
Salvatore Arpaia

ENEA – Italian National Agency for New 

Technologies, Energy and Sustainable

Economic Development

Development of RNAi based pesticides: new opportunities and environmental biosafety 

considerations, 1 December 2020

General Introduction to Environmental Safety 

Issues of RNAi



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?

• RNA interference is a natural 

biological process in which RNA 

molecules inhibit gene 

expression or translation, by 

neutralizing specific base pair 

complementary mRNA 

molecules. As a result, the 

mRNA cannot be translated 

into protein. In nature, this 

post-transcriptional gene 

silencing mechanism enables 

many species to defend 

themselves against pathogens



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 

The entry and fate of RNAi-based pesticides 

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 

• dsRNA persistence in soil 

+ lyophilized corn tissue

• Half-life 15-29h

• dsRNA degradation 

kinetics independent of 

initial concentration



Persistence of dsRNA in aquatic environments

Detected mainly in the water phase, half-life < 3 days

(Fisher et al., 2017 Environ. Toxicol. Chem.)



Exposure through herbivory

On plant canopy

Underground



Trophic chain exposure

On plant canopy

Natural enemies

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



Trophic chain exposure (Garbian et al., 2012 PLoS

Pathog.) 

• 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

RNAi requires cellular uptake of small RNAs (dsRNA usually)

Entry into the body
Cuticle



RNAi silencing efficiency Christiaens et al., 2018, EFSA Supporting Publications

• 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.

Nematoda

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

Whyard et al. (2009 Ins. Biochem. Molec. 

Biol.)

• VATPase specific dsRNA for four different 

insect species: Drosophila melanogaster, 

Manduca sexta, Tribolium castaneum, 

Acyrthosiphon pisum. 

• High levels of mortality where achieved 

only when species-specific dsRNA was 

provided in the diet.

RNAi has the potential for high species specificity



Potential off-target, non-target and unintended effects

ERA for SmartStax PRO (Bachman et al., 2016 Transgen. Res.)

Organism Functional group Study method Measurement endpoint

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
(Pan et al., 2020 Pest. Manag. Sci.).

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.).

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

• Initial dose: stage 2 larvae for all experiments

• Analysis:

• Experiment 1: pupae of Apis mellifera carnica workers; 5µg dsRNA

• Experiment 2: larvae of Africanized Apis mellifera; 0.5µg dsRNA

• Experiment 3: adults of Africanized Apis mellifera; 0.5 µg dsRNA

9 5

Prepupae

Larvae

Adults



Sequence independent effects

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-specific immune 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

• 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.




