults 3 4 1 5

Total 446 1,015 1461




Sequence independent effects
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Immune stimulation.

* RNAi developed evolutionarily as a natural defense mechanism against viruses in

invertebrates.

* Can recognize dsRNA as a virus-associated molecular pattern, and therefore

activate an antiviral response.

* Recent studies described a non-sequence-specificimmune response to dsRNA in

honeybees and bumblebees (McMenamin et al. 2018, Viruses)

Saturation of the RNAi machinery

 So far, this phenomenon has not been reported in invertebrates.



Possible onset of resistance to RNAI ——
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* Though the insurgence of resistance in target organisms represents mainly

an agronomic problem, a possible drawback is the fact that the spread of a

resistant strain could lead to additional use of pesticides.

* As with any other pesticide molecule, continuous or repeated exposure

exerts a selection pressure which can promote onset of resistance in target

pest populations. RNAi mechanisms are not an exception.

* Khajuria et al. (2018, PloS One) reported the first known case of a pest

(WCR) resistant to a mechanism of gene silencing in laboratory conditions.

* The resistance mechanism is based on an altered uptake of RNA molecules

and individuals of this colony showed cross-resistance also to other dsRNA

tested in the experiments.



MY MASK PROTECTS YOU and YOUR MASK PROTECTS ME.

WEAR A MASK. W




