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ABSTRACT
Advances in New Plant Breeding Techniques (NBTs), particularly spray-on RNA interference (RNAi) 
biopesticides, necessitates a reevaluation of existing regulatory and governance frameworks. While 
spray-on RNAi technologies offer promising solutions for sustainable crop protection and targeted 
pest control without altering plant genomes, they also raise important ethical, legal, and social 
implications (ELSI). This paper explores current ELSI discourses surrounding spray-on RNAi biopes
ticides, such as issues of environmental risk, regulatory ambiguity, corporate control and public 
acceptance. The study also highlights the importance to incorporate trust as an ethical element in 
developing regulatory and governance framework for the RNAi technology to increase public 
acceptance toward the technology. These findings contribute to the broader discourse on the 
governance of novel biotechnologies in agriculture, offering guidance for future regulatory design 
tailored to the unique characteristics of spray-on RNAi-based interventions.
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1. Introduction

Understanding on how RNA molecules regulate 
gene expression has revolutionized molecular biol
ogy and genetic engineering tools and applications. 
One such tool is using RNA interference (RNAi), 
which is a natural regulatory mechanism that can 
be used to silence target genes in target organisms. 
The gene silencing effect can be induced by 
sequences-specific double-stranded RNAs 
(dsRNAs), which when being detected by the 
cells, the RNAs will be used as a guiding template 
and will be directed to specific site on-target RNAs 
that then cleaves the complementary RNA 
sequences. RNA degradation ultimately inhibits 
protein synthesis.1–3

In recent years, the RNAi strategy has been 
exploited using a non-transformative approach, 
which does not require insertion of a foreign gene 
to produce silencing RNA molecules in a target 
organism. Contrary to the traditional genetic mod
ification (GM) approach, spray-induced gene silen
cing (SIGS) effects can be achieved by topically 

applying active dsRNAs directly onto the target 
organism to elicit silencing effects and downregu
late gene expression. These naked dsRNAs can be 
produced using in vitro and in vivo methods, such 
as microbe- and yeast-mediated expression 
systems.4

Since the first RNAi silencing observation, 
known as co-suppression, in the transgenic 
Petunia hybrida L,5 numerous research works 
have been carried out to develop sprayable RNAi- 
biopesticide for crop protection (reviewed in.6,7 

However, these naked dsRNAs are liable to nucle
ase degradation when being exposed to UV radia
tion, in-plant environment, water and soil 
environment.8 Therefore, active RNA molecules 
are often capsulated in nanocarriers to prolong its 
stability and activity when being applied onto tar
get crops.9 To our best knowledge, several spray-on 
RNAi biopesticides have been trialed in the field, 
such as patent-protected BioClay,10 BioDirect,8 

Calantha,11 RNAi insecticide targeting Colorado 
Potato Beetle Mesh gene,12 and yeast-based RNAi 
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pesticide developed by Renaissance BioScience.13 

These field trials were conducted in Australia, the 
United States, Canada and Europe. However, only 
one foliar RNA biopesticide has been succesfully 
registered for crop protection, which is 
CalanthaTM, a commercial product developed by 
GreenLight Biosciences that received approval 
from the U.S. Environmental Protection Agency 
(EPA).14 CalanthaTM contains active ingredient 
ledprona, which is a dsRNA insecticide designed 
to selectively control the Colorado potato beetle 
(CPB), Leptinotarsa decemlineata that can destroy 
potato crops and reduce tuber production.15

Proponents of spray-on RNAi biopesticide have 
narrated that RNAi technology is a revolutionary 
tool capable of enhancing crop productivity, 
improving farm cost efficiency while minimizing 
health and environmental hazards.16 Recent dis
cussions highlighted that RNAi-based pesticides 
not only offer targeted pest control with reduced 
ecological risk but also align with the European 
Union’s Farm-to-Fork strategy, which aims to 
reduce dependency on conventional agrochemicals 
while maintaining agricultural productivity and 
food security.17 RNAi technology is viewed as com
plementary to integrated pest management16,18 and 
precision agriculture, supporting key targets under 
the European Commission’s Green Deal and 
Biodiversity Strategy 2030, such as reduced pesti
cide residues, improved soil health, and lower 
greenhouse gas emissions.17

However, critics have been framing sprayable 
RNAi-based pesticides in open fields as a threat to 
the environment, citing that the open-air experi
ment will pose serious risks to exposed 
organisms.19 The RNAi debate has also been sur
rounded with the uncertainty around the heritabil
ity of gene-silencing effects, which often being 
portrayed as transient and non-heritable.20 

Arguably, the transient gene silencing effect may 
not hold true for certain organisms or grafted 
plants and therefore, raises an important regulatory 
question of what constitutes “transient gene 
silencing.”21

The rise of sprayable RNAi-based pesticide 
introduces additional regulatory ambiguity and 
governance challenges to policymakers.22 While 
RNAi technology offers precision and efficiency 
compared to traditional GMOs, their rapid 

development and uncertain long-term effects 
necessitate robust risk assessment frameworks. 
The initial discourses surrounding sprayable 
RNAi-based pesticides centered around the neces
sity to understand environmental risks such as off- 
target effects and implications from persistence 
and spread of dsRNA molecules in the 
environment.23 Additionally, other issues such as 
human health risk assessments and management,24 

intellectual property rights,25 public acceptance,26,27 

food labels28 and farmer dependency19 are equally 
important aspects for consideration when drafting 
a regulatory and governance framework for spray
able RNAi-based pesticides. Therefore, this paper 
seeks to comprehensively review critical themes 
and debates surrounding ELSI discourses of RNAi 
technology, discuss the importance of addressing 
trust issues toward emerging biotechnology, as well 
as identify research priorities and policy gaps that 
require attention to ensure the regulatory and gov
ernance framework for New Plant Breeding (NBT) 
techniques, especially spray-on RNAi-based biopes
ticides, is responsible and inclusive.

2. ELSI Discourses Surrounding Sprayable 
RNAi-Based Pesticides

The development and deployment of sprayable 
RNAi-based pesticides raise a number of ethical, 
legal, and social implications (ELSI) that extend 
beyond the technical considerations of efficacy 
and delivery. These concerns mirror and expand 
upon those associated with genetically modified 
(GM) organisms, while also presenting novel chal
lenges specific to the unique nature of the non- 
transformative RNAi technology.

From an ethical perspective, one of the primary 
concerns is the potential for off-target effects, 
whereby double-stranded RNA (dsRNA) may 
unintentionally silence genes in non-target organ
isms, including beneficial insects, soil microbiota, 
or even humans upon exposure through environ
mental contact.29,30 The potential for such unin
tended consequences poses dilemmas around 
ecological responsibility, which as a principle of 
environmental ethics, recognizes the natural 
world, including both biotic and abiotic compo
nents, as a fragile and interdependent system 
entrusted to human stewardship.31,32 It extends 
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beyond human-centered concerns to emphasize 
the intrinsic value of ecosystems and the necessity 
of maintaining natural equilibrium for the conti
nuity of life.33

As a targeted pest control method, RNAi tech
nologies are often promoted as more ecologically 
friendly than conventional chemical pesticides due 
to its naturalness and reduced toxicity.13 However, 
ecological responsibility entails more than redu
cing toxicity as it requires acknowledging the inter
connectedness of living and non-living systems and 
ensuring that pest control interventions do not 
undermine ecological balance.31 This includes 
addressing potential off-target effects on non- 
target organisms, such as pollinators, soil fauna, 
or aquatic species, whose ecological functions are 
critical to long-term agricultural sustainability.29 

Much of the criticism was attributed to the impor
tance of preserving pollinator populations and 
plant–pollinator interactions, which if lost, can dis
rupt ecological equilibrium leading to altered food 
web dynamics. Beyond their ecological function, 
pollinators contribute substantially to agricultural 
productivity, economic stability and global food 
security.34

In light of these complexities and uncertainties, 
adopting a precautionary approach to risk manage
ment becomes ethically justified. The precaution
ary approach from the ecological ethics 
perspective, emphasizes the anticipation and miti
gation of uncertain and potential irreversible 
harms associated with emerging technologies to 
an ecosystem. In the case of RNAi-based pesticides, 
there are still knowledge gaps about unintentional 
gene silencing effects of non-target organisms on 
various species including honey bees,35 slender 
springtails36 and monarch butterflies.37 Thus, by 
conducting thorough scientific investigation and 
stringent ecological risk assessments, especially 
evaluating potential impacts on pollinators prior 
to large-scale application, is desirable.20 However, 
it is also important to note that taking this step may 
lead to an overestimation of potential impacts and 
an underestimation of the effectiveness of mitiga
tion measures.38 It is therefore important to strike 
a balance between mitigating potential negative 
impacts and addressing potentially devastating 
impacts to food security if the technology is not 
moved forward.

In addition, ethical debates also arise around the 
corporate ownership and accessibility of RNAi 
technologies, as cost-effectiveness of the technol
ogy can be an issue for smallholder farmers, 
thereby exacerbating existing inequalities in agri
cultural innovation.19 Corporate control via 
patenting regime36 and broad patent claims leading 
to challenges to navigate “patent thickets” of RNA- 
mediated gene suppression technologies have been 
discussed for transgenic RNAi crops, as well as for 
gene-edited crops.39–42 Previous patent landscape 
studies on RNAi-based pesticides illustrated that 
private companies including large agricultural 
firms such as Bayer CropScience that merged with 
Monsanto and Syngenta who acquired Belgian firm 
Devgen hold multiple patent portfolios on spray
able RNAi-based pesticide.43 The patent claims 
covered several aspects such as composition of 
matter which is the actual dsRNA sequences, 
dsRNA delivery systems such as nanoparticle for
mulations and clay nanosheets, methods of appli
cation for example foliar sprays and seed coating, 
as well as target genes or pathogens.43 The patent
ing trend for the RNAi technology is positive as 
observed by the rising number of patents that were 
filed by the private companies in developing and 
developed countries since the last two decades, 
which further illustrated the increased corporate 
patenting activities in this space.43 Currently, the 
cost of producing dsRNA using in vitro methods is 
reported as minimum as 0.50 cents/gram with an 
estimate of 2–10 g needed for each hectare of 
farm.44 With this figure, there are still doubts 
whether smallholder farmers especially in develop
ing countries will have an inclusive access to the 
technology.45

From the legal point of view, the spray-on RNAi 
biopesticide presents regulatory classification and 
harmonization challenges.13,22 Proponents advo
cated for regulatory ambiguities to be clarified 
and appropriate and standardized science-based 
risk assessment to be adopted for evaluation of 
sprayable RNAi-based pesticides.13 Some have 
argued that plant protection products (PPP) risk 
assessment should be adapted to evaluate unique 
risks associated with spray-on dsRNA-based 
pesticides46 while others insisted for the products 
to be regulated as another form of genetic 
engineering.19 Several countries such as the US, 
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Canada, Europe, New Zealand and Australia reg
ulate RNAi-based pesticides under existing chemi
cal pesticides regulations (See Figure 1 and 
Table 1). However, many other countries have yet 
to clarify their regulatory approaches for the 
technology.22,44 

Previous reports have indicated mixed public 
views on the development and use of sprayable 
RNAi-based pesticides. Opponents of the technol
ogy have argued that the scientific process to pro
duce RNAi-based pesticides use genetic 
engineering techniques and thus raising unique 
risks and concerns. They have also highlighted 
that the assumption of these RNAi-based products 
as “eco-friendly” and “natural” lacks sufficient 
scientific justification.19 This is because synthetic 
interfering RNAs, which are being developed for 
insecticidal purposes, may vary significantly in 

their biological effects depending on their specific 
sequences and the organisms to which they are 
applied.47 Moreover, these RNAs are modified to 
be encapsulated nanomaterials to improve their 
stability and efficacy, which may give rise to unique 
risks that are yet fully understood.47

Proponents however sought to distinguish 
sprayable RNAi-based pesticides from traditional 
GMOs, suggesting that the RNAi pesticide does not 
integrate foreign genetic material into the plant 
genome upon spraying.26 From a public acceptance 
perspective, this argument plays a significant role, 
as one of the important ethical and religious objec
tions to genetically modified organisms (GMOs) 
stems from the perception that they are “unna
tural,” particularly due to the integration of genetic 
material from multiple species onto the crop 
genome.48 In addition to efforts to distinguish 

Figure 1. Global status of regulations for RNAi-based pesticides.

Table 1. Regulatory landscape for spray-on RNAi-based biopesticides (adapted from)8,13.
Jurisdiction Regulatory Authority Act and Regulation Data requirements

Australia The Australian Pesticides and 
Veterinary Medicines 
Authority

Agricultural and Veterinary 
Chemicals Code Act 
1994

Similar to agricultural chemical products, such as risk and environmental fate 
of the active ingredient and assessment of the formulation (including 
nanocarriers)

USA US Environmental Protection 
Agency

Pesticide regulation 40 
CFR 158

Similar to biochemical pesticides, such as technical grade of active ingredient 
tested in mammalia and non-target organism, product acute toxicity studies 
and exposure, and additional data for externally applied product

Canada Pest Management Regulatory 
Agency

Pest Control Products Act 
2002

Similar to novel class of pesticides and data requirements are on a case-by- 
case basis

Europe The European Food Safety 
Authority

Regulation (EC) 1107/2009 Similar to conventional chemical pesticides, involving assessment of the active 
compound and the plant protection product containing the active 
compound

New Zealand The Environmental Protection 
Agency

Hazardous Substances and 
New Organisms Act 
1996

Similar to agricultural chemical product

India Genetic Engineering Appraisal 
Committee

India Insecticides Act 1968 Similar to agricultural chemical pesticides
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RNAi-based pesticides from earlier criticisms asso
ciated with genetically modified (GM) agriculture, 
proponents argue that RNAi technologies offer 
significant economic benefits for the European 
Union and are essential to addressing future global 
food security challenges.17

These ELSI concerns highlighted the challenges 
in garnering positive public perception and accep
tance toward the use of RNAi technology for bio
pesticide sprays in agriculture. Learning from the 
previous experience with GMOs, public views 
toward biotechnology can be diverse, depending 
on cultural norms, personal values, ethics and soci
etal taboos.49,50 As such, the extent that public 
accepted biotechnology has been associated with 
their trust in technological developers or those 
responsible for risk assessments of the technology 
who share the same values to ensure public 
safety.27,51 As sprayable RNAi-based biopesticides 
advance, building public trust and incorporating 
trust as an ethical value in technological govern
ance are essential for the innovation to be accepted 
by the society and more fully integrated into agri
cultural practices. The following sections review 
several trust models that have been used to evaluate 
public acceptance and discuss appropriate regula
tory and governance models that incorporate trust 
in the framework.

3. Different Theories and Dimensions to 
Analyse Trust

In a “post-truth” era, where the society regularly 
scrutinizes scientific and technological claims, 
fostering trust becomes essential to facilitate 
transparent communication and meaningful public 
engagement on sprayable RNAi-based 
pesticides.44,52 As such, building trust in the gov
ernment’s ability to regulate risk and in the ethical 
research conduct and competence of technological 
developers can enhance social acceptance of the 
RNAi technology.53 Conversely, public trust erodes 
when there are perceived conflicts of interests 
between stakeholders and failure to acknowledge 
scientific knowledge limits that ultimately affect 
public acceptance.54

The development of trust models in biotechnol
ogy has evolved significantly to address the multi
faceted concerns surrounding products arising 

from genetic modification (GM) and new plant 
breeding techniques (NBTs). Initially, trust was 
viewed through the perspective of technical risk 
assessments, with early models operating under 
the assumption that public skepticism could be 
mitigated by increasing scientific knowledge.55,56 

However, as it became evident that public concerns 
were not solely about scientific risk but also about 
ethical, social, and cultural values, more sophisti
cated trust models were introduced.57,58

One of the foundational models, the trust, con
fidence and cooperation (TCC) model, was pro
posed by Earle and Siegrist.59 The TCC model 
provides a framework to describe the differences 
between trust and confidence and explain that trust 
and confidence as interacting sources of 
cooperation.59 Within this framework, trust is 
referred as shared values, and can be characterized 
by morality, integrity, caring, benevolence, inferred 
traits and intentions while confidence is associated 
with past performance and encompasses multiple 
aspects of ability.60 Hence, the basis of trust is the 
trusted individual is expected to behave as 
a trustworthy person would in a similar 
situation.60 The TCC model has been applied to 
evaluate the acceptance of Swiss citizens toward 
GM field experiments, which were carried out 
after a moratorium on gene technology in 2005.60 

The study showed that public acceptance of GM 
field experiments was significantly influenced by 
three factors, firstly is trust due to shared values 
in economy/health and environment, secondly is 
trust due to shared values in honesty of industry 
and scientists and thirdly is competence 
(confidence).60 Additionally, the study showed 
that moral conviction, outcome fairness, and pro
cedural fairness were significant predictors of GM 
acceptance, with procedural fairness having 
a stronger influence on individuals with high 
moral convictions.60

To further explore the dynamics between trust 
and risk perception, the causal chain model was 
introduced. The causal chain model proposes that 
trust influences risk perceptions and risk percep
tions influence the activity or technological 
acceptance61,62 while the associationist view inter
prets trust as a consequence of technological accep
tance, or trust as an indicator of a more general 
attitude toward a technology or activity.63 These 
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two models have been compared to evaluate rela
tionships between trust and acceptance toward GM 
food. Findings in the past studies have shown that 
the relationship between trust, perceived risk and 
attitudes toward food technologies are better sup
ported by the associationist view than the causal 
chain model.63,64

Building on the associationist view, the 
Integrative Model has been proposed to reconcile 
the analysis of dimensions of trust, the salient value 
similarity and the associationist view of trust.65,66 

The salient value similarity approach proposes that 
trust is shaped by perceived shared values, or the 
extent to which individuals believe others or orga
nizations view situations similarly to them.65,66 

According to the Integrative Model, attitudes influ
ence value similarity and value similarity influences 
general trust. This, in turn, impacts the level of 
trust in the regulation of risks, such as those asso
ciated with GM foods, ultimately affecting their 
acceptability.65,66

An alternative model to evaluate trust was the 
SPARTA (S – subjective norms, P – perceived 
behavioral control, A- attitudes, R – risk percep
tion, T – trust and A – “alia”/all other variables) 
model that integrates risk perceptions and trust in 
the theory of planned behavior.67 The multi- 
attribute model was employed to elucidate the 
links among attitudes and beliefs, purchase inten
tions, trust, and risk perceptions, leading to the 
acceptance of GM foods.67,68 Along this vein, pre
vious studies have argued that attitudes toward GM 
technology and trust in institutions have an influ
ence on perceptions of risks and benefits of GM 
products, while socio-economic characteristics of 
consumers have an effect in the decision-making 
process regarding the intention to purchase or 
avoid GM foods.67,68

Trust has been contextualized as a predictor for 
public acceptance toward biotechnological 
products.57 Biotechnology, like many other emer
ging technologies, offer numerous potential bene
fits but at the same time present large uncertainties 
and expectations about the real and perceived risks 
that the technology may have on society.69 Most 
laypeople do not have intricate knowledge of ben
efits and risks of biotechnology. In the early days 
when biotechnology was introduced to the main
stream, majority of the general population do not 

understand the basics about gene technology and 
not even being able to differentiate between DNA, 
molecules and radiation.70,71 Adding to this knowl
edge gap, the society wonders if the innovation 
process reflects their values and interests and 
becomes concerned about possible harms arising 
from decisions made by the technology developers, 
users, and regulators.58,72 Since the society has lim
ited knowledge and understanding about biotech
nology, they are unable to evaluate the accuracy 
and reliability of complex information about risks 
and benefits associated with the technology. In this 
circumstance, lay judgments and decisions rely on 
social trust to reduce uncertainties when making 
decisions and judgments on risks and benefits of 
a biotechnological product.58

Social trust refers to the perception that social 
actors or institutions such as regulators who share 
the same values as the lay people, being honest and 
credible, and have the capability to manage 
a particular technology.58,73 Findings from early 
surveys suggested that variation in public attitudes 
toward GM food is related with social trust in 
trusted institutions such as regulators, scientists, 
universities and industry, rather than absolute 
levels of trust such as culture-specific and indivi
dual differences in knowledge of science.74 In the 
context of public trust in social actors, trust is 
defined as a combination of trust factors on com
petence, transparency, public interest, and 
honesty.75 Based on the ratings, public voted for 
evaluators such as scientists as the most trusted 
entity, watchdogs such as environmental organiza
tions were moderately trusted, and industry and 
government were least trusted.75 In addition, 
Gutteling et al. observed a trend where the govern
ment was the least trusted entity in matters con
cerning genetically modified (GM) food, whereas 
non-governmental organizations (NGOs) garnered 
more trust than other stakeholders.76 This disparity 
in trust correlated with attitudes and participation 
in activities such as demonstrations and signing 
petitions against GM initiatives. Specifically, their 
findings suggested that a diminished trust in gov
ernmental institutions or an enhanced trust in 
NGOs was associated with more negative attitudes 
toward GM foods and a reduced level of acceptance 
compared to those with an opposite trust distribu
tion, which the public has more faith in 
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government and less in NGOs.76 Table 2 sum
marizes selected research on trust-related food bio
technology literature in the past twenty years.

4. Trust and Biotechnology Governance

Assessments on biotechnological applications such 
as transgenic RNAi have been risk-based, that 
focused on technical evaluation of risks to environ
mental and human health, favoring technical 
experts in the process.85 Since transgenic RNAi is 
regulated using existing GMO framework,46 the 
inclusion of non-technical experts tends to occur 
in the later stage of risk assessment, with public 
participation is limited to providing invited com
ments on assessments defined by experts and have 
limited influence on decision-making process.86 As 
biotechnology been “problematised” from different 
aspects, not only on risk, but also on ethical, social 
and economic concerns, the scopes of governance 
options have broadened to incorporate wider 
knowledge sources from a range of actors and 
stakeholders.87 These actors and stakeholders, 
such as environmental groups, consumer organiza
tions, commissioned scientific expert panels or 
ethics committees, participate in different forms 
of engagements and offer different scopes of policy 
advices in response to the risk, ethical, social and 
economic arguments.54,87 These engagements can 
be carried out using methods of consensus confer
ences, dialogs, citizen juries and panels and science 
shops.

The emergence of controversies further led to 
increasing calls for public stakeholder participation 
from the early “upstream” stage of technological 
development before nearing toward commerciali
zation when key decisions are made, financial and 
non-financial resources are heavily invested, and 
trajectories have been set.88,89 The involvement of 
lay public in debates received many criticisms, 
because deliberations and decisions render com
plex decision-making processes and the lay per
spective may have incompatibility with the 
dominant views of respective risk, ethical and eco
nomic arguments.89 Nonetheless, “upstream” 
engagement provides learning opportunities for 
technological developers including researchers 
to learn from when participating in public 
dialogs.13 An example is the “FORTiGe – 

Forschungsverbund Tiergesundheit durch 
Genomik” project that conducted multiple public 
stakeholder engagements to explore technical and 
social feasibility of using CRISPR-Cas9-based gene 
editing for Bavarian livestock agriculture.90 While 
the project was deemed successful as the co-design 
of editing targets and proof-of-concept experi
ments were successfully achieved, the multi- 
stakeholder consultations however indicated that 
it would be unlikely that the gene-editing technol
ogy will be used by local farmers in the country.90

Existing public trust models elucidate the com
plexity of the “trust” concept itself, as trust can be 
contextualized as shared values, or as trust in social 
actors or institutions across different attributes. 
A recent survey study of public opinion on spray
able RNAi-based pesticide in Italy has identified 
that trust in science and scientific literacy as key 
driving factors toward technological acceptance.91 

They found that public skepticism toward RNAi 
technology should be addressed in a more holistic 
approach, by educational campaigns, building pub
lic trust, implenting evidence-based communica
tion and ensuring transparency in the regulatory 
mechanism.91 Tardin-coelho concluded that build
ing trust is the first step to initiate chances for 
transparent communication and public engage
ment on the RNAi topic. Furthermore, recognizing 
gaps in scientific knowledge as well as avoiding 
conflicts of interests among stakeholders could 
avoid mistrust on the use of RNAi-based 
pesticide.44

Exploring newer models of governance frame
work that contribute toward trust-building is cru
cial to preparing for emerging biotechnologies. The 
inclusion of public engagement and stakeholder 
outreach in the governance process is deemed 
necessary as these will provide inputs on ethical, 
social and cultural values that go beyond technical 
evaluation and expert opinions.52 Therefore, 
anticipation and reflection of possible social, eco
nomic or political impacts from an innovation will 
support the introduction of RNAi technology that 
aligns with societal values and needs, ultimately 
avoiding from conflicts and societal resistance of 
multi-stakeholders.90

Alternative governance approaches such as tech
nological assessment and Ethical, Legal, Social 
Implications (ELSI) involve evaluation of 
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technological risks and reflections on ethical and 
societal concerns of a technological development.92 

While these governance models help to understand 
relevant concerns associated with a technology and 
protect society against undesirable consequences, 
they however failed to ensure that the introduction 
of a technology aligns with societal needs and 
values. In this context, the Responsible Research 
Innovation (RRI) framework has been proposed to 
promote opportunities to introduce a technology 
that is more responsive to societal needs.

RRI framework addresses a set of questions 
related to the complex, value-laden issues related 
to traditional regulatory requirements, bioethics 
and risk mitigation issues of biotechnology.54,93,94 

RRI is defined as “an interactive process by which 
societal actors and innovators become mutually 
responsive to each other with a view on the (ethi
cal) acceptability, sustainability and societal desir
ability of the innovation process and its marketable 
products in order to allow a proper embedding of 
scientific and technological advances in our 
society.”95 Underpinning the RRI framework is 
the consistent, ongoing involvement of a broad 
range of actors and stakeholders, who will reflect, 
anticipate and respond to risk governance chal
lenges for biotechnology.96 The over-arching 
objective of RRI is to produce ethically acceptable 
and societally legitimate innovations fulfil specific 
public needs, increase the likelihood to obtain 
a social license to operate, which potentially could 
help to build trust in the technology and relevant 
actors.13,97

The RRI framework has four core dimensions 
of which each of the key tenets has unique con
cept and objectives, as well as techniques that can 
be applied.54,96,98 The key tenets are: 
i. anticipation: to describe and analyze expected 
or unexpected social, ethical, economic, political 
or environmental impacts that might arise due to 
scientific advances; ii. inclusion: to have dialogs 
with stakeholders and collectively discuss, con
struct and decide an optimum path for innova
tion, iii. reflexivity: to reflect on the underlying 
purposes, motivations and potential impacts, 
either on science and moral responsibilities; iv. 
responsiveness: to consider how the innovation 
process can respond to improve anticipation, 
reflexivity and inclusion.

Within this context, engaging with stakeholders 
to predict potential benefits and risks from the use 
of sprayable RNAi-based pesticides helps achieve 
the goal of responsible RNAi technology develop
ment under the pillar of “anticipation.” Under the 
same tenet, there should be a standard that 
a portion of public funding for RNAi-related 
research project should be allocated to investigate 
the environmental, social, legal, and ethical conse
quences of the technology.

To achieve the second pillar of RRI, “inclusion,” 
it would be desirable to organize dialogs with sta
keholders especially representatives from farmer 
associations and consumer groups who will be the 
end-user of sprayable RNAi-based pesticides and 
collectively discuss and design a desirable innova
tion path in the early phase of the research and 
development process. In addition, engaging with 
social scientists, health and environmental risk 
analysts, ethicists, environmental advocacy groups 
should be considered to anticipate wider scientific, 
social, economic or political impacts of the tech
nology and thus, allowing the technological devel
oper to responsibly adjust the innovation process 
to maximize benefits and avoid potential harms.

Thirdly, the principle of “reflexivity” would 
require a deep understanding and reflection of 
intended and unintended impacts that could arise 
from the innovation process and the influence of 
such impacts on future societal issues. This notion 
manifests that relevant actors in the research and 
development should identify and evaluate their 
own practices and values to ensure the innovation 
process is conducted responsibly and ethically, and 
meet societal needs. For example, ascertaining the 
focus of an engagement should be a pre-requisite 
before engagements are made to allow participants 
to contest and raise societal challenges associated 
with the technology. The selection of participants is 
crucial as they should be speaking based on their 
knowledge, not because of neutrality and capability 
to represent certain interests.99

The final key characteristic of RRI, which is 
“responsiveness,” could be achieved by developing 
understanding on the relationship between com
munities within the agricultural sector and society 
as well as evaluating co-existing and competing 
visions for the future of agriculture. The purpose 
is to ensure responsiveness to diverse public 
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stakeholder needs and perspectives and incorpo
rate these multiple visions when charting the inno
vation path of the RNAi technology.

The past GM controversies have taught us a very 
important lesson about emerging biotechnological 
governance, which the framework should not focus 
only on risk governance but ideally should consider 
the societal element and moral responsibilities for 
innovation. Hence, the RRI governance model has 
been put forth to accommodate the need for an 
inclusive and democratic governance framework 
that put public interest as a priority. Inclusion of 
early engagement with the public and end users, as 
well as establishing collaboration guided by evi
dence-informed policy for RNAi-based pesticides 
is seen as a way forward to build and sustain trust 
in the technology.13 Yet, the vision of Responsible 
Research and Innovation (RRI) are difficult to 
implement because of many factors, such as fund
ing constraints, regulatory challenges, institutional 
limitations, and potential public opposition.100,101 

Ignoring these concerns may risk alienating those 
on the front lines of research and innovation, lead
ing them to merely give nominal acknowledgment 
to RRI principles rather than genuinely adopting 
them. As an initial measure, providing incentives 
such as national funding policies and programs 
could be a useful approach, and compensation to 
RRI-practices researchers, technological developers 
and other institutions practicing RRI principles for 
possible delays in research development and capa
city building for RRIs.100

5. Conclusion

In conclusion, as RNAi technology continues to 
evolve and discourses about ELSI concerns asso
ciated with the technology, the challenge of fos
tering public trust and increasing public 
acceptance remains critical. This review high
lights that traditional risk-based governance 
approaches fall short of addressing public skepti
cism, as they often overlook societal and ethical 
dimensions. For the RNAi technology to be bet
ter accepted by the society, there is a need for 
a governance model that is not only scientifically 
robust but also ethically grounded, legally trans
parent, and socially inclusive. Central to this 
effort is the cultivation of trust, both in 

institutions and in the processes used to evaluate 
and implement RNAi-based technologies. The 
Responsible Research and Innovation (RRI) fra
mework, with its emphasis on inclusivity, trans
parency, and stakeholder engagement, offers 
a promising pathway to enhance trust in biotech
nology governance. By integrating ethical, social, 
and cultural values into the innovation process, 
RRI provides a more comprehensive governance 
approach that aligns with public expectations and 
mitigates distrust in emerging biotechnologies.

Disclosure Statement

No potential conflict of interest was reported by the author(s).

Funding

This work is supported by the Fundamental Research Grant 
Scheme [FRGS/1/2021/SS0/UM/02/6], UM International 
Collaboration Grant (ST027-2023) and KW IPPP – Research 
Maintenance Fee (RMF) [RMFI2201-2025]. Ministry of 
Higher Education, Malaysia [FRGS/1/2021/SS0/UM/02/6]; 
KW IPPP – Research Maintenance Fee (RMF) [RMFI2201- 
2025]; Universiti Malaya [UM International Collaboration 
Grant (ST027-2023)].

ORCID

Nurzatil Sharleeza Mat Jalaluddin http://orcid.org/0000- 
0002-4661-8119

Author Contributions

Ariyani RINALDI was responsible for the topic selection, data 
collection, drafting and writing the manuscript, and preparing 
it for submission. Nurzatil Sharleeza MAT JALALUDDIN was 
in charge of the study design, writing, drafting, revising, and 
editing the manuscript. Rosila Bee MOHD HUSSAIN and 
Adilah ABDUL GHAPOR were in charge of supervision, 
review and editing. All authors read and approved the final 
manuscript and, therefore, had full access to all the data in the 
study and take responsibility for the integrity and security of 
the data. This review does not contain any studies with human 
or animal subjects performed by any of the authors.

Compliance with Ethics Guidelines

Ariyani RINALDI, Nurzatil Sharleeza MAT JALALUDDIN, 
Rosila Bee MOHD HUSSAIN and Adilah ABDUL GHAPOR 
declare that they have no conflict of interest.

408 A. RINALDI ET AL.



References

1. Baulcombe D. RNA silencing in plants. Nature. 
2004;431(7006):356–63. doi: 10.1038/nature02874  .

2. Meister G, Tuschl T. Mechanisms of gene silencing by 
double-stranded RNA. Nature. 2004;431(7006):343–49. 
doi: 10.1038/nature02873  .

3. Hannon GJ. RNA interference. Nature. 2002;418 
(6894):244–51. doi: 10.1038/418244a  .

4. Guan R, Chu D, Han X, Miao X, Li H. Advances in the 
development of microbial double-stranded RNA pro
duction systems for application of RNA interference in 
agricultural pest control.Front Bioengine Biotechnol. 
Front Bioeng And Biotechnol. 2021;9:735790. doi: 10. 
3389/fbioe.2021.753790  .

5. Napoli C, Lemieux C, Jorgensen R. Introduction of 
a chimeric chalcone synthase gene into petunia results 
in reversible Co-suppression of homologous genes in 
trans. Plant Cell. 1990; 279–89. doi: 10.1105/tpc.2.4.279  .

6. Yan S, Ren B, Shen J. Nanoparticle‐mediated double‐ 
stranded RNA delivery system: a promising approach 
for sustainable pest management. Insect Sci. 2020;28 
(1):21–34. doi: 10.1111/1744-7917.12822  .

7. Chen C, Imran M, Feng X, Shen X, Sun Z. Spray- 
induced gene silencing for crop protection: recent 
advances and emerging trends. Front Plant Sci. 
2025;16:16. doi: 10.3389/fpls.2025.1527944  .

8. De Schutter K, Taning CNT, Van Daele L, Van 
Damme EJM, Dubruel P, Smagghe G. Rnai-based bio
control products: market status, regulatory aspects, and 
risk assessment. Front Insect Sci. 2022;1:818037. doi:  
10.3389/finsc.2021.818037  .

9. Mat Jalaluddin NS, Asem M, Harikrishna JA, Ahmad 
Fuaad AAH. Recent progress on nanocarriers for topi
cal-mediated RNAi strategies for crop protection—A 
review. Oxycedrus Needles Berries Mol. 2023;28 
(6):2700. doi: 10.3390/molecules28062700  .

10. Hort Innovation. Novel topical vegetable, cotton virus 
and whitefly protection (VG16037). 2018 [accessed 
2025 Jan 31]. https://www.horticulture.com.au/ 
growers/help-your-business-grow/research-reports- 
publications-fact-sheets-and-more/vg16037/ .

11. Pallis S, Alyokhin A, Manley B, Rodrigues TB, Buzza A, 
Barnes E, Narva K. Toxicity of a novel dsRNA‐based 
insecticide to the Colorado potato beetle in laboratory 
and field trials. Pest Manag Sci. 2022;78(9):3836–48. 
doi: 10.1002/ps.6835  .

12. Petek M, Coll A, Ferenc R, Razinger J, Gruden K. 
Validating the potential of double-stranded RNA tar
geting Colorado potato beetle mesh gene in laboratory 
and field trials. Front Plant Sci. 2020;11:1250. doi: 10. 
3389/fpls.2020.01250  .

13. Gunasekara S, Fidelman P, Fletcher S, Gardiner D, 
Manzie N, Ashworth P, Tardin-Coelho R, Mitter N. 
The future of dsRNA-based biopesticides will require 
global regulatory cohesion. Nat Plants. 2025;11 
(4):664–67. doi: 10.1038/s41477-025-01953-7  .

14. Stokstad E. The perfect pesticide? Science. 2024;384 
(6703):1398–401. doi: 10.1126/science.adr2991  .

15. Pallis S, Alyokhin A, Manley B, Rodrigues T, Barnes E, 
Narva K, Bloomquist J. Effects of low doses of a novel 
DSRNA-based biopesticide (calantha) on the Colorado 
potato beetle. J Econ Entomol. 2023;116(2):456–61. doi:  
10.1093/jee/toad034  .

16. Willow J, Cook SM, Veromann E, Smagghe G. Uniting 
RNAi technology and conservation biocontrol to pro
mote global food security and agrobiodiversity. Front 
Bioengine Biotechnol. 2022;10:871651. doi: 10.3389/ 
fbioe.2022.871651  .

17. Taning CNT, Mezzetti B, Kleter G, Smagghe G, 
Baraldi E. Does RNAi-based technology fit within EU 
sustainability goals? Trends Biotechnol. 2020;39 
(7):644–47. doi: 10.1016/j.tibtech.2020.11.008  .

18. Willow J, Smagghe G. Rnai applications toward envir
onmentally sustainable food security. Curr Opin 
Environ Sci Health. 2025;45:100612. doi: 10.1016/j. 
coesh.2025.100612  .

19. Friends of the Earth. Gene-silencing pesticides: risks 
and concerns. 2020 [accessed 2025 Jan 31]. https://foe. 
org/wp-content/uploads/2020/10/RNAi_FullReport. 
pdf .

20. Heinemann JA, Paull DJ, Walker S, Kurenbach B. 
Differentiated impacts of human interventions on 
nature. Elem Sci Anth. 2021;9(1). doi: 10.1525/ele 
menta.2021.00086  .

21. Heinemann JA. Should dsRNA treatments applied in 
outdoor environments be regulated? Environ Internat. 
2019;132:104856. doi: 10.1016/j.envint.2019.05.050  .

22. Darsan Singh JK, Mat Jalaluddin NS, Sanan-Mishra N, 
Harikrishna JA. Genetic modification in Malaysia and 
India: current regulatory framework and the special 
case of non-transformative RNAi in agriculture. Plant 
Cell Rep. 2019;38(12):1449–63. doi: 10.1007/s00299- 
019-02446-6  .

23. OECD. Considerations for the environmental risk 
assessment of the application of sprayed or externally 
applied ds-RNA-Based pesticides. 2023 [accesed 2025 
Jan 31]. https://www.oecd.org/content/dam/oecd/en/ 
publications/reports/2020/09/considerations-for-the- 
environmental-risk-assessment-of-the-application-of- 
sprayed-or-externally-applied-ds-rna-based- 
pesticides_898e0d9f/576d9ebb-en.pdf .

24. OECD. Considerations for the human health risk 
assessment of externally applied dsRnabased 
pesticides. 2023 [accessed 2025 Jan 31]. https://www. 
oecd.org/content/dam/oecd/en/publications/reports/ 
2023/08/considerations-for-the-human-health-risk- 
assessment-of-externally-applied-dsrna-based- 
pesticides_29cd67bc/54852048-en.pdf .

25. Bonny S. Corporate concentration and technological 
change in the global seed industry. Sustainability. 
2017;9(9):1632. doi: 10.3390/su9091632  .

26. Shew AM, Danforth DM, Nalley LL, Nayga RM, 
Tsiboe F, Dixon BL. New innovations in agricultural 

GM CROPS & FOOD 409

https://doi.org/10.1038/nature02874
https://doi.org/10.1038/nature02873
https://doi.org/10.1038/418244a
https://doi.org/10.3389/fbioe.2021.753790
https://doi.org/10.3389/fbioe.2021.753790
https://doi.org/10.1105/tpc.2.4.279
https://doi.org/10.1111/1744-7917.12822
https://doi.org/10.3389/fpls.2025.1527944
https://doi.org/10.3389/finsc.2021.818037
https://doi.org/10.3389/finsc.2021.818037
https://doi.org/10.3390/molecules28062700
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16037/
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16037/
https://www.horticulture.com.au/growers/help-your-business-grow/research-reports-publications-fact-sheets-and-more/vg16037/
https://doi.org/10.1002/ps.6835
https://doi.org/10.3389/fpls.2020.01250
https://doi.org/10.3389/fpls.2020.01250
https://doi.org/10.1038/s41477-025-01953-7
https://doi.org/10.1126/science.adr2991
https://doi.org/10.1093/jee/toad034
https://doi.org/10.1093/jee/toad034
https://doi.org/10.3389/fbioe.2022.871651
https://doi.org/10.3389/fbioe.2022.871651
https://doi.org/10.1016/j.tibtech.2020.11.008
https://doi.org/10.1016/j.coesh.2025.100612
https://doi.org/10.1016/j.coesh.2025.100612
https://foe.org/wp-content/uploads/2020/10/RNAi_FullReport.pdf
https://foe.org/wp-content/uploads/2020/10/RNAi_FullReport.pdf
https://foe.org/wp-content/uploads/2020/10/RNAi_FullReport.pdf
https://doi.org/10.1525/elementa.2021.00086
https://doi.org/10.1525/elementa.2021.00086
https://doi.org/10.1016/j.envint.2019.05.050
https://doi.org/10.1007/s00299-019-02446-6
https://doi.org/10.1007/s00299-019-02446-6
https://www.oecd.org/content/dam/oecd/en/publications/reports/2020/09/considerations-for-the-environmental-risk-assessment-of-the-application-of-sprayed-or-externally-applied-ds-rna-based-pesticides_898e0d9f/576d9ebb-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2020/09/considerations-for-the-environmental-risk-assessment-of-the-application-of-sprayed-or-externally-applied-ds-rna-based-pesticides_898e0d9f/576d9ebb-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2020/09/considerations-for-the-environmental-risk-assessment-of-the-application-of-sprayed-or-externally-applied-ds-rna-based-pesticides_898e0d9f/576d9ebb-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2020/09/considerations-for-the-environmental-risk-assessment-of-the-application-of-sprayed-or-externally-applied-ds-rna-based-pesticides_898e0d9f/576d9ebb-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2020/09/considerations-for-the-environmental-risk-assessment-of-the-application-of-sprayed-or-externally-applied-ds-rna-based-pesticides_898e0d9f/576d9ebb-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2023/08/considerations-for-the-human-health-risk-assessment-of-externally-applied-dsrna-based-pesticides_29cd67bc/54852048-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2023/08/considerations-for-the-human-health-risk-assessment-of-externally-applied-dsrna-based-pesticides_29cd67bc/54852048-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2023/08/considerations-for-the-human-health-risk-assessment-of-externally-applied-dsrna-based-pesticides_29cd67bc/54852048-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2023/08/considerations-for-the-human-health-risk-assessment-of-externally-applied-dsrna-based-pesticides_29cd67bc/54852048-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2023/08/considerations-for-the-human-health-risk-assessment-of-externally-applied-dsrna-based-pesticides_29cd67bc/54852048-en.pdf
https://doi.org/10.3390/su9091632


biotech: consumer acceptance of topical RNAi in rice 
production. Food Control. 2017;81:189–95. doi: 10. 
1016/j.foodcont.2017.05.047  .

27. McGruddy R, Haywood J, Lester PJ. Beekeepers sup
port the use of RNA interference (RNAi) to control 
varroa destructor. Insects. 2024;15(7):539. doi: 10. 
3390/insects15070539  .

28. Britton LL, Tonsor GT. Consumers’ willingness to pay 
for beef products derived from RNA interference tech
nology. Food Qual Preference. 2019;75:187–97. doi: 10. 
1016/j.foodqual.2019.02.008  .

29. Lundgren JG, Duan JJ. Rnai-based insecticidal crops: 
potential effects on nontarget species. BioSci. 2013;63 
(8):657–65. doi: 10.1525/bio.2013.63.8.8  .

30. Roberts AF, Devos Y, Lemgo GNY, Zhou X. Biosafety 
research for non-target organism risk assessment of 
RNAi-based GE plants. Front Plant Sci. 2015;6:958. 
doi: 10.3389/fpls.2015.00958  .

31. Jonas H. The imperative of responsibility: in search of 
an ethics for the technological age. Chicago: University 
of Chicago Press; 1984.

32. White L. The historical roots of our ecologic crisis. 
Science. 1967;155(3767):1203–07. doi: 10.1126/science. 
155.3767.1203  .

33. Naess A. The shallow and the deep, long-range ecology 
movement. A summary. INQUIRY. 1973;16(1–4):95–
100. https://openairphilosophy.org/wp-content 
/uploads/2018/11/OAP_Naess_Shallow_and_the_ 
Deep.pdf .

34. Potts SG, Biesmeijer JC, Kremen C, Neumann P, 
Schweiger O, Kunin WE. Global pollinator 
declines: trends, impacts and drivers. Trends Ecol 
Evol. 2010;25(6):345–53. doi: 10.1016/j.tree.2010.01. 
007  .

35. Vélez AM, Jurzenski J, Matz N, Zhou X, Wang H, 
Ellis M, Siegfried BD. Developing an in vivo toxicity 
assay for RNAi risk assessment in honey bees, apis 
mellifera L. Chemosphere. 2016;144:1083–90. doi: 10. 
1016/j.chemosphere.2015.09.068  .

36. Pan H, Linghua X, Noland JE, Li H, Siegfried BD, 
Zhou X. Assessment of potential risks of dietary RNAi 
to a soil micro-arthropod, sinella curviseta Brook (col
lembola: entomobryidae). Front Plant Sci. 2016;7:1028. 
doi: 10.3389/fpls.2016.01028  .

37. Pan H, Yang X, Bidne K, Hellmich RL, Siegfried BD, 
Zhou X. Dietary risk assessment of v-ATPase a dsRNAs 
on monarch butterfly larvae. Front Plant Sci. 2017;8:8. 
doi: 10.3389/fpls.2017.00242  .

38. IUCN. A report by the IUCN biodiversity offsets tech
nical study group biodiversity offsets technical study 
paper. 2014: 65. [accessed 2025 Jan 31] https://portals. 
iucn.org/library/sites/library/files/documents/2014- 
044.pdf .

39. Malakondaiah S, Julius A, Ponnambalam D, 
Gunthoti SS, Ashok J, Krishana PS, Rebecca J. Gene 
silencing by RNA interference: a review. GIAD. 2024;5 
(5):225–41. doi: 10.1007/s42764-024-00135-7  .

40. Chi-Ham CL, Clark KL, Bennett AB. The intellectual 
property landscape for gene suppression technologies 
in plants. Nat Biotechnol. 2010;28(1):32–36. doi: 10. 
1038/nbt0110-32  .

41. Helliwell R, Hartley S, Pearce W. NGO perspectives on 
the social and ethical dimensions of plant genome- 
editing. Agric Hum Val. 2019;36(4):779–91. doi: 10. 
1007/s10460-019-09956-9  .

42. Idris SH, Mat Jalaluddin NS, Chang LW. Ethical and 
legal implications of gene editing in plant breeding: 
a systematic literature review. J Zhejiang Uni SCI B. 
2023;24(12):1093–105. doi: 10.1631/jzus.b2200601  .

43. Mat Jalaluddin NS, Othman RY, Harikrishna JA. 
Global trends in research and commercialization of 
exogenous and endogenous RNAi technologies for 
crops. Crit Rev Biotechnol. 2019;39(1):67–78. doi: 10. 
1080/07388551.2018.1496064  .

44. Tardin-Coelho R, Fletcher S, Manzie N, 
Gunasekara SN, Fidelman P, Mitter N, Ashworth P. 
A systematic review on public perceptions of 
RNAi-based biopesticides: developing social licence to 
operate. Agriculture. 2025;3(1):15. doi: 10.1038/s44264- 
025-00057-1  .

45. Willow J, Veromann E. Integrating RNAi technology in 
smallholder farming: accelerating sustainable develop
ment goals. Front Sustain Food Syst. 2022;6:868922. 
doi: 10.3389/fsufs.2022.868922  .

46. Mezzetti B, Smagghe G, Arpaia S, Christiaens O, Dietz- 
Pfeilstetter A, Jones H, Kostov K, Sabbadini S, Opsahl- 
Sorteberg H, Ventura V, et al. Rnai: what is its position 
in agriculture? J Pest Sci. 2020;93(4):1125–30. doi: 10. 
1007/s10340-020-01238-2  .

47. Heinemann J, Walker S. Environmentally applied 
nucleic acids and proteins for purposes of engineering 
changes to genes and other genetic material. Biosaf 
Health. 2019;1(3):113–23. doi: 10.1016/j.bsheal.2019. 
09.003  .

48. Augoustinos M, Crabb S, Shepherd R. Genetically mod
ified food in the news: media representations of the GM 
debate in the UK. Public Underst Sci. 2009;19 
(1):98–114. doi: 10.1177/0963662508088669  .

49. Trump B, Cummings C, Klasa K, Galaitsi S, Linkov I. 
Governing biotechnology to provide safety and security 
and address ethical, legal, and social implications. Front 
Genet. 2023;13:1052371. doi: 10.3389/fgene.2022. 
1052371  .

50. Vecchione M, Feldman C, Wunderlich S. Consumer 
knowledge and attitudes about genetically modified 
food products and labelling policy. Int J Food Sci 
Nutrit. 2014;66(3):329–35. doi: 10.3109/09637486. 
2014.986072  .

51. Pauwels E. Public understanding of synthetic biology. 
BioSci. 2013;63(2):79–89. doi: 10.1525/bio.2013.63.2.4  .

52. Palmer S, Dearden PK, Mercier OR, King-Hunt A, 
Lester PJ. Gene drive and RNAi technologies: a 
bio-cultural review of next generation tools for 
pest wasp management in New Zealand. J R Soc NZ. 

410 A. RINALDI ET AL.

https://doi.org/10.1016/j.foodcont.2017.05.047
https://doi.org/10.1016/j.foodcont.2017.05.047
https://doi.org/10.3390/insects15070539
https://doi.org/10.3390/insects15070539
https://doi.org/10.1016/j.foodqual.2019.02.008
https://doi.org/10.1016/j.foodqual.2019.02.008
https://doi.org/10.1525/bio.2013.63.8.8
https://doi.org/10.3389/fpls.2015.00958
https://doi.org/10.1126/science.155.3767.1203
https://doi.org/10.1126/science.155.3767.1203
https://openairphilosophy.org/wp-content/uploads/2018/11/OAP_Naess_Shallow_and_the_Deep.pdf
https://openairphilosophy.org/wp-content/uploads/2018/11/OAP_Naess_Shallow_and_the_Deep.pdf
https://openairphilosophy.org/wp-content/uploads/2018/11/OAP_Naess_Shallow_and_the_Deep.pdf
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.chemosphere.2015.09.068
https://doi.org/10.1016/j.chemosphere.2015.09.068
https://doi.org/10.3389/fpls.2016.01028
https://doi.org/10.3389/fpls.2017.00242
https://portals.iucn.org/library/sites/library/files/documents/2014-044.pdf
https://portals.iucn.org/library/sites/library/files/documents/2014-044.pdf
https://portals.iucn.org/library/sites/library/files/documents/2014-044.pdf
https://doi.org/10.1007/s42764-024-00135-7
https://doi.org/10.1038/nbt0110-32
https://doi.org/10.1038/nbt0110-32
https://doi.org/10.1007/s10460-019-09956-9
https://doi.org/10.1007/s10460-019-09956-9
https://doi.org/10.1631/jzus.b2200601
https://doi.org/10.1080/07388551.2018.1496064
https://doi.org/10.1080/07388551.2018.1496064
https://doi.org/10.1038/s44264-025-00057-1
https://doi.org/10.1038/s44264-025-00057-1
https://doi.org/10.3389/fsufs.2022.868922
https://doi.org/10.1007/s10340-020-01238-2
https://doi.org/10.1007/s10340-020-01238-2
https://doi.org/10.1016/j.bsheal.2019.09.003
https://doi.org/10.1016/j.bsheal.2019.09.003
https://doi.org/10.1177/0963662508088669
https://doi.org/10.3389/fgene.2022.1052371
https://doi.org/10.3389/fgene.2022.1052371
https://doi.org/10.3109/09637486.2014.986072
https://doi.org/10.3109/09637486.2014.986072
https://doi.org/10.1525/bio.2013.63.2.4


2021;52(5):508–25. doi: 10.1080/03036758.2021.198 
5531  .

53. Liu P, Zheng X, Shangguan S, Zhao L, Fang X, 
Huang Y, Hermanowicz SW. Hermanowicz SW public 
perceptions and willingness-to-pay for Nanopesticides. 
Nanomater (Basel). 2022;12(8):2022. doi: 10.3390/ 
nano12081292  .

54. Hartley S, Gillund F, Van Hove L, Wickson F, Marris C. 
Essential features of responsible governance of agricul
tural biotechnology. PLOS Biol. 2016;14(5):e1002453. 
doi: 10.1371/journal.pbio.1002453  .

55. Frewer LJ, Howard C, Shepherd R. Understanding pub
lic attitudes to technology. J Risk Res. 1999;2(3):221–35. 
doi: 10.1080/136698798377141  .

56. Wynne B. Creating public alienation: expert cultures of 
risk and ethics on GMOs. Sci Cult. 2001;10(4):445–81. 
doi: 10.1080/09505430120093586  .

57. Poortinga W, Pidgeon NF. Exploring the dimensional
ity of trust in risk regulation. Risk Anal. 2003;23 
(5):961–72. doi: 10.1111/1539-6924.00373  .

58. Siegrist M. The influence of trust and perceptions of 
risks and benefits on the acceptance of gene technology. 
Risk Anal. 2000;20(2):195–204. doi: 10.1111/0272-4332. 
202020  .

59. Earle T, Siegrist M. Trust, confidence and cooperation 
model: a framework for understanding the relation 
between trust and risk perception. Int J Glob Environ 
Issues. 2008;8(1/2):17. doi: 10.1504/ijgenvi.2008. 
017257  .

60. Siegrist M, Connor M, Trust KC. Confidence, proce
dural fairness, outcome fairness, moral conviction, and 
the acceptance of GM field experiments. Risk Anal. 
2011;32(8):1394–403. doi: 10.1111/j.1539-6924.2011. 
01739.x  .

61. Siegrist M. A causal Model explaining the perception 
and acceptance of gene technology. J Appl Soc Psychol. 
1999;29(10):2093–106. doi: 10.1111/j.1559-1816.1999. 
tb02297.x  .

62. Earle TC, Siegrist M, Gutscher H. Trust, risk perception 
and the TCC model of cooperation. In: Siegrist M, 
Earle TC Gutscher H, editors. Trust in cooperative 
risk management: uncertainty and skepticism in the 
public mind. London: Earthscan; 2007. p. 1–49.

63. Poortinga W, Pidgeon NF. Trust in risk regulation: 
cause or consequence of the acceptability of GM food? 
Risk Anal. 2005;25(1):199–209. doi: 10.1111/j.0272- 
4332.2005.00579.x  .

64. Eiser JR, Miles S, Frewer LJ. Trust, perceived risk, and 
attitudes toward food technologies. J Appl Soc Psychol. 
2002;32(11):2423–33. doi: 10.1111/j.1559-1816.2002. 
tb01871.x  .

65. Earle TC. Trust in risk management: a Model‐Based 
review of empirical research. Risk Anal. 2010;30 
(4):541–74. doi: 10.1111/j.1539-6924.2010.01398.x  .

66. Poortinga W, Pidgeon NF. Exploring the structure of 
attitudes toward genetically modified food. Risk Anal. 

2006;26(6):1707–19. doi: 10.1111/j.1539-6924.2006. 
00828.x  .

67. Costa-Font M, Gil JM. Structural equation modelling of 
consumer acceptance of genetically modified (GM) 
food in the Mediterranean Europe: a cross country 
study. Food Qual Preference. 2009;20(6):399–409. doi:  
10.1016/j.foodqual.2009.02.011  .

68. Rodríguez-Entrena M, Salazar-Ordóñez M, Sayadi S. 
Applying partial least squares to model genetically 
modified food purchase intentions in southern Spain 
consumers. Food Pol. 2013;40:44–53. doi: 10.1016/j. 
foodpol.2013.02.001  .

69. Siegrist M, Cvetkovich G. Perception of hazards: the 
role of social trust and knowledge. Risk Anal. 2000;20 
(5):713–20. doi: 10.1111/0272-4332.205064  .

70. Durant J, Bauer MW, Gaskell G. Biotechnology in the 
public sphere: a European sourcebook. 1998 [accessed 
2025 Jan 31]. https://www.cabdirect.org/abstracts/ 
19991602476.html .

71. Miller JD. The measurement of civic scientific literacy. 
Public Understand Sci. 1998;7(3):203–23. doi: 10.1088/ 
0963-6625/7/3/001  .

72. Sjöberg L. Perceived competence and motivation in 
industry and government as factors in risk perception 
1. In: Cvetkovich G, Löfstedt RE, editors. Social trust 
and the management of risk. 1st ed. London: Routledge; 
1999. p. 89–99.

73. Siegrist M. Trust and risk perception: a critical review 
of the literature. Risk Anal. 2019;41(3):480–90. doi: 10. 
1111/risa.13325  .

74. Marques MD, Critchley CR, Walshe J. Attitudes to 
genetically modified food over time: how trust in orga
nizations and the media cycle predict support. Public 
Understand Sci. 2014;24(5):601–18. doi: 10.1177/ 
0963662514542372  .

75. Lang JT, Hallman WK. Who does the public trust? The 
case of genetically modified food in the United States. 
Risk Anal. 2005;25(5):1241–52. doi: 10.1111/j.1539- 
6924.2005.00668.x  .

76. Gutteling J, Hanssen L, Van Der Veer N, Seydel E. 
Trust in governance and the acceptance of genetically 
modified food in the Netherlands. Public Underst Sci. 
2006;15(1):103–12. doi: 10.1177/0963662506057479  .

77. Hossain F, Onyango B. Product attributes and consu
mer acceptance of nutritionally enhanced genetically 
modified foods. Int J Consum Stud. 2004;28 
(3):255–67. doi: 10.1111/j.1470-6431.2004.00352.x  .

78. Allum N. An empirical test of competing theories of 
Hazard‐Related trust: the case of GM food. Risk Anal. 
2007;27(4):935–46. doi: 10.1111/j.1539-6924.2007. 
00933.x  .

79. Knight A. Intervening effects of knowledge, morality, 
trust, and benefits on support for animal and plant 
biotechnology applications. Risk Anal. 2007;27 
(6):1553–63. doi: 10.1111/j.1539-6924.2007.00988.x  .

80. Lang JT. Elements of public trust in the American food 
system: experts, organizations, and genetically modified 

GM CROPS & FOOD 411

https://doi.org/10.1080/03036758.2021.1985531
https://doi.org/10.1080/03036758.2021.1985531
https://doi.org/10.3390/nano12081292
https://doi.org/10.3390/nano12081292
https://doi.org/10.1371/journal.pbio.1002453
https://doi.org/10.1080/136698798377141
https://doi.org/10.1080/09505430120093586
https://doi.org/10.1111/1539-6924.00373
https://doi.org/10.1111/0272-4332.202020
https://doi.org/10.1111/0272-4332.202020
https://doi.org/10.1504/ijgenvi.2008.017257
https://doi.org/10.1504/ijgenvi.2008.017257
https://doi.org/10.1111/j.1539-6924.2011.01739.x
https://doi.org/10.1111/j.1539-6924.2011.01739.x
https://doi.org/10.1111/j.1559-1816.1999.tb02297.x
https://doi.org/10.1111/j.1559-1816.1999.tb02297.x
https://doi.org/10.1111/j.0272-4332.2005.00579.x
https://doi.org/10.1111/j.0272-4332.2005.00579.x
https://doi.org/10.1111/j.1559-1816.2002.tb01871.x
https://doi.org/10.1111/j.1559-1816.2002.tb01871.x
https://doi.org/10.1111/j.1539-6924.2010.01398.x
https://doi.org/10.1111/j.1539-6924.2006.00828.x
https://doi.org/10.1111/j.1539-6924.2006.00828.x
https://doi.org/10.1016/j.foodqual.2009.02.011
https://doi.org/10.1016/j.foodqual.2009.02.011
https://doi.org/10.1016/j.foodpol.2013.02.001
https://doi.org/10.1016/j.foodpol.2013.02.001
https://doi.org/10.1111/0272-4332.205064
https://www.cabdirect.org/abstracts/19991602476.html
https://www.cabdirect.org/abstracts/19991602476.html
https://doi.org/10.1088/0963-6625/7/3/001
https://doi.org/10.1088/0963-6625/7/3/001
https://doi.org/10.1111/risa.13325
https://doi.org/10.1111/risa.13325
https://doi.org/10.1177/0963662514542372
https://doi.org/10.1177/0963662514542372
https://doi.org/10.1111/j.1539-6924.2005.00668.x
https://doi.org/10.1111/j.1539-6924.2005.00668.x
https://doi.org/10.1177/0963662506057479
https://doi.org/10.1111/j.1470-6431.2004.00352.x
https://doi.org/10.1111/j.1539-6924.2007.00933.x
https://doi.org/10.1111/j.1539-6924.2007.00933.x
https://doi.org/10.1111/j.1539-6924.2007.00988.x


food. Food Pol. 2013;41:145–54. doi: 10.1016/j.foodpol. 
2013.05.008  .

81. Hanssen L, Dijkstra A, Sleenhoff S, Frewer L, 
Gutteling JM. Revisiting public debate on genetic mod
ification and genetically modified organisms: explana
tions for contemporary Dutch public attitudes. J Sci 
Comm. 2018;17(4):A01. doi: 10.22323/2.17040201  .

82. Hu L, Liu R, Zhang W, Zhang T. The effects of episte
mic trust and social trust on public acceptance of 
genetically modified food: an empirical study from 
China. Int J Environ Res Pub Health. 2020;17 
(20):7700. doi: 10.3390/ijerph17207700  .

83. Lindberg SA, Peters DJ, Cummings CL. Gene-edited 
food adoption intentions and institutional trust in 
the United States: benefits, acceptance, and labeling. 
Rural Sociol. 2023;88(2):392–425. doi: 10.1111/ruso. 
12480  .

84. Spina D, Pappalardo G, Raimondo M, Califano G, 
Vita GD, Caracciolo F, D’Amico M. Cultivating trust: 
public perception of RNAi technologies in agriculture. 
Int J Food Sci Technol. 2025;60(1):vvaf066. doi: 10. 
1093/ijfood/vvaf066  .

85. Casacuberta JM, Devos Y, du Jardin P, Ramon M, 
Vaucheret H, Nogué F. Biotechnological uses of RNA 
interference in plants: risk assessment considerations. 
Trends Biotechnol. 2015;33(3):145–47. doi: 10.1016/j. 
tibtech.2014.12.003  .

86. National Research Council (US) Committee on 
Scientific Evaluation of the Introduction of 
Genetically Modified Microorganisms and Plants Into 
the Environment. Field testing genetically modified 
organisms: framework for decisions. USA: National 
Academies Press; 1989.

87. Bogner A, Torgersen H. Different ways of problematis
ing biotechnology – and what it means for technology 
governance. Public Underst Sci. 2014;24(5):516–32. 
doi: 10.1177/0963662514539074  .

88. Davies KG, Wolf-Phillips J. Scientific citizenship and 
good governance: implications for biotechnology. 
Trends Biotechnol. 2006;24(2):57–61. doi: 10.1016/j.tib 
tech.2005.12.007  .

89. Rowe G, Frewer LJ. A typology of public engagement 
mechanisms. Sci Technol Hum Val. 2005;30(2):251–90. 
doi: 10.1177/0162243904271724  .

90. Müller R, Feiler J, Clare A. A doomed technology? On 
gene editing in Bavarian livestock agriculture, policy 
field conflicts and responsible research and 

innovation. Front Political Sci. 2022;4:800211. doi: 10. 
3389/fpos.2022.800211  .

91. Spina D, Pappalardo G, Raimondo M, Califano G, Di 
Vita G, Caracciolo F, D’Amico M. Cultivating trust: 
public perception of RNAi technologies in agriculture. 
Int J Food Sci Technol. 2025;60(1):vvaf066. doi: 10. 
1093/ijfood/vvaf066  .

92. Asveld L, Ganzevles J, Osseweijer P. Trustworthiness 
and responsible research and innovation: the case of the 
bio-economy. J Agric Environ Ethics. 2015;28 
(3):571–88. doi: 10.1007/s10806-015-9542-2  .

93. Stilgoe J. A tale of two trials. 2015 [accessed 2025 Jan 
31]. https://jackstilgoe.wordpress.com/2015/09/04/ 
a-tale-of-two-trials/ .

94. Bronson K. Responsible to whom? Seed innovations 
and the corporatization of agriculture. J Responsible 
Innov. 2015;2(1):62–77. doi: 10.1080/23299460.2015. 
1010769  .

95. Von Schomberg R. A vision of responsible research and 
innovation. 2013. p. 51–74. doi: 10.1002/97811185 
51424.ch3  .

96. Macnaghten P. Responsible innovation and the 
reshaping of existing technological trajectories: the 
hard case of genetically modified crops. J Responsible 
Innov. 2016;3(3):282–89. doi: 10.1080/23299460.2016. 
1255700  .

97. Agapito-Tenfen SZ, Okoli AS, Bernstein MJ, 
Wikmark OG, Myhr AI. Revisiting risk governance of 
GM plants: the need to consider New and emerging 
gene-editing techniques. Front Plant Sci. 2018;9:1874. 
doi: 10.3389/fpls.2018.01874  .

98. Stilgoe J, Owen R, Macnaghten P. Developing 
a framework for responsible innovation. Res Pol. 
2013;42(9):1568–80. doi: 10.1016/j.respol.2013.05.008  .

99. Smith RDJ, Hartley S, Middleton P, Jewitt T. Knowing 
when to talk? Plant genome editing as a site for 
pre-engagement institutional reflexivity. Public 
Underst Sci. 2021;30(6):740–58. doi: 10.1177/ 
0963662521999796  .

100. Kuzma J. Implementing responsible research and inno
vation: a case study of U.S. biotechnology oversight. 
Glob Public Policy G. 2022;2(3):306–25. doi: 10.1007/ 
s43508-022-00046-x  .

101. Roberts P, Herkert J, Kuzma J, Iles A, Macnaghten P. 
Responsible innovation in biotechnology: stakeholder 
attitudes and implications for research policy. Elem Sci 
Anthro. 2020;8:47. doi: 10.1525/elementa.446.

412 A. RINALDI ET AL.

https://doi.org/10.1016/j.foodpol.2013.05.008
https://doi.org/10.1016/j.foodpol.2013.05.008
https://doi.org/10.22323/2.17040201
https://doi.org/10.3390/ijerph17207700
https://doi.org/10.1111/ruso.12480
https://doi.org/10.1111/ruso.12480
https://doi.org/10.1093/ijfood/vvaf066
https://doi.org/10.1093/ijfood/vvaf066
https://doi.org/10.1016/j.tibtech.2014.12.003
https://doi.org/10.1016/j.tibtech.2014.12.003
https://doi.org/10.1177/0963662514539074
https://doi.org/10.1016/j.tibtech.2005.12.007
https://doi.org/10.1016/j.tibtech.2005.12.007
https://doi.org/10.1177/0162243904271724
https://doi.org/10.3389/fpos.2022.800211
https://doi.org/10.3389/fpos.2022.800211
https://doi.org/10.1093/ijfood/vvaf066
https://doi.org/10.1093/ijfood/vvaf066
https://doi.org/10.1007/s10806-015-9542-2
https://jackstilgoe.wordpress.com/2015/09/04/a-tale-of-two-trials/
https://jackstilgoe.wordpress.com/2015/09/04/a-tale-of-two-trials/
https://doi.org/10.1080/23299460.2015.1010769
https://doi.org/10.1080/23299460.2015.1010769
https://doi.org/10.1002/9781118551424.ch3
https://doi.org/10.1002/9781118551424.ch3
https://doi.org/10.1080/23299460.2016.1255700
https://doi.org/10.1080/23299460.2016.1255700
https://doi.org/10.3389/fpls.2018.01874
https://doi.org/10.1016/j.respol.2013.05.008
https://doi.org/10.1177/0963662521999796
https://doi.org/10.1177/0963662521999796
https://doi.org/10.1007/s43508-022-00046-x
https://doi.org/10.1007/s43508-022-00046-x
https://doi.org/10.1525/elementa.446

	Abstract
	1. Introduction
	2. ELSI Discourses Surrounding Sprayable RNAi-Based Pesticides
	3. Different Theories and Dimensions to Analyse Trust
	4. Trust and Biotechnology Governance
	5. Conclusion
	Disclosure Statement
	Funding
	ORCID
	Author Contributions
	Compliance with Ethics Guidelines
	References

